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Abstract

The complex nature of multi frequency high voltage rf plasma boundary
sheaths is experimentally investigated. A mass resolved ion energy analyser is
incorporated into the grounded electrode of a confined symmetric capacitively
coupled rf discharge, operated either in single or dual frequency mode. Inherent
difficulties in measuring ion energy distribution functions (IEDFs) are minimised
by a procedure hased on simulations of ion trajectories and extensive experimen-
tal checks. A novel simple calibration method for determining absolute ion fluxes
is developed.

Discharges in hydrogen, deuterium and mixtures of both are investigated. The
relatively light hydrogen ions respond to temporal variations in the sheath poten-
tial at typical technologically used radio-frequencies (e.g. 13.56 MHz), allowing
for detailed investigations of the sheath dynamics. Hydrogen is also well suited
for comparison to simulations. It is the simplest molecular gas with the most
extensive data set for collisional cross-sections.

Experimental results of absolute ion fluxes and IEDFs are compared to 20-
PIC simulations perfectly adapted to the experimental conditions. The agreement
Is in general excellent. Simulations yield deeper insight into the sheath dynamics
and sheath chemistry. The simulations can also be used under conditions which
are difficult or impossible experimentally.

Details of the sheath dynamics and the sheath chemistry of the investigated
discharges are well understood. Structures in the IEDFs caused by the complex
dynamics of dual frequency sheaths can be explained and reproduced using a
simple analytical model. The hasic concept of separate control of ion flux and ion
energy in dual frequency discharges is observed. However, the IEDFs of light ions
are quite broad. This limits control and selectivity in technological processes.
The concept works better for heavier ions, since the IEDFs are narrower due to
more averaging over the sheath dynamics.

Time resolved investigations in the afterglow of a pulsed mode plasma, reveal
that the positive space charge sheath does not fully collapse in the post discharge.
This can be attributed to electron heating by vibrationally excited molecules in
the afterglow.



CHAPTER 1

General introduction

Recent decades have seen a growing interest in the scientific fundamentals and in-
novative technical applications of low-temperature plasmas [L, 2, 3]. The unique
properties of plasmas are the hasis of a multitude of industrial processes, as di-
verse as semiconductor device manufacturing, textile, optics, lighting, aerospace,
biomedical engineering and nano-technology. With progressively new plasma
based technologies coming to the frontier, there is a requirement for flexible and
intelligent systems for tailoring the plasma to specific technical needs. There is
a desire to manipulate plasma properties easily and independently. Most plasma
technologies are based on surface treatments. Fundamental understanding and
tighter control of plasma surface interactions would be of enormous benefit to all
technical applications of low-temperature plasmas.

The surface processes in plasmas are mainly influenced by the following fac-
tors: reactive particles approaching the surface, the ion flux onto the substrate
and the ion energy distribution function (IEDF). Reactive particles approaching
the surface are mainly determined by plasma chemistry. The electron energy
distribution function (EEDF) drives the plasma chemistry and can be controlled



by the discharge design e.g. combinations of capacitively coupled radio frequency
(CCRF) discharges and inductively coupled rf plasmas (ICP) [L, 4]. Another
approach to control the EEDF, is to pulse or modulate the power input. lon flux
onto the substrate is mainly governed by the ion density. The power coupled into
the plasma controls the ion density and thus, the flux onto the surface. The IEDF
and impact energy of ions striking the substrate is a crucial parameter, vital for
understanding and further developing the techniques used in surface processes.
The type of ions and their impact energy onto the electrode surface is dependent
on properties of the boundary sheath - the interface between the plasma bulk
and the surface. The ability to manipulate ion transport in the sheath and thus
tailor the IEDF is highly desirable.

The sheath characteristics determine important aspects of the plasma-surface
interaction. RF sheaths are of particular importance for the treatment of insu-
lators and semiconductors. However, rf sheath dynamics is complex and despite
its importance, not well understood. The properties of sheaths have been exten-
sively studied theoretically in the limit of collisionless particle dynamics [5, 6]
However, there is especially a lack of experimental studies. The main focus of
this work is to gain deeper fundamental understanding of rf sheath dynamics, in
particular for multi-frequency rf sheaths.

The shape of the IEDF at the electrode surface provides important informa-
tion about ion formation within the plasma, ion interaction within the sheath
and the sheath dynamics. To investigate rf sheath dynamics at a high voltage
boundary sheath, a confined capacitively coupled rf discharge has been designed.
This allows for measurements of IEDFs at a grounded electrode using a mass
resolved ion energy analyser. Measurements are performed in hydrogen. Apart
from the technological importance of hydrogen containing discharges, hydrogen
acts as the perfect discharge gas for fundamental investigations because of two
main reasons. Firstly, at typical technologically used radio-frequencies (e.g. 13.56
MHz), the relatively light hydrogen ions respond best to the time dependence of
the sheath potential, allowing for detailed investigations of the sheath dynam-



1.1 RF discharges

ics. Secondly, hydrogen is the simplest molecular gas with the most extensive
data set for collisional cross-sections, making it suitable for comparison to sim-
ulations. The experimental results are compared to 2D-particle-in-cell (2D-PIC)
simulations. Special efforts are made to perfectly adapt both the experiment and
simulations for direct comparison to each other. The accurate adaptation allows
the experiment to benchmark the PIC simulation, which can then he used for
further detailed investigations that are difficult or impossible experimentally.

1.1 RF discharges

An important characteristic of low temperature plasmas is that the charged par-
ticles and neutrals are not in thermodynamic equilibrium [7]. The electron tem-
perature, Te (« 1—4eV), greatly exceeds the ion and neutral gas temperatures,
Tiand Tg (« 0.05eV). This arises from the fact that transfer of energy from
electrons to heavy particles is rather inefficient, since the energy transfer depends
on the mass ratio of the colliding species. This key property of plasmas has the
facility to produce a chemical environment, characterized by a high temperature,
without inducing corresponding physical damage to an object immersed in the
plasma. The clever use of this non-equilibrium property of plasmas forms the
basis of most applications. In particular rf discharges are frequently used in pro-
cessing applications. An important advantage of rf discharges over dc discharges
Is that a dielectric on an electrode only acts as an additional coupling capacitor,
thus allowing for plasma treatment of insulators and semiconductors [8].

Discharges in processing technology are mainly driven at 1356 MHz. This
frequency and its higher harmonics are allowed by international telecommunica-
tion laws. At these frequencies electrons oscillate in the rf electric field while the
heavier, less mobile, ions cannot follow the time varying field and respond to a
time-averaged field.



1.1 RF discharges

Figure 1.1: Typical CCRF discharge set-up
1.1.1 Capacitively coupled rf discharges

The most commonly used plasma reactor is the capacitively coupled radio fre-
quency discharge (CCRF). CCRF discharges are extensively discussed in the lit-
erature, e. [L 3, 9. Nevertheless, for better understanding of the following
chapters, some characteristics are briefly discussed here. A typical set-up of a
CCRF discharge is shown in figure 1.1. The most commonly used arrangement
is the parallel plate reactor with one electrode grounded and the other powered.
The electrodes are usually in direct contact with the plasma and are often cooled.
The powered electrode is usually driven with a high frequency sinusoidal volt-
age. A matching network matches the impedance of the discharge to the output
impedance of the rf power supply. This provides most efficient power coupling
into the discharge. The matching network typically includes a blocking capacitor
providing dc isolation hetween the driven electrode and the rf power supply.
The random electron flux is much higher than that of the ions, due to the
higher mobility of electrons than ions. Therefore more electrons than ions will
initially be absorbed by the electrode. This leads to a positive space charge region
between the plasma and electrode, breaking quasi neutrality in the vicinity of the
electrode. The corresponding electric field repels electrons and accelerates ions
towards the electrode. Under steady state conditions the electron flux balances
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1.1 RF discharges

the ion flux [2]. In the sheaths positive ions gain energy, through acceleration
by the sheath electric field, corresponding to the potential difference between the
plasma and electrode. This ion bombardment of the electrode is of enormous
interest for technological applications. In combination with chemical reactions
it allows for complex treatment of materials placed on the electrodes. The most
popular process is plasma based etching in the microchip production.

In the case of a symmetric discharge, the electrode areas are equal. This re-
sults in an equal rf voltage drop across both electrode sheaths, therefore equal
ion bombardment of both electrodes. However, the ion bombardment at the elec-
trode can be strongly enhanced in asymmetric discharge geometries with unequal
electrode areas. The voltage drop at the smaller electrode is greater than the
voltage drop at the larger electrode [10]. Hence ion bombardment is more con-
centrated at the smaller electrode. In practice grounded chamber walls usually
result in a larger effective area of the grounded electrode.

The primary limitation of capacitively coupled plasma sources is that the ion
flux to the substrate cannot be varied independently of the ion bombardment
energy [11]. In order to obtain high ion densities required for processing applica-
tions high powers must be employed. However, this results in an increase in the
voltage drop across the sheaths and simultaneously raises the ion impact energy
at the surface, causing damage to the substrate. These limitations have led to
the development of sources where separate mechanisms are used to control the
lon flux and the ion impact energy at the substrate [1].

1.1.2 Inductively coupled rf discharges

The rf inductively coupled plasma (ICP) is an electrodless type of discharge [4]
The planar coil configuration [12], figure 7.57, is the most commonly used for
material processing. The rf power is coupled into the plasma by means of an
induction coil through a dielectric window so that the plasma is not in contact
with the antenna. The power coupling mechanism is analogous to a transformer,
whereby the antenna acts as the primary coil of the transformer and the plasma

7



1.1 RF discharges

Dielectric - quartz

Figure 1.2: Typical ICP discharge setup

as the secondary coil. The oscillating currents in the antenna generate a time
dependent magnetic field. This time varying magnetic field induces an electric
field in the plasma, according to Faraday’s law;

y Xt = -Mod(lj-:- G.n

where ;0 i the permeability of free space, and E and H are the electric and
magnetic field vectors respectively.

However, the antenna can also act as an electrode. Therefore both inductive
and capacitive power coupling mechanisms can coexist in ICPs. Capacitive cou-
pling drives the discharge at low plasma densities and is referred to as E-mode. At
higher powers the plasma density is large enough to support the induced currents
and a transition to inductive coupling occurs, referred to as H-mode [13, 14, 15]
There are several methods of reducing the parasitic capacitance and increasing the
inductive coupling to capacitive coupling ratio [16]. Inductively coupled plasmas
can achieve higher plasma densities, at lower pressure, than capacitively coupled
[1]. Since inductive coupling rather than capacitive coupling transfers power into
the plasma low voltages appear across the boundary sheaths [17]. Hence ion
acceleration and ion energy at the surfaces is low.



1.1 RF discharges

For processing applications a substrate electrode can be introduced into the
discharge. The energy of ions bombarding a substrate is determined by the sheath
dynamics in front of the surface. By applying an independent bias voltage to
the electrode the sheath voltage, in front of the substrate, can be controlled
independently of the plasma production [1]. Therefore, the required high densities
can he generated by the inductively coupled power and the ion impact energy by
the electrode hias voltage.

1.1.3  Dual frequency rf discharges

As explained above in conventional single frequency capacitively coupled devices
the ion density and ion energy cannot be independently controlled. In recent years
dual frequency devices have been used to obtain an additional degree of flexibility
[18, 19, 20, 21, 22, 23]. To a fair approximation the high frequency voltage can
be used to control the plasma density, due to more efficient displacement current
[24]. The second lower frequency voltage allows control of the sheath voltage,
thus controlling the impact energy of the ions onto the electrode.
At low pressures, the ion flux, T onto the substrate can be expressed as,

r= B (1-2)

where ug is the plasma density at the plasma sheath boundary and Uo the Bohm
velocity.

The impact energy of ions striking the electrode surface is dependent on the
sheath potential, the potential ions fall through while traversing the sheath. At
low pressures, the mean energy, Ei, of the ions bombarding the surface is approx-
imated by,

H=as (13)

where e is the elementary electronic charge and Vs is the time-averaged sheath
potential.  Thus,if the plasma density and sheathvoltage can becontrolled
separately, theionflux and theion impact energy ontothe substrate can be

9



1.2 Plasma boundary sheath

independently controlled,

1.2 Plasma boundary sheath

An important property of the plasma is the formation of the boundary sheath
between the plasma and any object with which it comes in contact. The properties
of the sheath have predominantly been investigated theoretically [5, 6, 95, 26, 27,
28]. In contrast to the plasma bulk the sheath region exhibits strong electric
fields. These electric fields point towards the electrodes and therefore accelerate
positively charged particles and repel negatively charged particles. lons created in
the plasma bulk enter into the sheath and gain energy through acceleration by the
sheath electric field and lose energy through collisions. Therefore the boundary
sheaths determine important aspects of plasma-surface interaction. The impact
energy of ions onto the electrode surface is dependent on the sheath characteristics
such as sheath potential, sheath thickness, ion-neutral mean free path, and the
on transit time through the sheath [29, 30]. To obtain deeper understanding a
simple 1-D model [1] can be used to describe the behaviour of ions and electrons
in the sheath. The following conditions and basic assumptions are considered.
The potential, $ = 0 at the sheath edge.

Energy conservation for ions (collisionless sheath) gives

}.M u2(x) = ﬁzMuQ—e<1>(,x) (L4)

where M is the mass of ions, u is the drift velocity, us is the drift velocity of
jons at the plasma sheath boundary, e is the elementary charge, and $(x) is the
variation of potential across the sheath.

Assuming low pressure and a thin sheath, ionisation in the sheath can be ignored,
and conservation of ion flux gives

ni{x)u(x)=niau, (15)

10



1.2 Plasma boundary sheath

where r* is the ion density and nis is the ion density at the sheath edge. Solving
for u we obtain %8 12

= nis(l- Wlell%l)_ (1.6
Assuming the electrons are in Boltzmann equilibrium at a temperature, Te, the
electron density is given by the Boltzmann relation

ne(x) = nesee* W kT (L7)

where nes is the electron density at the sheath edge, nes = nis = ns,
The variation of potential, < across the sheath is described by Poisson’s equation

PRl SURL) (1.8)

where 60 is the permittivity of free space.

This gives us a non linear equation governing the sheath potential and ion and
electron densities. The complete solution of Poisson’s equation for the sheath can
only be found numerically. However, analytically it is apparent that the equation

can only be satisfied for,
u’- ub :\NV (19)

This is known as the Bohm sheath criterion for the formation of the sheath. The
velocities of ions at the sheath edge must exceed the critical value of the Bohm
velocity, ubTherefore  a small electric field must bepresent between the bulk
plasma and thesheath to accelerate the ions to the Bohmvelocity [31, 5, 6] This
region i called the presheath. A small potential can have a significant influence on
jons whereas not such a hig effect on the already hot electrons. Quasi-neutrality
still holds in the presheath region.

1.2.1 Sheath potential at a floating wall

The potential drop between a plasma and an electrically floating wall is deter-
mined by equating the ion flux, Tj, to the electron flux, re, at the wall. That i

11



1.2 Plasma boundary sheath

the electron current through the sheath should balance the ion current
rx=re (1.10)

Due toconservation of flux in the sheath, theflux of fons at thewall isassumed
to be the same as theflux of ions at the sheath edge.Therefore the ion flux at
the wall can be given by

Ti = nsuB (1.11)

where ns is the plasma density at the sheath edge.
The electron flux at the wall is given by

Tc= Zn;exp \(k T] % (112)

where Z& = y"M-is the mean electron speed for an assumed maxwellian distri-
bution and Te is the electron temperature.
From this the sheath potential can be calculated to be

- kTe]mf M\ (’1.%@}'

\27rm [

which is dependent on, the ratio of ion mass, M, to electron mass, m, and on
electron temperature, Te.

For the case of ions, in a Hydrogen plasma, the energy ions gain in the
presheath and sheath, can be found to be ~ 3.9kTe.

1.2.2 High voltage sheath

When an external high potential is applied to an electrode the sheath potential
changes.

12



1.2 Plasma boundary sheath

Sheath Plasma
electrode

X=3

Figure 1.3: Matrix sheath model

Matrix sheath

A simple model describing the high voltage sheath is the Matrix Sheath model [1].
This model is not completely accurate but gives insight into the sheath formation.

It is assumed that the sheath region consists only of ions, and electrons are
confined in the plasma bulk due to the large potential barrier between the biased
electrode and the plasma. Since the biased electrode conducts electrical current,
the zero net current requirement of the floating sheath is not required. Instead,
the potential difference between the plasma and the electrode sets the sheath
conditions. The ions in the space charge region are assumed to be fixed in a
uniform matrix (n* = ns=constant). Figure 1.3 shows adiagram of the matrix
sheath model. This is notentirely accurate since inreality the ionsare not
homogeneously distributed throughout the sheath.

The matrix sheath electric field, E , is calculated

sy (L1
E =y (1.15)

where e is the elementary electronic charge, £o I the permittivity of free space
and is the ion density in the sheath. The electric field is found to be a linear
relation with distance, x. Integrating equation 1.15, the sheath potential is found

13



1.2 Plasma boundary sheath

Sheath Plasma
electrode ©

0
©
©
©

x=5 ne=0 x=0

Figure 1.4: Child Law sheath model

to be

=Mz (116)

The ion matrix sheath models can be a good approximation at high pressures
in the limit of mobility limited ion motion.

Child Law sheath

As mentioned above the matrix sheath model is not entirely accurate since it
does not allow for the reduced ion density due to ion acceleration towards the
electrode surface. Figure 14 shows that as the ions are accelerated towards the
electrode, by the sheath electric field, the ion density decreases.

Given that the initial ion energy on entering the sheath is small compared to
the energy gained, due to the potential drop in the sheath, ion energy conserva-
tion, equation 14, can be approximated by

\Mu2=\mu2t ei>(x)" -e$(x) (L17)
and flux conservation, equation 15, given by

jo =en3(x)u(x) (1.18)

14



1.2 Plasma boundary sheath

where jo is the current density.
The current density, jo, can be found to be

4 |2\ 1282
0= 98(H ) e (1-19)
where \b is the applied electrode voltage and s is the sheath width. This is
the Child-Langmuir space charge limited current equation. The potential as a
function of position can be given by

$=-K0Q 43 (1.20)
the sheath width by
V2X f2eViy \ A x IsOkTe
S- 3 De\kTe{ V e ( *

where A"e is the electron debye length at the sheath edge and the density is given

470 Mo (f R\
. arsabg L)
It can be seen that at the sheath edge, x = 0, n goes to 0o. This is a

consequence of the approximation, made in equation 1.17, of neglecting the bohm
velocity.

1.2.3  Collision dominated sheaths

The basic mechanisms regarding the plasma boundary sheath have been estab-
lished. However the kinetics of ions through the sheath have not been consid-
ered. As the pressure increases, ions undergo collisions while travelling through
the sheath. Thus, if ions lose energy through collisions their mean impact en-
ergy will decrease. For the case of collisional sheaths, ions traversing the sheath
do not gain the full potential drop across the sheath. The energy of ions at the
electrode surface will also be dependent on the collisions they undergo while trav-

15



1.2 Plasma boundary sheath

elling through the sheath. If we consider the case where the ion mean free path,
A <Cs, the sheath width, then the assumption of energy conservation no longer
holds. Instead the ion drift velocity, v, is friction limited and dependent on the
local electric field.

v =V{E (x)) (1.23)

Collision dominated sheaths are assumed for pressures > 10Pa. It is assumed
that collisions do not result in ionisation, recombination, dissociation or any other
chemical reactions. Therefore no particles are destroyed or created. Hence, the
flux is still conserved

To=T(X) = n(x)v(x) (1-24)

Using Poisson’s equation for the local electric field the following relates the ion
velocity to the sheath electric field.

V{E)E = — o (L25)

To solve this equation we need the relationship between the velocity and local
electric field. This depends on the pressure regime. For the intermediate pressure
regime (10 - 100 Pa) which is relevant for this work the assumption of constant
mean free path can be made. For this condition we find the following relationship
between velocity and electric field [1]

v=os" If] (1.26)
This lets us obtain the following expression for sheath potential
l.=-yo(l-~ a3 (1.27)

1.2.4 lon energy distribution function

For the case of the collisionless sheath all ions arrive at the electrode surface with
energy, evo. However, this is not the case for a collision dominated sheath. The

16



1.2 Plasma boundary sheath

effect of collisions is important since they can significantly modify the IEDF. The
case of charge exchange collisions with a constant mean free path is considered.
This particular case can easily be derived under the following assumptions [32]
A constant mean free path. This is a reasonable approximation since the cross-
section for charge exchange has a logarithmic velocity dependence.
G~ &x
Flux is conserved in the sheath, no ionisation.
The gas temperature is assumed to be zero.

Using the sheath potential of equation 1.27 when A<swe find the following
energy distribution function of ions at the electrode [33]

|
WAKM)
1.25 RF sheath

When an ac potential is supplied across the sheath more complicated dynamics
arises. To explain the dynamics of rf sheaths a simple qualitative model, devel-
oped by V. A Godyak [34], provides simple analytical expressions. A symmetric
discharge with sheath, a and b, is considered. It is assumed that the ion den-
sity is uniform and constant in time throughout the discharge and there are no
electrons in the sheath region. These assumptions were also made for the static
matrix sheath model discussed earlier.

The electric field, Ea, within sheath a is described by the integration of Pois-
son’s equation.

e T ) (L29)

where sa(t) is the position of the instantaneous sheath edge
sa(t) = 5(1- sin(ut)) (1.30)

where s is the time averaged sheath width. The sheath edge is no longer static,
as for the dc sheaths considered above, instead it oscillates in time.

17



1.2 Plasma boundary sheath

lons do not carry any rf current and the electron density in the sheath is
assumed to be zero. Therefore, in contrast to the plasma bulk, the current through
the sheath is displacement current. The displacement current is given by temporal

derivative of Ea
la(t) = 0 (131)

where A is the area of the electrode. Due to current continuity lais equal to the

discharge current|rf
h{t) = = Irf cosM) (132

this results in
Irf(t) = - enA™ (1.33)

with the following relationship between Irf and s

5% enuA (134
The voltage drop across sheath a is given by
_ Py _ e
Va{t)= I E(x,t) dx = *Eo(sa(t)) (1.35)
resulting in
vat)= (- sin(wi))2 (1.36)
Similarly the sheath voltage across sheath b is given by
vit) = 50 (1 + sin(wi))2 (1.37)

Neglecting a voltage drop across the plasma bulk we obtain the total voltage drop
across the discharge Vit by combining the sheath voltages Va and Vi

Vr{t) = Vaff) - VB(t) = —  sin(uj) (L39)

There is second harmonic generation for the individual sheath voltages while the

18



1.2 Plasma boundary sheath

Figure 1.5: Sheath voltages, Va and \& as afunction of time for a symmetric CCRF
discharge

total voltage dropacross the dischargeis free of harmonic generation. This can
be observed in figure 1.5,wherethe individual sheath voltagewaveforms and the
total applied sheath voltage waveform is shown. Taking an applied rf voltage \f

Vrf(t) = ver SN ut) (139)
the sheath voltages a and b are given by
va(t) = (L- sinM))2 (1.40)

and

vbt)= (L + sin(wi))2 (L41)
The relationship between the applied rf voltage, Virf, and the sheath width, 5, is

(i-42)

In reality the sheath dynamics are more complicated than this and more
complex analytical models are available [25], however, this simple model amply
illustrates the basic phenomena of rf sheaths. The dynamics of rf sheaths in
Hydrogen discharges can be particularly complex. Under certain conditions a so
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1.3 lon transport in the sheath

called field reversal is observed [35, 36]. The electric field in the sheath region
reverses for a short phase during the rf cycle. During this phase electrons are
accelerated towards the electrode. The reversal is caused by the combination of
a comparatively high mobility of hydrogen ions and a relatively low mobility of
electrons in hydrogen gas. The field reversal arranges for compensation of the
positive ion flux and the negative electron flux to the electrode.

1.3 lon transport in the sheath

The plasma potential of the bulk discharge and the positive ion sheaths are spa-
tially and temporally rf modulated [10, 82]. lons travelling through the sheath of
an rf discharge arrive at the electrode with a distribution of energies [37]. This
IEDF will reflect the acceleration of ions by the electric field of the oscillating
plasma sheath. The ion energy is determined by the potential difference that
the ion passes during its transit through the sheath. There are two main fac-
tors influencing this energy distribution; transit time of ions through the sheath
and collisions the ions undergo in the sheath. In the case investigated here the
lon transit time is comparable to the rf period (intermediate frequency regime).
Thus, the IEDF depends on the external voltage phase in which the ions enter the
sheath since this defines the potential difference they can cross [38]. Most ions
enter the sheath when the sheath potential is at its maximum or minimum since
these values of the sheath potential are experienced for longer than other values.
Consequently, the IEDF, at the surface, will be characterised by the well-known
saddle-shaped structure consisting of two peaks corresponding to the maximum
and minimum sheath potentials respectively [10, 34, 39].

1.3.1 Collisionless sheath

If the sheath is collisionless, ions do not suffer energy losses, and their energy at
the surface will be determined by the potential of the sheath edge with respect
to the electrode potential.
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1.3 lon transport in the sheath

Energy (eV)

Figure 1.6: Typical bi-modal IEDF structure

In a collisionless sheath, the crucial parameter in determining the shape of
the IEDF is the ratio of the ion transit time (Tian) to the rf period (rr/) [37].

Tim  3su (M \2
Tt 2 \2eVs (143)

where s is the time-averaged sheath thickness, u is the rf frequency, M is the ion
mass, Vs is the time-averaged sheath potential, and e is the elementary charge.

When A 1, ions traverse the sheath in a short time compared to the field
oscillations. Under this condition an ion traversing the sheath experiences the
instantaneous sheath voltage and the phase of the rf cycle in which the ion enters
into the sheath is important. In this low-frequency regime rf modulation of the
IEDF can be observed due to the time-varying electric field and the ions’ response
to the electric field. The resultant IEDF has a double peak structure, the higher
energy peak corresponding to the ions entering the sheath at the maximum sheath
voltage and the lower peak is due to the ions entering at the minimum sheath
voltage. The double peak structure is centered at the time-averaged plasma
potential.

As the frequency increases, the fraction of the rf cycle the ions take to cross
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1.3 lon transport in the sheath

the sheath increases and they no longer experience a constant potential but a
range of potentials. lons which enter the sheath at the maximum will be in the
sheath for long enough to also experience lower potentials and ions which enter
at the minimum will experience a higher potential average. Hence, the peaks in
the saddle-shaped structure come closer together and the separation decreases.

If the ion transit time is long compared to one rf period, » » 1, the ions
will experience many rf cycles while crossing the sheath. Thus, the oscillating rf
sheath will be averaged out and ions will respond to the time-averaged sheath
potential. The phase in which they first enter into the sheath becomes irrelevant.
In this high-frequency regime, as the ion transit time, compared to the rf period
increases, the width of the saddle-shaped structure decreases and the two peaks
approach each other, until eventually they cannot be resolved. The IEDF is
characterised by a single peak centered at the time-averaged sheath potential.

The case where the ion transit time is comparable to the rf period is not well
understood [40]. This intermediate-frequency regime, » ~ 1, lies between the
two regimes discussed above and ions take only a few rf cycles to traverse the
sheath. lons move at velocities less than the velocity of the sheath boundary.
Thus, ions taking a few rf cycles to reach the electrode, will spend part of their
time in a low electric field, behind the sheath edge, and part of their time in the
high field of the sheath. Thus, ions experience alternating sequence of constant
velocity and varied acceleration as they travel towards the electrode. The IEDF
depends on the phase in which the ion enters into the sheath and also the number
rf cycles it takes to cross the sheath. In this regime, the two peaks in the double-
peak structure can usually be observed close together with variations in the peak
heights.

An analytical expression for the energy separation between the maximum and
minimum energy peaks in the IEDF in the case of a collisionless sheath was first
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1.3 lon transport in the sheath

calculated by Benoit-Cattin and Bernard [41]:

T B M (144
deVa ( Trf
T (1.45)

This expression predicts that the peak separation, AEi, depends on frequency,
lon mass, applied rf voltage and sheath width.

1.3.2  Collisions in the sheath

An ion arriving at the plasma sheath boundary entering into the sheath gains
energy through acceleration by the sheath potential. In the absence of collisions
the ion would accelerate across the sheath and hit the electrode with an energy
equivalent to the sheath potential. However, if the ion mean free path becomes
smaller than the sheath thickness, then the ion is very likely to undergo collisions
while traversing the sheath. As the pressure increases, and ion-neutral collisions
in the sheath become more probable, the shape of the ion energy distribution
changes significantly. The IEDF structure becomes more complicated, broad-
ens and moves to lower energies. The type and probability of collisions in the
sheath affects the shape of the IEDF. Two kinds of collisions, elastic collisions
and symmetric charge exchange, are important and how they effect the energy
distribution functions are discussed.

Elastic collisions Elastic collisions will lead to a deviation from the perpen-
dicular incidence of ions on the electrode and to a loss of kinetic energy. When
an ion traverses the sheath, only its velocity component normal to the surface is
accelerated. Thus, if the ion does not undergo a collision in the sheath it would
arrive at the surface with a large perpendicular component and small parallel
component. Ifan ion interacts with a neutral particle the ion will lose energy and
be scattered. Subsequently the ion will continue to be accelerated perpendicular
to the electrode by the sheath electric field and will arrive at the electrode with an
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1.4 Hydrogen chemistry

incident angle, smaller than the scattering angle. The effect of elastic scattering
will thus lead to a broader angular distribution of the velocity of ions and also
a low energy tail in the energy distribution. lons that are scattered over large
angles modify the angular distribution greatly. Lighter ions are scattered over
larger angles than heavier ions,

Symmetric charge exchange The influence of symmetric charge exchange is
visible through a number of additional peaks at distinct energies. When such
a charge exchange collision occurs, the newly created ion is almost at rest and
has to restart its acceleration toward the surface. Multiple peaks are generated
by the effect of the rf modulated electron density in the sheath [38, 42]. Ina
time varying sheath, the sheath periodically expands and retracts. If an ion is
created through charge exchange in the quasi-neutral part of the plasma, where
the local electric field is zero, when the electron density front is between it and
the electrode, it will remain at rest. When the electron front moves back and the
field rises again the ion will be accelerated towards the electrode. All ions which
have been created at the same time and distance from the electrode will thus he
accelerated together and contribute to a secondary low energy peak in the IEDF,
Thus, ions are grouped together and each successive rf cycle creates a new group.
The group with the lowest energy was created one cycle before arrival at the
electrode. The average energy of each group corresponds to the average potential
drop the ions have experienced. The number of peaks in the distribution is then
characteristic of the number of rf cycles it takes an ion to cross the sheath.

1.4 Hydrogen chemistry

In Hydrogen discharges, three different positive ion species can coexist, # +,

HE and can inter-convert by collisions with the background H= molecules [43, 44].
In the plasma bulk, electron impact ionisation produces mainly H% thermal ions.
These H f ions, through collisions with the background gas, can be converted into
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1.4 Hydrogen chemistry
HE by the very efficient exothermic conversion reaction
H}+H2 Hf+H+17leV (1.46)

which has a large cross section. HE ions can be destroyed through collisions with
the background gas, at energies in excess of about 10 eV. Thermal ions only
interact with the background gas through elastic collisions where the momentum-
transfer cross-section dominates. Therefore, in the low electric field region of the
plasma bulk the dominant ion is HE. The ions entering into the boundary sheath
from the plasma bulk are, therefore, predominantly H  After acceleration by
the sheath electric field, ~ions can then undergo collisions with the background
gas and convert into H+and H ~ Beyond about 10 eV, HE ions can be destroyed
through collision-induced dissociation and asymmetric charge transfer producing
both H+and HE ions. The collision induced dissociation reactions

tf3 +tho > tf++thot the (1-47)
Ht + H2 -> Hf+H +H2 (148)

result in the dissociation of ions producing fast H+or H2 ions and neu-
tral particles. These processes often involve no energy transfer to the target H2
molecule. The asymmetric charge transfer reactions

Ho+H2 -> H2+H +H +H+(slow) (1.49)
Hf +H2 -> H2+H +H}(slow) (150)

result in exchange of the charge on the  ion to a neutral. This leads to
a complete loss of energy of the ion, which is taken over by the neutral
producing either slow H+or ions and energetic neutrals. Above about 20 eV,
the elastic cross section decreases dramatically and it can be assumed that HE
lons are either in free fall or are destroyed, by either collision induced dissociation
or asymmetric charge transfer, mechanisms discussed above. All other possible
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1.5 Mass resolved ion energy analyser

collision processes of H} have an order of magnitude smaller cross-sections for
the conditions considered here and therefore do not play a significant role.

The predominant collision process that determines the ion velocity distribu-
tion of H2 ions in the houndary sheath is resonant symmetric charge exchange

H} {fast) + H2(slow) —»H2(fast) + H"slow) (1-51)

Above a few eV charge exchange of H f takes over, from the exothermic conversion
reaction (equation 1.46) described above, as the dominant ion-neutral interaction.
After acceleration by the sheath electric field the collision of H2 with background
gas molecules will result in a transfer of charge from the H2 ion to the H2
neutral, thus, producing a fast H2 neutral and the newly created H} ion will
start acceleration from rest.

Most H+ ions are formed in the sheath. The chemistry for H+in the sheath
is rather complex and governed by several processes discussed in the literature.

1.5 Mass resolved ion energy analyser

Mass resolved ion energy analysers are versatile diagnostics for the analysis of
neutral particles, in particular radicals [46, 47], and positive [48, 49, 50, 51] and
negative [53] ions. The principles of operation of commercial mass resolved ion
energy analysers are discussed, paying particular attention to the Hiden EQP
N .

The IEDFs were measured using a Hiden EQP 2000 plasma probe, consist-
ing of ion optics, an electrostatic energy analyser (ESA), a quadrupole mass
spectrometer (QMS), and finally a secondary electron multiplier (SEM) for ion
detection. The main sections of the Hiden EQP are shown in figure 1.7. The EQP
can perform ion energy scans at a particular mass to charge ratio by sweeping the
various electrode voltages on the EQP. The entire plasma probe is mounted on the
grounded electrode of the plasma system and housed in a two-stage differentially
pumped vacuum chamber. A base pressure of less than 106 Pa is maintained
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1.5 Mass resolved ion energy analyser
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Figure 1.7: Hiden EQP

inside the EQP, irrespective of the pressure within the plasma chamber. This
provides a collision free environment for ions as they traverse the EQP (section
3.3.1) and also correct uniform performance of the SEM detector.

Orifice  When extracting particles from the plasma, a distinction must be made
between neutrals and charged particles. Neutrals will simply drift into the mass
resolved ion energy analyser whereas positive or negative ions may require specific
arrangements. Positive ions leaving the plasma bulk are accelerated towards the
surface of the grounded electrode hy the sheath electric field. A small fraction of
these ions can enter the 1o fim aperture positioned at the center of the grounded
electrode. Negatively charged particles are usually efficiently trapped inside the
discharge but can reach the walls; for example, the most energetic electrons can
overcome the sheath potential and also reach the walls during the collapse of
the sheath potential once in the rf cycle. When analysing positive ions to avoid
interference with results these negatively charged particles need to be prevented
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1.5 Mass resolved ion energy analyser

from entering the EQP. A negative voltage, extractor, is applied just after the
entrance aperture to repel any negatively charged particles. This negative voltage
will also help to accelerate and focus the positive ions inside the instrument.
Negative ions can be detected by modulating the discharge, forcing the sheath
potential to collapse, enabling the ions to reach the surface [55].

lonisation Source The electron impact ionisation source is used for analysing
neutrals. Since the energy analyser and mass filter exploit electric fields to analyse
the particles neutrals cannot be directly detected and must first be converted to
either positive or negative ions. Two filaments can emit electrons of controllable
electron energy which bombard neutrals entering from the plasma. Positive or
negative ions can be produced through ionisation or electron attachment [56],
respectively. These ions can then be analysed using the energy analyser and mass
filter in the same way as ions created, outside the instrument, in the plasma. The
jlonisation source is switched off when detecting ions.

Extraction lons which have passed through the orifice are focused onto the exit
aperture of the ionisation source by an electrostatic lens. This first lens consists
of three electrodes; extractor, lens 1 and axis. This lens also serves the purpose
of accelerating or decelerating the entire ion energy distribution.

Drift Region This region transmits ions from the extractor and focuses them
into the energy analyser. The particular EQP model used in this work has an
extra long drift tube and therefore has an additional electrode fitted in the drift
tube. The extra long drift tube allows additional freedom in positioning the EQP.
The function of this additional electrode, flight-focus, is to transmit ions more
efficiently through the tube, increasing sensitivity, by reducing the number of ions
which are lost to the walls of the tube. lons which have passed through the drift
tube are then efficiently focused into the energy analyser by lens 2 which creates
a parallel beam at the entrance of the energy analyser.
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1.5 Mass resolved ion energy analyser
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Figure 1.s: Sector Field Energy Analyser

Energy Analysis The energy analyser is a 45° sector field energy analyser.
lons entering the sector field are deflected according to their kinetic energy, so that
only ions which have the pass energy of the analyser can pass the 45° bend. The
pass energy is the energy ions need to pass the 45° bend of the electrostatic energy
analyser. This, pass energy, can be set by the operator and for all measurements
taken in this work it was set to 40 eV. 40 eV is the value recommended by
the manufacturer, Hiden. lons with the selected energy have previously been
accelerated or decelerated to the pass energy of the ESA. The transit energy
through the ESA is set by the potential, axis. The plates potential is used to
tune the ESA to transmit particles, of axis energy. Alignment adjustments of the
lon beam before entering the energy analyser can be made by variation of the
voltages, vert, horiz and D. C. quad.
The energy resolution, AE, of the ESA is given hy:

ap_ w.TE .V

- cosB+ sino [ ]

where w is the aperture diameter, TE is the transmission energy, R is the sector

mean radius, <pis the sector angle, and L is the distance to the exit aperture (see

figure 1.8). In the EQP the following values are used: w = 3 mm, R = 75 mm,

() = 45 degrees, L = 354 mm, TE = 40 eV (axis potential). The calculated

energy resolution for a pass energy of 40 eV is 2.55 eV, which is small compared
to the ion energies of interest.
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1.5 Mass resolved ion energy analyser

(b)

Figure 1.9: Quadrupole mass filter (a) field generating potentials (b) trajectory of ions
through quadrupole mass filter

Mass filter lons leaving the ESA all have the same energy but different masses
since ion trajectories in constant electrostatic fields do not depend on ion mass
[57]. An rf quadrupole mass filter is used to differentiate between ions according
to their mass-to-charge ratio. A diagram of a quadrupole mass filter is shown in
figure 1.9. It consists of 2 pairs of parallel, equidistant metal rods. Two opposing
rods are connected electrically and have a positive potential while the other pair
of opposite rods are at a negative potential of the same value. The applied poten-
tials are a superposition of fixed dc and alternating radio-frequency components.
These time-varying electric fields effect the trajectories of ions according to their
mass-to-charge ratio [58, 59). Any ions entering the quadrupole field will expe-
rience potential differences deflecting them from their original trajectory. The
extent of deflection of any ion entering the field is related to its mass-to-charge
(m/z) ratio. Mass selection can be acquired by varying the rf voltage. lons of
a prescribed mass/charge can describe a stable path allowing the ion to pass
through the quadrupole. All other ions are excluded due to their unstable paths.
They strike the rods, are neutralised by impact and pumped away as gas. Only
jons which have a stable trajectory can exit the quadrupole and be detected.
lons must remain long enough in the quadrupole mass filter to achieve a good
mass resolution. Consequently the entrance energy should be low, in the order of
a few eV, to achieve this ions are previously decelerated using the lens focus 2
The mass resolution can be controlled by the two variable voltages, delta-m and
resolution.
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1.5 Mass resolved ion energy analyser

The mass filter used here is a triple quadrupole mass filter and separates ions
according to their mass-to-charge ratio up to a maximum of 2000 amu. This type
of mass filter as opposed to a single quadrupole has additional pre and post filters,
placed in front and at the rear of the main quadrupole. The resolution of the
quadrupole increases in proportion to ion mass. Therefore, it is generally more
difficult to achieve good mass separation for low masses, such as hydrogen ions.
The cylindrical rods in the quadrupole are of large diameter, 9 mm. The larger
the diameter of the rods the better the mass separation that can be achieved.
With this large quadrupole improved mass separation can be obtained. This is
especially beneficial in the low mass region when investigating hydrogen ions.

lon detection Finally, ions of selected energy and mass are detected. Filtered
lons strike the detector resulting in an ion current which is measured by a sensitive
amplifier. There are two detector options available on the EQP.

The Faraday Cup is an earthed passive conducting surface with a suppressor
electrode to avoid false measurement. Fast moving ions strike the cup and cause
a shower of secondary electrons. The use of the cup rather than a plate, makes
it improbable for fons to escape after they have entered the cup, and also allows
all electrons to be collected. Hence, one ion arriving at the Faraday needs one
electron for neutralisation but causes several electrons to be emitted; this provides
an amplification of several electrons for each ion.

The Secondary Electron Multiplier (SEM) consists of a surface designed to
generate secondary electrons. When an ion impacts the surface it generates 2
or s electrons, each of which undergo further collisions with a second surface
generating more electrons, and so on forming an avalanche. Power for this cascade
is provided by an applied voltage to the first surface, Ist-dynode, and another
voltage on the other surfaces, multiplier. A much higher amplification is obtained
using an SEM and makes it far more sensitive than the Faraday cup.

For the measurements taken in this work the SEM detector is used since it is
more sensitive and the Faraday cup detector produces a large hackground signal.
However, extreme care has to be taken when using SEMS, the surface deteriorates
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1.6 PIC simulations

in time, which causes the gain to decrease. Also, the SEM was not operated
above a base pressure of 10.s Pa to ensure correct and uniform performance of
the detector.

1.6 PIC simulations

Experiments can provide the basis for exploring new phenomena and validat-
ing current theoretical models in plasma physics. However, used in combina-
tion with simulations they can have synergistic effects. Simulations can be used
to compare directly to experimental results and also as an extension to experi-
ments providing results which can be difficult to obtain experimentally. There
are various techniques used in modelling plasmas, for example, global models
[60, 61, 62, 63, 64, 65], fluid models [s, 67, e8], Circuit models, kinetic models
[69, 70, 71, 72).

A kinetic scheme proved to be the most useful approach for comparison to the
experimental investigations in this work. The Particle-In-Cell (PIC) simulation
method and its implementation is discussed briefly. A more detailed description
of the particular PIC simulations used can be found in [73, 74].

To obtain an exact description of a plasma, the position and velocity of each
particle must be known. Each species of electron, ion and neutral has a distribu-
tion function described by the Boltzmann equation.

PIC simulations have the advantage that the fields and energy distributions
can be obtained self-consistently from first principles. No assumptions about the
electric field or the bulk plasma velocity distributions need to be made. The
plasma is simulated as electrons and ions moving under the influence of electric
fields. Neutrals are not simulated. Figure 1.10 shows the main steps involved
in the PIC cycle. In PIC simulations super-particles are used to simulate the
plasma. Each of these super-particles represents a large number of real particles
(ions or electrons), typically on the order of 10 - 10s real particles. The simula-
tion region is divided into cells creating a spatial grid. The particles are loaded
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1.6 PIC simulations

Figure 1.10: Schematic of steps in Particle-in-Cell (PIC) simulation

randomly into the simulation with a uniform density and Maxwellian velocity dis-
tribution. Each particle has a position and velocity recorded. From the positions
and velocities of the particles the charge and current densities are obtained. The
charge and current densities are used to calculate the electric field on the cells.
The electrostatic field generated by a certain charge distribution can be obtained
by solving Poisson’s equation. The force acting on each particle can be obtained
by interpolating the field, on the spatial grid, back to the particle position. The
particles are then allowed to move in response to these fields. Particles pushed
outside the spatial grid are removed. A Monte-Carlo collision handler is used to
subject the particles to collisions [75]. The effects of collisions can be a change
in particle velocity, particle loss and particle production. Input data of collision
cross-sections are included in the model.

The main disadvantage of PIC simulations is the huge computational cost
especially in 2D or 3D geometries. The time for the models to reach steady
state can often be quite long. They can also be limited due to complex plasma
chemistry and surface processes. Nevertheless, PIC simulations are a powerful
tool for investigating low pressure discharge physics. It is useful in exploring new
phenomena and validating current theoretical models. Effective way to model
chemistry is to couple PIC simulations to global chemistry model.
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CHAPTER 2

Design of the confined capacitively coupled rf discharge

system

A detailed description of the experimental system designed for this work is pre-
sented in this chapter. The experimental system was designed to facilitate the
measurement of ion energy distribution functions (IEDF) at a large boundary
sheath potential using a mass resolved ion energy analyser. The other main ob-
jective of the design was to allow direct comparison to a 2D PIC simulation [62].
Large sheath potentials usually exist at biased electrodes. However, this is in-
compatible with the intention of using a mass resolved ion energy analyser which
should be incorporated into a grounded electrode. Therefore, to achieve both
these objectives a confined capacitively coupled rf (CCRF) discharge is the most
suitable.

The final system configuration is shown in figure 2.1 and figure 2.2 shows a
photograph of the experimental setup. ~ Figure 2.3 shows a photograph of the
CCRF plasma. The discharge system consists of two flat, parallel-plate electrodes.
One electrode is grounded and the other powered. The electrodes are of equal
area, diameter 140 mm, and separated by a 50 mm gap. The powered electrode is
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Hiden EQP

Figure 2.1: CCRF Discharge Experimental Setup

Figure 2.2: Photograph of CCRF Discharge Experimental Setup
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Figure 2.3: Photograph of CCRF plasma

water cooled. The grounded electrode is mounted on the Hiden EQP, which is in
turn mounted to the chamber. A 10/;ra orifice at the centre of the grounded elec-
trode plate allows for mass resolved energy analysis of plasma species impinging
on its surface. A two-stage differentially pumped vacuum system was designed
to house the Hiden EQP, providing a collision free environment for particles as
they traverse the probe. Gas is introduced to the chamber through a shower-head
in the grounded electrode. The plasma is confined to the volume between the
powered and grounded electrodes by a quartz tube, of wall thickness 5 mm. The
quartz tube both shields the plasma from the grounded chamber walls, and cre-
ates a pressure differential between the inside and the outside of the tube. If the
pressure on the outside of the tube is too low a discharge will not be sustained.
The chamber is pumped from outside the quartz tube by turbo-molecular pumps.
The gas pressure in the system is regulated using mass flow controllers.

Due to difficulties in installing a pressure gauge to measure the pressure inside
the quartz tube without disturbing the plasma the Hiden EQP was calibrated to
a Baratron pressure gauge and used to measure the pressure inside the quartz
tube. Without the quartz tube in place the EQP was calibrated to the baratron
pressure gauge for a given gas. With the quartz tube in place the EQP was used
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Figure 2.4: Dual Frequency

to measure the signal corresponding to the pressure inside the quartz tube and
the baratron measured the pressure outside the tube.

Both single frequency and dual frequency plasmas can be ignited. Two differ-
ent power sources are used on the system: a single frequency 13.56 MHz, and a
second dual frequency system enabling frequencies of 194 MHz and 27.12 MHz
to be supplied hoth separately and simultaneously as a true summation.

Single frequency 13.56 MHz  An L-type matching unit couples the 13.56 MHz
power signal to the powered electrode of the discharge. It comprises of a fixed
coil and a series tuning capacitor and load capacitor. Both capacitors are motor
driven and can be tuned manually or automatically. A Tektronix high voltage
probe (Tektronix P6015A) is installed between the matching network and the
powered electrode allowing voltage measurements.

Dual frequency 1.94 MHz & 27.12 MHz Two separate rf generators (1.94
MHz and 27.12 MHz) are interfaced to the plasma chamber using matching net-
works in the configuration shown in figure 24. The 1.94 MHz matching system
uses rf relay-switching capacitors and a fixed inductor. The 1.94 MHz match-
ing network allows 1.94 MHz power transmission to the plasma and rejection of
27.12 MHz signals. The 27.12 MHz matching unit consists of two vacuum-variable
capacitors and a fixed inductor. It is designed to reject 1.94 MHz signals and
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Figure 2.5: Frequency response of (a) 1.94 MHz and (b) 27.12 MHz matching networks
f76l

transmit 27.12 MHz signals to the plasma. The 1.94 MHz and 27.12 MHz signals
are summed after both matching networks prior to connection to the electrode.
Figure 2.5 shows the frequency response of both the 1.94 MHz and 27.12 MHz
matching networks. For the 1.94 MHz matching network, the minimum loss is
at 1.94 MHz and there is a dip in the curve at 27.12 MHz and its harmonics.
The 1.94 MHz matching network transmits 1.94 MHz signals to the plasma and
at the same time acts as an rf filter to 27.12 MHz and its harmonics, blocking
21.12 MHz signals damaging the 1.94 MHz rf generator. The same applies to the
21.12 MHz matching network, which shows its minimum loss around 27.12 MHz
and dips at 1.94 MHz. Figure 2.6 shows a voltage waveform measured at the
powered electrode, showing the superposition of the 1.94 MHz and 27.12 MHz
voltage. The voltage waveform does not show any second harmonic generation.
The PIC simulation is driven using a voltage source so the voltage measurement
and also the shape of its waveform is important for accurate comparisons.
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Figure 2.6: Applied voltage waveform for the dual frequency plasma
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CHAPTER 3

Technique for measuring IEDFs

A mass resolved ion energy analyser was employed to measure ion energy distri-
bution functions (IEDF) in the discharge. The basic principles of this diagnostic
technique were discussed in section 1.5. Proper operation of such a system is
challenging [16, 77, 78]. The ion transmission of the instrument can be affected
by the ion optics settings selected. Ensuring uniform transmission becomes more
difficult as the energy range of the measured distributions becomes larger. A
technique for reducing energy discrimination was developed and is discussed.

3.1 lon optics

The Hiden EQP consists of several electrostatic lenses which direct the incoming
lons into the energy and mass filter. The functions of the different sections of
the EQP were discussed in section 15. The ion optics section consists of a
number of electrodes and focusing lenses, to each of which a voltage may be
applied. The potentials are applied to the lenses in the configuration shown in
figure 3.1. Understanding the operation of the electrode potentials is essential for
correct operation of the EQP. To measure the IEDF of incoming ions from the
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3.1 lon optics

(™) : Voltage source

Figure 3.1: Hiden EQP Potentials

plasma the electrode voltages are varied in a specific manner. When some control
voltages are scanned numerous electrode potentials may be varied as a result. For
example, scanning Energy, scans not only the axis potential but also the potential
on lens 2, focus 2, suppressor, and 1st dynode. There is a big degree of freedom
in choosing the values of the electrode voltages. Improper voltage settings on the
electrostatic lenses can result in energy discrimination consequently distorting the
measured [EDF. It is necessary to optimise the signal to noise ratio while taking
precautions not to distort the shape of the actual distribution function,

Electrostatic lenses are subject to the same aberrations as optical lenses [79].
In this instrument the effect of chromatic aberration is the most problematic.
Chromatic aberration is inherent to all lenses. This aberration effect is where
the focal length of a lens is dependent on the ion energy. Therefore incoming
lons of different energies will be focused at different positions. This can result
in superior acceptance at certain ion energies. The following section discusses
this energy discrimination and how to obtain voltage settings which reduce the
aberration effects to a minimum.
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3.2 Electrode voltage settings

Figure 3.2: lon optics section simulated using SIMION
3.2 Electrode voltage settings

A computer simulation package SIMION [80] was used to simulate the ion trajec-
tories through the ion optics. SIMION models the electrostatic fields and forces
created by the electrodes. When the electric fields have been obtained, the tra-
jectories of charged particles in these fields can be calculated. SIMION was used
to find settings for the voltages on the lenses which optimise the signal to noise
ratio while ensuring that the aberration effects are kept to a minimum. Figure
3.2 shows the ion optics section simulated in SIMION. There are several more
electrodes not shown in figure 3.2 but these are not of importance to the energy
dependent transmission,

The first lens consists of three electrodes: extractor, lens 1, axis. The func-
tion of this first lens is to shape the ion beam, and simultaneously accelerate or
decelerate the preselected ions to the pass energy of the energy analyser. This
lens (extractor, lens 1, axis) focuses the incoming ions into the entrance region
of the drift tube. The last electrode, at potential axis, is involved in the energy
selection and is therefore fixed (Section 1.5). However, the potentials on extractor
and lens 1 can both be varied. The electric field strength determines the extent
to which ions are deflected and collected. Therefore, the voltage settings on the
electrodes of this lens greatly influence the acceptance angle of the instrument.
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(b)
Figure 3.3: lon trajectories for (a) ions of energy 100 eV (b) ions of energy 300 eV

As discussed in the previous section the focal length of the lens is dependent on
the energy of the incoming ion. Therefore care must be taken to keep chromatic
aberration effects to a minimum. After entering into the drift tube all ions, that
can pass the energy filter, have the same energy. Therefore, chromatic aberration
effects will not be present in any of the lenses behind the drift tube. The drift
tube consists of three tubes; two outside tubes at a potential of axis and a cen-
ter tube at an additional potential, flight-focus, that increases sensitivity of the
instrument. Flight-focus is used to direct ions out of the long drift tube.

lon trajectories, simulated using SIMION, at two different ion energies, 100 eV
and 300 eV, are plotted in figure 3.3. The ions originate at a point source repre-
senting the orifice. The voltage settings on the lens are extractor = -40 V, lens 1
=-190 V, axis = -40 V. The 300 €V ion beam is focused into the entrance of the
drift tube while the 100 eV ion beam is unfocused after the first lens. This clearly
illustrates chromatic aberration when the focal length of the lens is dependent on
lon energy. Figure 3.4 isa plot of acceptance angle of the instrument as a function
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10

lon Energy (eV)

Figure 3.4: Acceptance angle as afunction of lon Energy showing chromatic aberration
(at the same electrode settings offigure 3.3)

of ion enerqy for the same settings used in figure 3.3. There is a large acceptance
angle for low energy ions, reflecting the fact that low energy ions are more easily
deflected and focused in an electric field. However, the superior acceptance at
100 eV is clearly evident. This will result in more efficient transmission of 100 eV
lons through the instrument resulting in a false peak at 100 eV in the measured
|EDF.

Lens settings for the first lens in the system (extractor, lens 1, and axis)
which reduce chromatic aberration effects were found by Hamers [77] and are
presented in figure 3.5. He obtained the settings by simulating the ion trajectories
through the ion optics using SIMION. He found combinations of extractor and
lens 1 which reduce the chromatic aberrations effects to a minimum. Using this
information it is possible to experimentally determine values for the voltages.
The electrode lens 2 follows the drift tube, and since all the ions have the same
energy after the drift tube lens 2 should not exhibit chromatic aberration effects,
provided correct voltage settings are used in the first lens. If chromatic aberration
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Figure 3.5: Settings for extractor and lens 1 with reduced chromatic aberration taken
from Hamers [77]

i present in the first lens the focal length of lens 2 will shift with ion energy.
This can be checked experimentally by applying voltage settings to the first lens
and scanning the voltage on lens 2. If the position of maximum intensity of the
lens 2 voltage scan moves with ion energy chromatic aberration is present in the
first lens. However, if the position does not change the first lens is free from
aberration effects.

The instrument used in this work is slightly different including an extra long
drift tube and additional flight-focus electrode (as described above). Based on
the method of Hamers, combinations for voltages on the electrodes were found
by simulating the ion trajectories through the ion optics section, shown in figure
3.2, using SIMION. Settings were found which first focus the ion beam into the
entrance of the drift tube and then from the entrance of the drift tube into the
energy analyser behind the drift tube. A plot of maximum acceptance angle as a
function of ion energy for the settings used is shown in figure 3.6. The acceptance
angle will depend on the electric field just inside the orifice and hence on the
settings of the first lens (extractor, lens 1 and axis). The larger the extractor
voltage the larger the acceptance angle. The values used provide the maximum

45



3.2 Electrode voltage settings

10
lon Energy (eV)

Figure 3.6: Acceptance Angle as afunction of lon Energy (Scanning Energy)

acceptance angle possible. The voltage on lens 1 is limited to -375 V by the
instrument, therefore the largest values that could be used were extractor = -
40V, lens 1= -315V, axis = -40 V and flight-focus = -89 V. As before, the
acceptance angle is larger for lower energy ions reflecting the fact that lower
energy ions are deflected more towards the optical axis. However, the curve is a
smooth function. There are no extra peaks as in figure 3.4. This illustrates that
for these settings no chromatic aberration effects are present in the instrument.
In order to ascertain the reliability of the method another check was made. Al
the electrodes in the system were set to the same voltage, the pass energy of the
energy analyser, -40 V, and the energy distribution measured. For this case, only
lons within some geometrical acceptance angle are detected. There are no focusing
effects and hence no distortion of the IEDF can occur. There will be a dramatic
loss in the signal intensity as only a very small fraction of the ions entering
the EQP will be detected. However a true representation of the IEDF in the
forward direction will be obtained. Figure 3.7 shows two measured distributions
of the  ion. The black line is the measured IEDF with all electrode voltages
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Energy (V)

Figure 3.7: Comparison of normalised IEDFs for —ion with (gray line) and without
(black ling) focusing effects

set to -40 V with no focusing effects. The gray line shows the case when the
voltage settings, which do not exhibit chromatic aberration effects, found using
SIMION are applied to the electrodes. The HE ion is the most dominant in
the hydrogen discharge and also has the narrowest angular distribution. It can
therefore be detected even without focusing using electrostatic lenses. The shapes
of the distributions compare very well. This gives reassurance in the SIMION
simulations and the technique used.

As discussed in the previous section 1.5 there are also several other electrodes
in the EQP not causing energy discrimination. The values of the potentials on
these electrodes were chosen so as to increase the signal to noise ratio while
ensuring that the shape of the distribution function did not change.

Scanning options

In order to make an ion energy scan the voltages on each of the electrodes are
scanned in a specific manner. This was briefly described above. The Hiden recom-
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lon Energy (eV)

Figure 3.8: Acceptance Angle as afunction of lon Energy (Scanning Reference)

mended scanning option is scanning the parameter Energy (see figure 3.1). This
is equivalent to a simultaneous scan of the axis and lens 2 electrodes. However, it
was found that this is not the best scanning option. While the effects of chromatic
aberration could be avoided it was not possible to sustain a uniform transmission
(figure 3.6). Another scanning option available is scanning the parameter Refer-
ence While keeping energy at constant 0 V. All the electrodes of the system float
on the Reference potential and this is therefore equivalent to scanning Energy,
extractor, and lens 1 Figure 38, illustrates that Reference scanning results in a
uniform acceptance angle above 50 eV. The acceptance angle is larger for lower
energy ions reflecting the fact that lower energy ions are deflected more towards
the optical axis. Scanning Reference also results in a slightly larger acceptance
angle than Energy scanning (figure 3.6). Thus, the scanning option, Reference,
was chosen. Another advantage of using the Reference scanning is that the power
supply for Energy is limited to a range of 200 V. Therefore, when scanning Energy
for ion energy scans broader than 200 eV the scan must be split into two separate
scans.
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3.3 Comparison to PIC simulations

Results are compared to a 2-Dimensional Particle-In-Cell (2D PIC) simulation
taking the specific geometry of the experiment into account [62]. It is crucial
that both the simulation and experiment sample the same quantities.

The signal detected by the EQP is proportional to the ion flux emanating from
the sampling aperture therefore the simulation samples the ion flux impacting on
the grounded electrode. The EQP actually measures the velocity distribution
and thus experimental results are compared to the velocity distribution in the
simulation,

In order to make accurate comparisons to the PIC simulations several affects
must be accounted for. The affect of collisions in the EQP is considered and
discussed below. Also, knowledge of the acceptance angle in the experiment is
important. Not all ions arriving at the grounded electrode can be detected by
the EQP. The angle of incidence at the electrode determines whether an ion can
reach the detector. Two limiting factors are the orifice geometry (section 3.3.2)
and also the voltage settings on the electrostatic lenses in the EQP (section 3.3.3).

The effect of collisions after ions pass the sampling orifice as they traverse the
EQP is discussed in section 3.3.1. Other affects of the instrument which influ-
ence the results are the transmission functions caused by the sampling orifice and
the ion optics. These result in the EQP only measuring a very narrow angular
distribution. From this measured distribution the total angular distribution can
not be interpreted. However, using the angular energy distribution computed
in the simulation and knowing the transmission functions of the instrument the
experimentally measured distribution function can be determined from the simu-
lation results. The transmission functions applied to the PIC simulations results
are presented below. Two transmission functions are considered; that due to the
sampling orifice geometry and due to the ion optics. The sampling orifice in the
electrode, due to its finite thickness, will result in a transmission function. This
function is calculated and presented below. Also, the settings on the ion optics
will produce an energy dependent transmission. The strength of the electric field,
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thus the settings on the electrostatic lenses, just inside the EQP will effect the
acceptance angle of the instrument. This transmission function is also determined
below (section 3.3.3).

3.3.1 Extraction effects

lons can undergo collisions after passing through the sampling orifice due to either
the static background pressure in the ion analyser or the expanding gas, from the
plasma chamber, through the orifice. Based on the work of Coburn and Kay [8L,
83), the attenuation of the ion beam downstream of the orifice is calculated. The
static background pressure, due to efficient pumping in the EQP, is sufficiently
low that the mean free path is of the order of several meters. Therefore, scattering
of the ions by collisions with the neutral species which constitute the background
gas is insignificant. However, the expanding gas from the orifice forms a localised
high gas density downstream of the orifice, which varies significantly with the
chamber pressure and orifice diameter, and is independent of the pumping speed
in the low-pressure region. According to Coburn and Kay [81], the fraction of
jons reaching the detector without collisions can be expressed by

where 1(1) is the ion current at a distance | from the orifice, Jo is the current
at the orifice, a is the collision cross section, no is the neutral density on the
upstream side of the orifice, and R is the orifice radius.

For Rorifice =™ [—5¢m, @ = 1.0%0-15 cm~2 (H2 charge exchange, 20 V)
it was calculated for the 10 /mi orifice used that, even at a high chamber pressure
of 70 Pa, less than 1% of the ions undergo collisions due to the neutral species
which effuse through the orifice. Thus, it is anticipated that ion-neutral collisions
downstream of the orifice do not significantly distort the IEDF,
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Figure 3.9: Orifice Geometry

3.3.2  Orifice transmission function

The finite thickness of the sampling orifice requires correction of the IEDF. Not
all ions impacting on the orifice will reach the opposite side and be sampled by
the ion optics of the EQP. A cylindrical aperture, such as a pinhole, of radius R
and length L is considered (figure 3.9). The probability that a particle will pass
through the aperature will depend on the angle it arrives and the arrival position.
Consider a flux of particles evenly distributed over one entrance of the aperture.
The fraction of ions which passes through the cylinder without colliding with the
walls was calculated. The angle between the particle trajectory and the axis of the
orifice is defined as 0, and the arrival position is defined by the radial coordinate,
r. There is a maximum value of 0 beyond which transmission is impossible, which
IS given by

2R

tan 9mex = = (32)

A particle that arrives at the entrance of the aperture at angle, 6 and radial
coordinate, r is considered. The particle trajectory lies in the surface of a cone,
which at the exit aperture has radius rl = L tan 6. The fraction of the incoming
particles that are transmitted will be the fraction of the circumference of the cone
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that lies within the exit aperture of the orifice (figure 3.9(b)). This is given by

LI (T I
- hi ‘
= ¢ -1 B . 34

where p—rfR and ip = 2tan#/tanOmoz. The transmission probability can now
be defined by

#1H rl .
0’) 2pdp +J iprdpf} p<1 (35)
[ 2pdp=r ip>1 (3.6)

Calculating these integrals numerically gives an approximation of

rw =i-" 37

m = (3-9)

The orifice dimensions considered are diameter, 10 fim and length, 25 (im. Figure
3.10 Shows the transmission of the 1o fim sampling orifice used as a function of
incidence angle. The ions sampled in the simulation are weighted, according to
incicent angle, using this function.

3.3.3  Energy transmission function

The ion optics of the EQP causes an energy-dependent transmission. The strength
of the electric field, thus the settings on the electrostatic lenses, just inside the
EQP affect the acceptance angle of the instrument. As discussed in section 3.2
the acceptance angle of the instrument is energy dependent. This arises due to
the narrow acceptance angle of the ion optics. This acceptance angle is a good
approximation of the energy dependence of the instrument. Figure 3.8 shows the
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Incident Angle (degrees)

Figure 3.10: Orifice transmission probability as afunction of incidence angle

acceptance angle calculated using SIMION for the lens settings used and also a
fit to the data. The acceptance angle decreases with energy and is quite narrow

2.5°) for ion energies above approximately 50 eV. This reflects the fact that
low energy ions are easier to deflect and focus. The energy dependence will con-
tribute to an artificial distortion of the IEDF especially in the low-energy region.
The energy dependent transmission function, (), for the settings used is found

fobe [ m) 43

T{E) =91 (39)
where e is the ion energy. This function is also applied to the simulation results
for comparison to the experimental data. The bottom line is, that for ion energies
below ~20 eV it is difficult to compare the measured IEDF to the simulated
|EDFs. For the IEDF measurements made here the high ion energy range is of
most interest. However the low energy range is also important for comparing
the total ion fluxes. In this case where the total ion fluxes are required all ions
are important irrespective of energy. However, for comparing the total fluxes
another aspect must be considered that is the mass transmission function for the
instrument. Both the quadrupole mass filter and the SEM detector will contribute
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to a mass transmission function. This function is difficult to determine but is
possible by calibrating the ion resolved mass spectrometer to a retarding field
analyser using nobel gases. This however is difficult for the case of light ions and
can only be approximated for ions of mass less than 3 amu.

In this work an alternative approach has been developed to calibrate the EQP
for measuring absolute fluxes. This calibration procedure is described in detail
in section 4.2,
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CHAPTER 4

Single frequency rf sheath results

Understanding the dynamics of the sheath formed at a substrate immersed in
an rf plasma is important from both a fundamental and technological point of
view. lon energy distribution functions provide important information about the
jon dynamics within the sheath. There have heen previous experimental and
numerical investigations of IEDFs in rf discharges. However, most of these have
been restricted to discharges with heavier ions, such as Argon [84, 85, ss, 51,
gs, 89, 90]. In order to probe the dynamics of rf sheaths at typical processing
frequencies (eg. 13.56 MHz) light ions, such as hydrogen ions, are better suited.
The ions can respond to the oscillations of the sheath electric field and the IEDFs
will thus reflect the time-dependent sheath potential. The experimental set-up
is a confined symmetric plasma with approximately equal sheath voltages on
both electrodes (chapter 2). A comparison to the experimental results is made
with a 2D PIC simulation: [62) which exactly simulates the experimental system
(chapter 3). The experiment is used to benchmark the simulation which can then
be used for further detailed investigations under conditions which are difficult
or impossible experimentally. Hydrogen is also a very suitable discharge gas for
*2D PIC simulation code was developed by R. Zorat
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4.1 Sheath voltage

comparing to simulations, since it is the simplest molecular gas and has the most
extensive collision cross-sectional data set available. Deuterium and its mixtures
with hydrogen are investigated for deeper insight into the complex chemistry in
the plasma and the sheath.

Determining the absolute flux using mass resolved ion energy analyser is an
important but complicated task. A satisfactory method is highly sought after.
To date, retarding field analysers have been used to calibrate mass resolved ion
energy analysers for flux determination. A much simpler novel approach for the
estimation of the absolute flux from the IEDFs measured has been developed and
IS discussed.

The most interesting results for hydrogen and deuterium single frequency dis-
charges and their mixtures are presented and discussed in this chapter. Additional
results are shown in the appendix.

4.1 Sheath voltage

The ion impact energy at the electrode is determined by the potential difference
jons fall through on traversing the sheath. Thus, the sheath potential is a crucial
parameter influencing the IEDF. A description of an rf sheath model [34], in a
symmetric discharge, was described in section 1.2.5 and the sheath voltage wave-
form, as determined from the model, was shown in figure :.. A typical result for
an [EDF of ions coming from the plasma bulk, traversing a collisionless sheath
in the intermediate frequency regime is shown in figure 4.1. The IEDF reflects
the acceleration of ions by the electric field of the oscillating plasma sheath and
thus the time dependence of the sheath potential. Therefore, peaks in the energy
distribution can be expected where the time derivative of the potential is zero.
Consequently, the IEDF at the electrode, will be characterised by a saddle-shaped
structure consisting of two peaks centered around the time-averaged sheath po-
tential [37. When an ion can perfectly respond to the rf field, the two peaks
correspond to the maximum and minimum sheath potential. However, as the
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Energy (eV)

Figure 4.1: A typical [EDF for ions coming from the bulk plasma traversing a colli-
sionless sheath in the intermediate frequency regime

lon transit time across the sheath increases, the peaks of the IEDF are no longer
located atthe maximum and minimum voltage. The peakscorresponding to the
extrema move closertogether and the separation decreases. The peakseparation
depends on time averaged sheath voltage, sheath width, frequency and mass [41].

The time-averaged sheath voltage, vsheatn, can be determined from the center
of the two peaks in the IEDF

cVsheath ‘—E\ -Al- Ejr\k[l])

where E\, is the energy of the low energy peak and Ez, the energy of the high
energy peak. The peak separation, AE, is defined as AE = E2- E\.

The discharge is a confined symmetric discharge with approximately equal
potential drops on both the powered and grounded electrode. Therefore, the
time-averaged sheath potential, \*heath , for a purely sinusoidal sheath voltage
waveform, on the grounded electrode can be approximated by

Kheath = (4-2)
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V,, 14 (V)

Figure 4.2: Sheath potential

where W-v is the applied peak-to-peak voltage at the powered electrode. The rf
sheath potential, at the grounded electrode, thus oscillates between a minimum
potential equal to zero and a maximum potential equal to Since hydrogen
jons only partially follow this oscillation, at the frequency of 13.56 MHz and
27.12 MHz investigated, the peaks in the bi-modal structure corresponding to
the extrema of the sheath voltage move closer to each other. Figure 4.2 shows
a plot of the sheath potential determined from the IEDF, using equation 4.1,
as a function of the sheath potential determined from the applied peak-to-peak
voltage, using equation 4.2,

The slope of the graph isjust below 1 However several things affect accurately
calculating the sheath potential on the grounded electrode from the measured
voltage on the powered electrode, such as, a non-purely capacitive sheath, dc-bias,
field reversal and losses in the transmission ling between the point of measurement
and the electrode. Therefore measuring the sheath potential using the IEDF is
more accurate and this method will be used in the following.
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4.2 Calibration for measuring absolute fluxes

The task of determining absolute fluxes using mass resolved ion energy analy-
sers is an important but very complicated one. This section describes a novel
technique which has been developed for estimating absolute fluxes. An estima-
tion of the absolute flux of ions impacting on the electrode is possible from, the
variation of peak splitting, in the bi-modal structure of the IEDF, as a function
of sheath voltage. As discussed above the separation increases with increasing
time-averaged sheath voltage.

The separation of the peaks, AE, can be characterised using the following
equation [41].

AE = (43)

3 M
where V3is the time-averaged sheath voltage, s the sheath width, u the frequency
and M the ion mass. The scaling of peak separation with sheath voltage was
checked in the simulation and the agreement with equation 4.3 is very good.

The simple rf sheath model [34], described in section 1.2.5, is good for ex-
plaining the basic phenomena. However, for a quantitative calculation the sheath
thickness from a more realistic rf sheath model is used [25]. The rf sheath thick-
ness is larger than the Child law sheath thickness by a factor of This
increase is due to the reduction of space charge within the sheath due to the
nonzero, time-average electron density. Taking the Child law sheath thickness,
equation 1.21, the rf sheath thickness becomes

'50\2Ad | 26V0\ 31
S X27 3 Xd*\ kTe) MAn

with the Debye length, Xoe=\ J  Equation 4.4 compares well to the results
of the 2D PIC simulations. Inserting the sheath width, s, into equation 4.3 gives

the followin
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4.2 Calibration for measuring absolute fluxes

Due to flux conservation within the sheath, the flux at the electrode is equal to
the flux at the sheath edge, which is given by

T=uBn (4.6)

where n is the density at the sheath edge and uB = \J~" the Bohm velocity.
From this the density is obtained

M A1/2

»o_ ru j <47>

Inserting the density into equation 4.5 gives the following relationship for the

absolute flux
fw2 MM JAE\2

1222y (eV)3V e |

The electron temperature cancels out and the absolute flux impacting on the
electrode can now be determined. Using the following relationship between the
absolute flux, T, and the measured flux, Tmeasured,

T = ¢ Tmeasured (49)

the calibration factor, C dependent on the instrument, can be determined.

The above method assumes a single ion species plasma boundary sheath. Hy-
drogen discharges consists of three ion species, H+, HJ and HE. Later it will be
observed that the HE ion flux, at the electrode, dominates at low sheath voltages.
It will also be shown that the HE ion flux, at the electrode, is more dominant
in discharges excited at 27.12 MHz than at 13.56 MHz. The conditions under
which equation 4.3 is best fulfilled is for small peak separation of the bi-modal
structure [7, 41]. From equation 4.3, small peak separation also occurs for low
sheath voltages. However, at the lowest sheath voltage the peak separation can-
not be accurately resolved. Therefore, the conditions under which the calibration
is performed are, 27.12 MHz discharge at 5 Pa and time-averaged sheath voltage
of 77 V. Using these conditions the calibration factor for hydrogen is determined
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Energy (&V)

Figure 4.3:  IEDF in a 13.56 MHz hydrogen discharge, Visheath = 47V for various
pressures

to be s.12 « Onm~2counts'L Since both the quadrupole and the detector in
the mass resolved ion energy analyser are mass dependent a separate calibration
factor is determined for deuterium (Section 4.5),

4.3 Hydrogen discharge at 13.56 MHz

Pressure Variation

In a hydrogen discharge three ion species are investigated, and Ho%.
Figure 4.3 shows a pressure variation of the H f IEDF at a time averaged sheath
voltage of 47 V. Inthe bulk plasma ffj ions are created by electron impact ionisa-
tion of neutral gas molecules. These are readily converted into H%ions through
collisions with the background gas. Most ions entering into the sheath region
from the bulk plasma are H$ ions. At 5 Pa, the sheath is essentially collisionless,
lons enter the sheath directly from the bulk plasma and are accelerated through
the entire sheath potential. This is apparent from the single peak positioned at
the time-averaged sheath potential. The splitting of this peak, discussed in the
previous section, cannot be clearly observed as the voltage is too low, this is dis-
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Figure 4.4: HE IEDF in a 13.56 MHz hydrogen discharge, vsheath = 47V, for various
pressures

cussed in more detail below. As the pressure increases and the sheath becomes
more collisional ions travelling through the sheath will collide mainly with the
background neutral gas. lon-neutral collisions in the sheath result in momentum
and energy transfer hoth broadening and moving the distribution to lower ener-
gies. At 80 Pa the IEDF takes on an exponential function as discussed in chapter

Figures 4.4 and 4.5 show the IEDFs of HE and H +, respectively, with varying
pressure at a time-averaged sheath voltage of 47 V. Unlike ions at 5 Pa,
which mainly enter the sheath from the bulk plasma, H+and H ions impacting
on the electrode, are mainly created in the sheath. HE ions can be destroyed
in collisions with background gas molecules at energies in excess of about 1o eV.
Therefore, after acceleration by the sheath electric field HE can be converted into
H+and HE. The average energy of H+ and HE ions, in figure 4.4 and 4.5, is
significantly lower than the time-averaged sheath voltage, indicating that they
are not accelerated through the entire sheath potential but are created in the
sheath experiencing only a fraction of the maximum sheath potential. The
|EDF is strongly influenced by symmetric charge-exchange collisions. Fast «2
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Figure 4.5: H+ IEDF in a 13.56 MHz hydrogen discharge, Vheath —47V, for various
Wpressures

jons collide with the background gas and produce slow HE ions and fast neutrals.
The newly created thermal HE ions are accelerated toward the electrode by the
sheath electric field. These ions do not experience the full potential drop of the
sheath and appear as structures in the IEDF at lower energies than the time-
averaged sheath potential. The energies of the secondary peaks depend on the
sheath position at which the slow ions were formed [38]. The number of peaks in
the distribution corresponds to the number of rf cycles it takes the ions to cross
the sheath. The H+ IEDF at high pressures goes into the exponential function
described in section 1.2.4.

As mentioned earlier in order to obtain more details about the ion dynamics
in the sheath a comparison to a simulation is made. The experiment is used
to benchmark a 2D PIC simulation which can then be used for further detailed
investigations. Benchmarking in this pressure regime is not possible for H+ and
tf2 since the signal to noise ratio is too low. However for the dominant ion
it is possible. Figure 4.6 shows that even under the most complicated conditions,
of 20 Pa, the experiment and simulation agree very well. At 20 Pa, the sheath is
not completely collisionless but not completely collision dominated either. In this
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Figure 460  IEDF in 13.56 MHz hydrogen discharge at 20 Pa and Vsheath — 47 v;
experiment and simulation

transition regime both experiment and simulation show similar effects of elastic
scattering of . The IEDF resulting from the simulation is at slightly lower
mean energy. This arises since the applied voltage in the simulation is twice the
time-averaged sheath voltage at the grounded electrode in the experiment. Since
the simulation is a 2D PIC it shows a dc bias on the powered electrode, and
the potential drop across the grounded electrode is slightly less than across the
powered electrode.

Figure 4.7 shows the flux of each of the three ion species, and
relative to the total flux as a function of pressure. Due to the unknown mass
transmission function, an accurate comparison between each of the three ions
cannot be made. However, an approximate comparison shows that the main
flux contribution is . From 5 Pa to 10 Pa there is a sharp rise in the
relative flux with a corresponding drop in the HE relative flux, and at 20 Pa the
flux contribution of H} is negligible. With increased pressure, and neutral gas
density, it might be expected that H ions entering from the plasma bulk are
more efficiently converted to H+and H} through collisions with the background
gas. However, as can be observed in figure 4.7, this is not the case. H formation
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Figure 4.7: Relative Fluxes of H+, HE and  in a 13.56 MHz hydrogen discharge,
Vaheath = 47, as afunction of pressure in experiment

in the sheath is mainly from ions, with energies greater than s eV, undergoing
either collision induced dissociation (CID) or asymmetric charge transfer (ACT)
with the background neutral gas. At 5Pa, Hf ions have an energy in the range
358V - 52 eV, where the cross-section for both CID and ACT to H" is of the order
of 0.5- 10 2072, and HE ions are efficiently converted into Hf- The cross-sections
for both CID and ACT processes sharply decrease as HE energy decreases. As
the pressure increases, the mean energy of HE ions decreases leaving less ions
eligible for conversion to Hf- At 40 Pa most HE ions have shifted to an energy
below the threshold energy, s €V, for conversion to Hf- Therefore as pressure
increases, and Hf energy decreases they can no longer be converted into HE.
This results in an increase in the Hf ion flux and a decrease in the H%ion flux.
H+ ion flux increases from 5 Pa to 20 Pa and a further increase in pressure, to
80 Pa, results ina drop in H+ion flux. The dominant H+ formation process in the
sheath is CID of HE with the background gas. The cross-section for CID to
Is greatest for HE ions of ~ 20eV. From figure 4.3, at 5 Pa, the mean energy
is at ~ 40eV. As discussed above, as the pressure increases, ion energies
decrease and the greatest flux of 20 &V ions occurs at 20 Pa. Therefore the
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Pressure (Pa)

Figure 4.8: Total ion flux in experiment and simulation, at grounded electrode surface,
in a hydrogen discharge at 13.56 MHz and v.n..n = 47V @S afunction of pressure

conversion of HE into H + will be the most efficient at 20 Pa corresponding to the
peak in H+ ion flux at 20 Pa. At 80 Pa,  IEDF has shifted to lower energies
with a peak energy at 4.5 eV, below the threshold for CID to H+, of 5 eV. At
80 Pa, HE ions have gone below the threshold for conversion to both H+ and
Hz and can only undergo momentum transfer with the background gas. This is
reflected in the negligible H+and H} flux in figure 4.7.

The absolute fluxes, impacting on the grounded electrode, in both the experi-
ment and simulation are shown in figure 4.8, for the same conditions as figure 4.7.
The calibration technique for determining the absolute fluxes in the experiment
is discussed in section 4.2. The trend in relation to pressure agrees very well in
the experiment and simulation. The absolute flux in the experiment is slightly
greater than in the simulation. These discrepancies indicate lower plasma density
in the simulation. Variations in flux can be due to either velocity or density at
the sheath edge. At low pressures the mean energy and thus velocity is higher
than at high pressures. This gives rise to higher fluxes at low pressures.

In order to distinguish between effects due to the mean energy of the distri-
bution function and densities an estimation of the density at the surface of the
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Figure 4.9: lon density at electrode surface in a hydrogen discharge at 13.56 MHz and
\bheath —47V as afunction of pressure in experiment

grounded electrode is made. To compare densities the flux distribution is divided
by Figure 4.9 shows a plot of the total density at the grounded electrode,
at 47V, as a function of pressure. As the pressure increases the density increases.
This signifies more efficient ohmic heating at increased pressures [1]

Voltage variation

Figure 4.10 shows the  |EDF, at 5 Pa, for varying sheath voltages. As already
discussed above the contribution due to collisions can be assumed to be minimal
at this pressure. Equation 144 predicts that, as the sheath potential increases,
the separation of the peaks in the saddle structure increases. This is reflected in
figure 4.10. At a time-average sheath voltage of 47 V the two peaks cannot be
resolved and the splitting is not observed. As the sheath voltage increases the
bi-modal structure of the IEDF hecomes noticeable. This is explained in detail
in section 1.3. The lower energy peak of the bi-modal structure is preferred. This
IS due to the non-sinusoidal nature of the sheath voltage. In figure 15 it was
observed that the minimum of the sheath potential on the grounded electrode is
slower varying than the maximum. Thus more ions enter into the sheath during
this voltage phase and contribute to the low energy peak of the bi-modal structure.
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4.3 Hydrogen discharge at 13.56 MHz
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Figure 4.10:  |EDF in a 13.56 MHz hydrogen discharge at 5 Pa for varying sheath
voltages in experiment

At higher sheath voltages some contribution due to collisions becomes noticeable
through structures at low energies in the distribution. These are produced from
the exothermic conversion reaction of slow HE ions and H2 neutrals. This is the
same process which readily converts HE into H$ in the plasma bulk. The cross-
section for this process is high (~ 10 +10-20m?) for thermal ions. Therefore
the collision probability is high after symmetric charge exchange between Hzand
H2 has taken place.

The Hz IEDF, for the same conditions as in figure 4.10, is shown in figure
4.11. The IEDF exhibits typical secondary structure indicative ofion formation in
the sheath through symmetric charge-exchange. The separation of the secondary
peaks increases with increasing sheath voltage, as with the peaks in the bi-modal
structure of the  IEDF,

The ii+ IEDF, for the same conditions as in figure 4.10, is shown in figure 4.12.
The H+ mean energy is at lower energies than the time-averaged sheath voltage
indicating that they are not accelerated through the entire sheath potential but
created in the sheath and thus only experience a fraction of the maximum sheath
potential. As discussed in section 14, H+ and Hz are mainly created in the
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Figure 4.11:  |EDF in a 13.56 MHz hydrogen discharge at 5 Pa for varying sheath
voltages in experiment

Figure 4.12: H+ IEDF in a 13.56 MHz hydrogen discharge at 5 Pa for varying sheath
vo?tages in experiment
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4.3 Hydrogen discharge at 13.56 MHz

Figure 4.13: HE IEDF in 1356 MHz hydrogen discharge at 5 Pa and Veath = 138V,
experiment and simulation

sheath from ions undergoing collisions with the background gas.

For the conditions considered here at higher voltages and thus higher densities
It is possible to benchmark the HE and ~ IEDF with the simulation. However,
as the case in the pressure variation the signal to noise ratio in the  IEDF
is still poor. A comparison of experiment and simulation, at 5 Pa, for a time
averaged sheath voltage of 138 V for  and HE is shown in figures 4.13 and 4.14,
respectively. The simulation data is normalised to the experimental data. The
agreement between experiment and simulation is generally very good. However,
there are slight discrepancies. The  IEDF from the simulation is at slightly
lower mean energy due to the dc-bias as explained earlier. Also, the splitting in
the simulation is smaller than in the experiment. This is partly due to the lower
sheath voltage, but also hints to a wider sheath which corresponds to a lower
density. This smaller density in the simulation was also observed in figure 4.8,
The number of secondary peaks in the H% IEDF corresponds to the number of rf
cycles it takes to cross the sheath [38] and is thus proportional to the sheath width.
There are more secondary peaks in the  |EDF of the simulation, signifying a
larger sheath width and thus lower density.
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4.3 Hydrogen discharge at 13.56 MHz

Energy (eV)

Figure 4.14: HJ IEDF in 13.56 MHz hydrogen discharge at 5 Pa and veneath = 138v;
experiment and simulation

Figure 4.15 shows the ratio of the flux of each ion relative to the total flux,
ina 13.56 MHz hydrogen discharge at 5 Pa, as the time-averaged sheath voltage
increases. It is clearly evident that the relative  ion flux decreases with in-
creasing voltage and a simultaneous increase in the relative w3 ion flux occurs
with increasing voltage.

As the time-averaged sheath voltage increases, in figure 4.10, the mean H
energy increases from ~ 506V to ~ 140eV. In this energy range, two main
processes are responsible for the conversion of  to iff, CID and ACT. The
cross-section of CID remains relatively constant (~ 4 ¢10-20m2) in the relevant
energy range. However, the cross-section for ACT from  to H} increases from
~ 044020 m2to~ 1¢10-20m2resulting in an increase in HE relative ion flux
and a decrease in - flux.

Figure 4.16 shows the absolute fluxes as a function of the time-averaged sheath
voltage for the same conditions as in figure 4.15. As expected, increasing the
sheath voltage increases the plasma density and the mean ion energy and thus
the absolute flux impinging on the electrode increases.

71



4.3 Hydrogen discharge at 13.56 MHz
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Figure 4.15: Relative fluxes of H+, HE and  in a 13.56 MHz hydrogen discharge
at 5 Pa, as afunction of sheath voltage in experiment

Sheath Voltage (V)

Figure 4.16: Total ion flux as afunction of time-averaged sheath voltage for a hydrogen
discharge at 13.56 MHz and 5 Pa in experiment
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4.4 Hydrogen discharge at 27.12 MHz

Figure 4.17:  |EDF in 27.12 MHz hydrogen discharge at Vsheath = 54V, for various
pressures in experiment

4.4 Hydrogen discharge at 27.12 MHz

Pressure variation

The influence of pressure on IEDFs of the three ion species in hydrogen at
21.12 MHz is very similar to the influence at 13.56 MHz. The figures for the
distributions of ~ and H+ are shown in Appendix A. Figure 4.17 shows the
Hf IEDF in a hydrogen 27.12 MHz discharge, at a time-averaged sheath po-
tential of 54 V, for various pressures. Comparing the distributions to those in
the 13.56 MHz discharge, it can be observed that the mean ion impact energy
is greater at all pressures in the 27.12 MHz discharge. This is a consequence
of a smaller sheath width at 27.12 MHz. The displacement current, and hence
density, is greater with higher frequency. This higher density leads to a smaller
sheath. Thus ions lose less energy while travelling through the sheath.

Figure 4.18 shows a plot of relative fluxes, at a time-averaged sheath voltage of
36V, as a function of pressure for each of the three ion species. Similar influences
of the cross-sections, for conversion of H/ to  and i/+, are noticeable as in
the 13.56 MHz discharge. When the energy ofthe ion energy decreases, with
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Figure 4.18: Relative Fluxes of H+, HE and  at 27.12 MHz and veheath = 36V
as afunction of pressure in experiment

increasing pressure, they go below the threshold for CID to H  thus destroying
the source for HE production. This results in an increase in ion flux and a
corresponding decrease in H%flux. As the HE energy decreases with increasing
pressure, the HY% ions can no longer be converted to iff but they are still above
the threshold energy for CID to H+. Therefore, in combination with the increased
neutral density, ions can be efficiently converted to H+. This is reflected in
figure 4.18 through the increased H + flux from 3 Pa to 40 Pa. In figure 4.7 for
the 13.56 MHz discharge the relative H + flux decreases above 40 Pa whereas it
remains constant for the 27.12 MHz discharge. This is due to the smaller sheath
width in the 27.12 MHz discharge. There are still ~ ions at 80 Pa above the
threshold for CID to H+ in 27.12 MHz whereas at 13.56 MHz HE ions have
moved to below the threshold.

Using the calibration factor determined in section 4.2, the absolute fluxes are
estimated. Figure 4.19 shows the absolute flux as a function of pressure for the
same conditions as in figure 4.18 for both experiment and 2D PIC simulation.
The trend in the experiment and simulation is similar with a decrease in flux
from 5 Pa to 40 Pa. However, as before a slightly lower flux can be observed in
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Figure 4.19: Total ion flux at 27.12 MHz and Veheath = 36V as a function of pressure
for experiment and simulation

the simulation. The higher flux at low pressures can be partially due to a higher
mean energy at low pressures.

Figure 4.19 shows the total density at the electrode surface as a function
of pressure for the same conditions as figure 4.18.  As in figure 4.9 at 1356
MHz the total density increases from 20 Pa to 80 Pa. This is due to more ef-
ficient ohmic heating at high pressures. However, the density also increases for
decreasing pressure which is not obvious at 1356 MHz, in figure 4.9. This can
be attributed to more efficient stochastic heating [%, 96, 97, 98, 99, 100] at
27.12 MHz than 1356 MHz. At high pressure, the plasma can be sustained by
power being deposited to electrons through collisions. However, at low pressure,
when the electron mean free path is large enough so that electrons are essentially
collisionless, a collisionless heating mechanism exists. At low pressures electrons
travel freely through the bulk discharge until they reach the sheath regions where
they are reflected back due to the sheath electric fields. Here the particles either
lose or gain energy depending on whether they move in the opposite or same
direction as the sheath front. When the sheath moves towards the electron, then
the energy increases; when the sheath moves away, then the energy decreases.
On average, over one period, a net energy gain can be expected. Since the sheath
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Figure 4.20: lon density in front of electrode at 27.12 MHz and Vdheath — 36V as a
function of pressure in experiment

edge oscillates faster at 27.12 MHz than at 13.56 MHz power deposition can be
expected to be greater at 27.12 MHz, thus, leading to increased plasma density.
Stochastic heating is only prominent at pressures below ~ 10Pa. Therefore this
mechanism does not explain the increase in density from 20 Pa to 10 Pa. An-
other mechanism prominent in CCRF discharges is ionisation by 7 or secondary
electrons [34, 92, 91]. This results from increased secondary emission from the
electrodes at high ion impact energies. The secondary electrons are accelerated
across the sheath to the bulk plasma and perform ionisation. The energy of sec-
ondary electrons from the electrode is sufficiently greater than the mean energy
of the plasma electrons. This mechanism is usually more efficient in the inter-
mediate pressure regime when conditions are favorable for a cascade of ionising
collisions. However, as can be observed from figure 4.17, the mean ion impact
energy is greater at lower pressures. Therefore, it is most likely that ionisation by
7 electrons is most efficient in the 10 Pa to 20 Pa pressure range, where the mean
lon impact energy is high and there is also probability of collision. This mecha-
nism could not be observed at 1356 MHz, since the mean ion impact energy is
lower, again a consequence of the wider sheath in 13.56 MHz discharges.
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4.4 Hydrogen discharge at 27.12 MHz
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Figure 4.21: IEDF in a 27.12 MHz hydrogen discharge at 5 Pa for various sheath
voltages in experiment

Sheath Voltage variation

Figure 4.21 shows the Hf IEDF, at 27.12 MHz and 5 Pa, for varying sheath
voltages. Asobserved at 13.56 MHz the peak separation increases with increasing
sheath potential and at a sheath potential of 36 V the peak splitting cannot be
resolved. The low energy contribution due to exothermic conversion reaction of

jons which was noticeable, at higher sheath voltages, at 13.56 MHz is not
obvious at 27.12 MHz. The displacement current is larger at 27.12 MHz than at
1356 MHz, therefore the density will be greater at 27.12 MHz. The greater the
density, the smaller the sheath width. Thus, at 27.12 MHz ions cross the sheath
in a shorter time thus, undergoing less collisions.

Figure 4.22 shows H% IEDFs from the 2D PIC simulations for the same con-
ditions as in figure 4.21 . The agreement is very good. However, there are still
differences between the IEDFs in the experiment and the simulation. The separa-
tion of the peaks in the hi-modal structure is greater in the experiment than in the
simulations. As shown in equation 4.3 this separation depends on sheath voltage,
frequency, mass and sheath width. All quantities, except the sheath width are
defined the same in both the experiment and simulation. Therefore, the differ-
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4.4 Hydrogen discharge at 27.12 MHz
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Figure 4.22: HE IEDF from simulation in a 27.12 MHz hydrogen discharge at 5 Pa
for various sheath voltages

ence must he due to a larger sheath width in the simulation. The sheath width is
dependent on electron temperature and density. It was already observed in 4.19
that the fluxes in the simulation are lower than in the experiment thus leading to
a larger sheath width. The plasma density is an important parameter in defining
the sheath properties. Therefore, it does not suffice to have an accurate sheath
model, the entire plasma needs to be accurately simulated. However, this is a
rather difficult task. Production and loss processes in the plasma bulk gover the
electron temperature and plasma density. Due to limited cross-sections available
it can be difficult to obtain an accurate model of the plasma bulk chemistry.
lon neutralisation at the electrode and production of fast neutrals and secondary
electrons can be very important in capacitively coupled rf discharges [93]. Fast
neutrals lead to increased vibrational excitation [43] and thus easier ionisation in
the bulk plasma, and secondary electrons lead to direct ionisation [94]. However,
in the simulation fast neutrals are not taken into account. In capacitively coupled
rf discharges most of the power coupled into the discharge is dissipated in the
sheaths. A large fraction of this power is reflected back into the plasma through
fast neutrals. However, in the simulation most of this power is absorbed by the
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Figure 4.23: HE IEDF in a 27.12 MHz hydrogen discharge at 5 Pa for various sheath
voltages in experiment

electrodes.

Figure 4.23 and 4.24, show the experimental and simulation IEDFs of iff, for
the same conditions as in figure 4.21.  The agreement between experiment and
simulation is again very good. However, there are discrepancies. There are more
secondary peaks in the simulation IEDFs, a sign that the ions in the simulation
take more rf cycles to cross the sheath.

Figure 4.25 shows the H+ IEDF at the same conditions as figure 4.21. A
large fraction of ions can be observed to enter the sheath from the bulk plasma.
This is apparent from the hi-modal structure centered about the time-averaged
sheath potential. In the H+ IEDF, at 1356 MHz (figure 4.12), this could not
be observed, the main portion of the IEDF is at energies lower than the sheath
potential. This difference can again be attributed to the smaller sheath width at
21.12 MHz. At 1356 MHz, more iff ions are converted to H+ ions appearing at
lower energies in the ff+ IEDF. Also, at 1356 MHz most of the ff+ ions which
enter the sheath from the plasma bulk undergo collisions before they reach the
electrode and also appear at lower energies. The remaining contribution from the
bulk plasma that reaches the electrode is very small and is not distinguishable in
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4.4 Hydrogen discharge at 27.12 MHz

Figure 4.24: H™ IEDF from simulation in a 27.12 MHz hydrogen discharge at 5 Pa
for various sheath voltages

Energy (&)

Figure 4.25: H+ IEDF in a 27.12 MHz hydrogen discharge, at 5 Pa for various sheath
voltages in experiment
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Energy (&)

Figure 4.26: H+ |EDF from simulation in a27.12 MHz hydrogen discharge, at 5 Pa
for various sheath voltages

the IEDF. At 27.12 MHz, H+ ions entering from the plasma bulk can cross the
smaller sheath without collision. In combination with a lower contribution, due
to less H f ions converting to H +, the higher energy plasma bulk contribution is
now distinguishable.

The H+ IEDF from the simulation for the same conditions as figure 4.25 is
shown in figure 4.26. As was the case for the  IEDF, the separation of the
peaks in the bi-modal structure of the H+ IEDF in the experiment is larger than
in the simulation.

Comparing figure 4.21 to 4.25, the peak separation of the H + bi-modal IEDF
is greater than the peak separation of the Hs" IEDF. The heavier ion, Hs", takes
longer to traverse the sheath. Therefore H} ions experience more averaging and
the peaks in the saddle structure are closer together compared to H+. The lighter,
H+ ion, can follow the rf sheath modulation better and therefore the IEDF will
better reflect the time dependent sheath voltage.

A plot of the relative ion fluxes as a function of sheath potential, at 5 Pa, is
shown in figure 4.27. The H ion flux decreases as the HE ion flux increases.
As in the 13.56 MHz discharge, the cross-section for conversion of  to H} in
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Figure 4.27: Relative Fluxes ofH+ HE and  at27.12 MHz and 5 Pa as afunction
of sheath voltage in experiment

this energy range increases thus resulting in an increase in H} relative flux and a
simultaneous decrease in HE relative flux. However, the relative increase in H%
flux at 13.56 MHz is greater than at 27.12 MHz. This is again due to the smaller
sheath width, and therefore less is converted to Hf, at 27.12 MHz.

The absolute flux plotted as a function of sheath voltage, for 27.12 MHz
hydrogen discharge at 5 Pa, is shown in figure 4.28. As expected, an increase
in voltage results in an increase in the plasma density and the mean ion energy.
This is reflected in an increase in absolute flux impinging on the electrode. The
trends with sheath voltage in the experiment and simulation agree very well.
The absolute flux in the experiment is generally higher than in the simulation.
This is in agreement with the argument made earlier of a lower density in the
simulations leading to larger sheath width. The fluxes in the simulation are lower
due to additional ionisation processes, discussed above, in the experiment which
are neglected in the simulation.
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Figure 4.28: Total ion flux at 27.12 MHz and 5 Pa as afunction of sheath voltage, in
experiment and simulation

4.5 Deuterium discharges

IEDFs in pure deuterium discharges were measured for each of the three ion
species D+, and D", The structures of the IEDFs are similar to IEDFs in
hydrogen discharges shown in the previous sections. The plots are shown in ap-
pendix A. A calibration factor for determination of absolute fluxes in deuterium,
was determined as described earlier in section 4.2, to be 7.17 +10lmr2counts'L
This value is very close to the calibration factor of hydrogen. The calibration fac-
tor was applied to the measured fluxes and the absolute fluxes estimated. Figure
4.29 shows the absolute flux plotted as a function of time-averaged sheath volt-
age in both a 13.56 MHz and 27.12 MHz discharge. The flux in the 27.12 MHz
discharge is greater than in the 1356 MHz discharge as was also observed in
hydrogen discharges. This is due to larger displacement current and thus plasma
density at 27.12 MHz. The absolute flux in deuterium is less than that in hydro-
gen. Deuterium is twice as heavy as Hydrogen. Therefore the spacing between
vibrational levels in deuterium is smaller. In deuterium there are more vibra-
tional levels between the ground state and first ionisation level. This allows more
losses into vibrational excitation and thus a lower plasma density in deuterium.
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Figure 4.29: Total ion flux in deuterium discharge as a function of time-averaged
sheath voltage at 5 Pa in both 13.56 MHz and 27.12 MHz discharges

Figure 4.30 shows the density, as a function of pressure, for the deuterium
discharge at 1356 MHz and 27.12 MHz. The total density at the electrode
surface was found by dividing the flux distribution functions by \J*- The total
densities are plotted as a function of pressure for 13.56 MHz and 27.12 MHz. As
in the hydrogen discharge at 13.56 MHz, the density increases with increasing
pressure indicating more efficient ohmic heating at high pressure. At 27.12 MHz
this increase in density with increasing pressure is also evident. However, there is
an additional increase in density for low pressures (< 20 Pa). This indicates the
stochastic heating mechanism. This was also observed in the 27.12 MHz hydrogen
discharge.

4.6 Hydrogen and deuterium mixtures

Mixtures of hydrogen and deuterium offer the opportunity to investigate the
IEDF of different ion species traversing the same rf sheath. This can give more
detailed insight into the sheath chemistry. Nine positive ion species can co-exist
at six different masses, these are given in table 4.1, The most interesting results
for mixtures of 50 % hydrogen 50 % deuterium are shown and discussed helow,
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Figure 4.30: lon density in front of electrode in deuterium discharge, at 13.56 MHz
and 27.12 MHz

Mass (amu)  lons

m, d+
Ht, HD+
H2D+ DI
D2H+

Dt

o Okl oOoN =

Table 4.1: lons in hydrogen - deuterium discharge mixtures
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Figure 4.31: IEDF ofmass 2 at 13.56 MHz in 50 % hydrogen 50 % deuterium mixture;
Vsheath = 50V, for varying pressures

the rest are in appendix A.

Variation of pressure in the 13.56 MHz discharge

Figure 4.31 shows the IEDF of mass two in a 50 % hydrogen and 50 % deuterium
mixture at 13.56 MHz at a time-averaged sheath voltage of 50 V/ for various pres-
sures. This distribution function has a contribution of two different ion species,
D+and  « The D+ contribution is not very obvious at low pressures. How-
ever, the distinct peaks of H} having undergone symmetric charge exchange,
with background Hz molecules, in the sheath can be observed. As the pressure
increases the IEDF resembles an exponential function. It can be assumed that
at low pressures Hf dominates and at high pressures D+ is the dominant ion.
As was observed in the pure discharges, as pressure increases  IEDF moves
to lower energies below the thresholds for conversion to  mHowever, at these
high pressures the £ 5" IEDF is above the threshold for conversion to D+. Thus
D+ dominates the IEDF at high pressures.

Figure 4.32 shows the IEDF of mass ong, H+. This distribution is the same
as could be expected for the D+ contribution in the previous distribution. The
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Figure 4.32: IEDF ofmass 1 at 13.56 MHz in 50 % hydrogen 50 % deuterium mixture;
vsheath = 50 v, for varying pressures

flux is greater at higher pressures, in agreement with figure 4.31.

Figure 4.33 shows the relative fluxes of each of the ion species in the mixture of
hydrogen and deuterium, at a time-averaged sheath voltage of 50 V, as a function
of pressure. The trends are obvious and similar to the pure discharges. The most
interesting point is that as pressure increases H + flux increases in agreement with
the argument made above that H+and D+ flux increase with increasing pressure.

Variation of sheath voltage in the 13.56 MHz discharge

Figure 4.34 shows the IEDF of mass 6 in a 1356 MHz discharge, at 5 Pa, for
variation of the sheath voltage. From table 4.1 the only ion species of mass
6is D+ Dt ions enter into the sheath from the bulk plasma and experience
the entire potential drop of the sheath voltage, appearing at the time-averaged
sheath potential. The peak separation becomes more noticeable for increasing
sheath voltage. There is a small contribution at lower energies, from D\ ions
colliding with D2 background gas molecules in the sheath producing thermal

lons which are in turn accelerated towards the electrode. The distribution
is similar to the ~ IEDFs in a pure hydrogen discharge at 13.56 MHz (figure
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Figure 4.33: Relative fluxes of ion species in 50 % hydrogen 50 % deuterium 13.56
MHz discharge at Vheath — 50V, as afunction of pressure
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Figure 4.34: IEDF of mass e at 13.56 MHz in 50 % hydrogen 50 % deuterium mixture
at 5 Pafor varying sheath voltages
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Figure 4.35: IEDF ofmass 5 at 13.56 MHz in 50 % hydrogen 50 % deuterium mixture
at b Pa for varying sheath voltages

4.10).

The IEDF of mass 5, HD 2 for the same conditions as in figure 4.34, is shown
in figure 4.35. The structure is very similar to the  [EDF, indicating most ions
enter from the bulk plasma experiencing the entire potential drop of the sheath.
The low energy contribution is due to collisions of thermal HD + ions with HD
background gas molecules in the sheath. A similar collision process produces low
energy contribution in HE and  |EDFs,

The IEDF of mass 4, figure 4.36, incorporates a contribution of two ion species,
H2D+and D% . The H2D+ distribution can be expected to be very similar to
the distribution of HD in figure 4.35. Therefore, higher energy, saddle struc-
ture centered around the time-averaged sheath potential, is due to lons
entering the sheath from the bulk plasma and crossing the sheath without colli-
sion. Superimposed on the H2D+ IEDF isa  distribution. The lower energy
secondary peaks are due to ions created in the sheath. These are typical
symmetric charge exchange peaks observed for D\ ions and H2 ions in pure
discharges (figure 4.11),

Figure 4.37 shows the IEDF of mass 3, again it includes a contribution of
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Figure 4.36: 1EDF of mass 4 at 13.56 MHz in 50 % hydrogen 50 % deuterium mixture
at b Pafor varying sheath voltages

two different ion species, DH+and H3" The HE ions enter the sheath from the
plasma bulk and contribute to the higher energy saddle structure, their IEDF
would be similar to that of in figure 4.34. Also a small contribution of the
low energy peaks are due to HE as can also be seen in the  IEDF. The rest of
the low energy contribution is due to DH+. Comparing figure 4.37 and 4.34 there
i a higher low energy contribution in figure 4.37, this difference corresponds to
the HD contribution.

Variation of sheath voltage in the 27.12 MHz discharge

Figures 4.38 and 4.39 show the IEDFs, of mass 6 and mass 4 respectively, in a
27.12 MHz discharge at 5 Pa for various sheath voltages. Mass 6 is due to

jons, most of the ions enter into the sheath from the plasma and experience the
full potential drop appearing as a bi-model structure centered around the time-
average sheath potential. Due to the small sheath width at 27.12 MHz the ions
can pass the sheath without collision and thus the low energy contribution is
negligible. Mass 4 contains the contributions of two ion species, and D",
The high energy contribution, due to ions entering the sheath from the plasma
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Figure 4.37: IEDF of mass 3 at 13.56 MHz in 50 % hydrogen 50 % deuterium mixture
at 5 Pa for varying sheath voltages
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Figure 4.38: IEDF of mass e at 27.12 MHz in 50 % hydrogen 50 % deuterium mixture
at 5 Pafor varying sheath voltages
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Figure 4.39: IEDF of mass 4 at 27.12 MHz in 50 % hydrogen 50 % deuterium mixture
at 5 Pa for varying sheath voltages

bulk, is the H2D+ contribution and the low energy secondary peaks, due to D
undergoing charge exchange. The charge exchange peaks are not as pronounced
as for the 13.56 MHz discharge. Again, this is due to the smaller sheath width at
21.12 MHz discussed above. The ions can traverse the sheath in a shorter time
thus undergoing less collisions.

4.7 Conclusions

Sheath dynamics in a single frequency high voltage plasma boundary sheath were
investigated. This involved the comparison of IEDF measurements, using a mass
resolved ion energy analyser, with results of a 2D PIC simulation. A calibration
method for estimation of absolute fluxes impinging on the electrode surface was
developed. The agreement between experiment and simulation is in general very
good and the results are understood. All discrepancies are related to differences
in the sheath width in the experiment and simulation. Due to the dependence of
sheath width on density, this highlights the importance of accurately modelling
the entire plasma in the simulation. The plasma density needs to be well defined
in the simulation for a good comparison to the experiment. It does not suffice
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4.7 Conclusions

to have an accurate model of the sheath region in order to investigate the ion
dynamics within the sheath. An accurate model of the bulk plasma chemistry
is also required. Unfortunately, this is a rather difficult task. With limited
accurate cross-section data available it is difficult to accurately model the bulk
chemistry. Fast neutrals can be very important for vibrational excitation in the
plasma promoting easier ionisation. Fast neutrals created at the electrode surface
through ion impact neutralisation are not taken into account in the simulation.
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CHAPTER 5

Dual frequency rf sheath results

CCRF discharges operated with two frequencies simultaneously are used in tech-
nological applications for independent control of the ion flux and the ion im-
pact energy onto the substrate. To date, very few fundamental investigations on
these devices have been performed. Here mass resolved IEDFs are measured in a
dual frequency confined capacitively coupled rf discharge system. The calibration
method, discussed in the previous chapter, for the estimation of absolute fluxes
impinging on the electrode is employed. The plasma is operated at frequencies of
194 MHz and 27.12 MHz. As in the investigations of the single frequency sheath
IEDFs of hydrogen ions are considered. They are suitable for the investigations
at these frequencies, since they are light enough to respond to time variations
of both frequencies. The IEDFs reflect the time dependence of both frequencies.
Results are compared to a dual frequency particle-in-cell (DF PIC) simulationl
A simple analytical model is used to describe the sheath potential of a dual fre-
quency discharge. The model predicts the complex structures of the measured
and simulated IEDFs. Heavier Xe+ions are investigated as an admixture in the
hydrogen discharge. The mass is 44 times heavier than Hf ions and closer to

1Dual frequency PIC simulation was developed by M. M. Turner
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5.1 Dual frequency rf sheath model

that of ions in typical processing discharges.

5.1 Dual frequency rf sheath model

For better understanding of the results in this chapter a simple analytical model
for a dual frequency rf sheath is developed in this section. The model is based
on the corresponding single frequency model of Godyak [34] described in section
125, A symmetric discharge with sheaths, a and b, is considered with the
assumptions of constant ion density throughout the discharge and no electrons
in the sheath region.

The dual frequency rf current 1rf{t) is given by

irf) = h C0S (uity T 1208 (h'Zt T tp) (51)

Similar to the single frequency case (section 1.2.5), current continuity and in-
tegrating Poisson’s equation give the following relation for the width, sa(t), of

sheath a T 62
dt enA '
Integration results in
sa(t) = s - sisin(uit) - s2sin (U2 4 9 (5.3)
with
s=Si+s2 and sil2= ;i;i/z (5.4)

The voltage drop across sheath a is given by



5.1 Dual frequency rf sheath model
Similarly the voltage across sheath b is

Wt) = (s + sisin{uit) + s2sin (U2 + ip))2 (5.6)

¢Eaq

Neglecting the voltage drop across the plasma bulk we obtain the total voltage
drop across the discharge vrr by combining the sheath voltages va and v,

ety = Vaft) - Vi) = .2225 (sism(uit) + s2sinfat+y))  (57)

Similar to the single frequency case, there is second harmonic generation for the
individual sheath voltages while the total voltage drop across the discharge is free
of harmonic generation.

Taking an applied rf voltage Virf

Vri{t) = Visin(o;it) 4 V2sin ™t + 9 (5.8)

the sheath voltages a and b are given by:

Vi+v2A Vi

Ve(t) = (1-y

- v2
)QSin’ « +\2Sih~r  +~ BN

and

m = (I+y™y 2sin(«i*) + sinfat+%))  (5.10)

Figure 5.1 shows the sheath voltage waveforms determined from equations 5.9
and 5.10. The plots illustrate the non linearity of the individual sheath voltages.
Figure 5.2 shows the applied voltages waveform, illustrating the linear nature of
the combined sheath voltages.

The relationship between the applied voltage Vif and the time averaged sheath
width s I
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5.1 Dual frequency rf sheath model

Figure s..: RF dual frequency sheath voltage waveforms, Va and \p>

Figure s.2: Applied rf dual frequency voltage waveform, Vrf,
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5.2 Hydrogen dual frequency discharge

Energy (&)

Figure 53:  |EDF for 1.94 MHz and 27.12 MHz time-averaged sheath voltages of
37.5 V each, at various pressures in experiment

This simple model does not consider the full complexity of dual frequency rf
sheath dynamics, but it clearly shows the basic phenomena. More detailed models
are available [23]. However, they become extremely complex loosing focus of the
basic phenomena.

5.2 Hydrogen dual frequency discharge

Variation of pressure

The 1.94 MHz and 27.12 MHz voltages are both held constant at a time-averaged
sheath voltage of 37.5V each, and the discharge pressure varied. Figure 5.3 shows
the H6 IEDFs. The sheath potential waveform is shown in figure 5.1. HE ions
crossing the sheath can almost perfectly follow the 1.94 MHz voltage but, as seen
in the previous chapter, they can only slightly respond to the 27.12 MHz voltage.
At low 27.12 MHz voltages the ions response to temporal variations in the sheath
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5.2 Hydrogen dual frequency discharge

potential cannot be resolved. Therefore, the overall voltage ions experience will
be a time-varying 1.94 MHz voltage with an additional offset corresponding to
the time-averaged 27.12 MHz sheath voltage. This is reflected in the distribution
function in figure 53. At 3 Pa the sheath is essentially collisionless and the
contribution from the plasma bulk can be observed. The distribution is centered
around the total time-averaged sheath voltage, ~ 72eV, the sum of both the 1.94
MHz and 27.12 MHz time-averaged voltages. The broad saddle shaped structure
Is similar to that of a single frequency discharge. This is the 1.94 MHz component
of the sheath voltage where ions can almost perfectly respond to the voltage
oscillation. Since the ions respond to a time-averaged 27.12 MHz sheath potential
the distribution is at an offset corresponding to this voltage. Subtracting the
27.12 MHz time-averaged sheath voltage from the IEDF leaves the distribution
almost at zero. This indicates that the fons can almost perfectly respond to the
194 MHz sheath oscillation from zero to maximum. As the pressure increases
the effect of collisions becomes more pronounced, the high energy contribution in
the IEDF, reduces and the low energy contribution in the IEDF becomes more
prominent. At 80 Pa the IEDF approaches an exponential function as described
in section 1.2.4 and also observed for the single frequency discharge.

Figure 5.4 shows the HE |IEDFs from the simulation for the same conditions as
in figure 5.3. The agreement with the experimental results is quite good. However,
there are discrepancies. The higher energy peak of the bi-modal structure in the
experiment is more dominant than in the simulation at low pressures. This can be
due to more elastic scattering of HE with the background gas in the simulation,
since there is also more low energy contribution in the simulation than in the
experiment. The ions in the simulation seem to undergo more collisions while
travelling through the sheath. This hints to a larger sheath in the simulation.

Figure 5.5 shows HE |EDFs for the same conditions as figure 5.3. The two
peaks at 55.5 eV and 104 eV correspond to the maximum and minimum sheath
potential discussed above. The high energy peak is not as pronounced as in HE
IEDF (figure 5.3). The high energy peak is due to ions entering the sheath when
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5.2 Hydrogen dual frequency discharge
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Figure 54:  |EDF for 1.94 MHz and 27.12 MHz time-averaged sheath voltages of
a7.5 V each, at various pressures in simulation
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Figsure 5.5: HE IEDF for 1.94 MHz and 27.12 MHz time-averaged sheath voltages of
375 V each, at various pressures in experiment
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5.2 Hydrogen dual frequency discharge

the sheath is at its maximum extent. These ions have a longer path from the
plasma to the electrode thus undergoing more collisions than ions entering at
minimum sheath width. As the pressure increases the ratio of the two peaks in
the saddle-shaped structure changes, the high energy peak becomes less dominant
indicative of ions undergoing collisions. Structures in between the two main peaks
are due to ions entering the sheath at maximum sheath potential and undergoing
collisions before reaching the electrode. The peaks of charge exchange collisions
are not as pronounced in the IEDFs from the dual frequency plasma compared to
the IEDFs from the single frequency plasma in the last chapter. Discrete collision
peaks in the IEDF are formed by ions which are created in the field-free region
when the sheath is oscillating and accelerated from rest when the electric field
rises. In the dual frequency case the time dependent sheath potential that ions
experience is dominated by the 1.94 MHz voltage. However, as explained above,
at 1.94 MHz H} ions can almost perfectly follow the oscillating sheath voltage.
When they enter into the sheath they are accelerated across the entire sheath
potential before the electron front passes them out.

Figure 5.6 shows the H  IEDFs from the simulation for the same conditions
as in figure 55. The high energy peak of the bi-modal structure in the simulation
is not as dominant in the experiment. This is the same as was observed for the
HE IEDFs (figure 5.4). The low energy contribution is also more dominant in
the simulation than in the experiment. Therefore, ions in the simulation seem to
undergo more collisions while traversing the sheath than in the experiment. There
are more secondary peaks due to symmetric charge exchange in the IEDF from
the simulation. The ions do not enter into the sheath and reach the electrode
before it retracts. The number of secondary peaks approximately equals the
number of rf cycles it takes ions to cross the sheath [38], therefore, ions take
longer to cross the sheath in the simulation than in the experiment. Both these
discrepancies hint towards a wider sheath in the simulation due to a lower plasma
density already observed in the single frequency discharges in chapter 4.

Figure 5.7 and 5.8 show H+ IEDFs for experiment and simulation, respec-
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5.2 Hydrogen dual frequency discharge
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Figure s.6: HE IEDF for 1.94 MHz and 27.12 MHz time-averaged sheath voltages of
37.5 V each, at various pressures in simulation

tively, under the same condition as in figure 53. The H+ IEDF is very collision
dominated and it is quite difficult to distinguish distinct structures. However,
as for HE ions, at low pressures, the high energy saddle shaped structure has a
depleted high energy peak due to ions undergoing collisions in the sheath. As
was the case for IEDFs of HE and H s the pressure increases, ions move to
lower energies taking on an exponential distribution function,

The absolute flux of ions impacting on the electrode, as a function of pressure
for fixed 27.12 MHz and 1.94 MHz time-averaged sheath potentials of 37.5V each,
is shown in figure 5.9 for both experiment and simulation. The plot resembles
that for a single frequency discharge excited at 27.12 MHz. At high pressures,
collisions are more frequent and ohmic heating becomes more efficient, also giving
rise to increased plasma density and thus flux onto the electrode [1]. The increase
in flux for lower pressures can be due to more efficient stochastic heating [95, 96,
97, 98, 99), also observed for the single frequency discharge at 27.12 MHz (figure
4.20).
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5.2 Hydrogen dual frequency discharge
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Figure 5.7: H+ IEDF for 1.94 MHz and 27.12 MHz time-averaged sheath voltages of
37.5 V each, at various pressures in experiment

81

Energy (&V)

Figure 5.8: H+ IEDF for 1.94 MHz and 27.12 MHz time-averaged sheath voltages of
31.5 V each, at various pressures in simulation
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5.2 Hydrogen dual frequency discharge

Pressure (Pa)

Figure 5.9: Total ion flux in Hydrogen discharge as afunction ofpressure for 1.94 MHz
and I27._12 MHz time-averaged sheath voltages of 37.5 V each in both experiment and
simulation

Variation of 27.12 MHz voltage

Figure 5.10 shows H f 1EDFs at 5 Pa with 1.94 MHz time-averaged sheath voltage
held constant at 37.5 V, the 27.12 MHz sheath voltage is varied. The IEDF
resembles the saddle shaped structure of a single frequency sheath (figure 4.21).
However, the two peaks in the saddle shaped structure are quite broad compared
to the peaks of an IEDF in a single frequency discharge. H} ions can slightly
respond to the 27.12 MHz oscillations, as observed in the last chapter for a single
frequency 27.12 MHz discharge. As the 27.12 MHz voltage increases ions respond
to time varying oscillations of both 1.94 MHz and 27.12 MHz. The two main peaks
in the saddle structure of the IEDF begin to split, forming a four peak structure.
Splitting of the two peaks cannot be resolved at low 27.12 MHz voltages. The
first peak, lowest energy peak, in the IEDF is due to ions entering the sheath at
the minimum sheath potential. The next peak corresponds to a maximum of the
271.12 MHz voltage around the 1.94 MHz voltage minimum. The two high energy
peaks are due to ions entering the sheath at extrema of the 27.12 MHz voltage
around the 194 MHz voltage maximum. As the 27.12 MHz voltage increases,
the distribution moves to higher energies but the separation of the centre of the
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5.2 Hydrogen dual frequency discharge
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Figure 5.10: H3"IEDF at 5 Pa and a 1.94 MHz companent of the time-averaged sheath
potential of 37.5 V, at various 27.12 MHz sheath voltages in experiment

low and high energy peaks remains constant. This separation is determined by
the 1.94 MHz voltage. The two inner peaks, of the four peak structure, are more
pronounced since more ions can enter the sheath at these potentials. There is only
one phase in which ions can enter into the sheath to gain an energy equivalent
to the maximum and minimum sheath potentials. However, to gain an energy
equivalent to the maximum of the 27.12 MHz voltage around the minimum of
the 1.94 MHz voltage there are several phases in which an ion can enter into the
sheath. Similarly, the same applies for the minimum of the 27.12 MHz voltage
around the maximum of the 1.94 MHz voltage. Thus the inner peaks are more
pronounced since more ions can enter into the sheath at these potentials. The
separation of the two high energy peaks is greater than the two low energy peaks.

Examining the non-linear waveform in figure 5.1 it can be observed that the
non linearity of the sheath voltage results in more pronounced oscillation around
one of the extrema of the 1.94 MHz voltage. From equation 1.4, it was shown that
the peak separation is greater for larger voltages. Thus, the separation of the high
energy peaks is greater due to the greater oscillation amplitude of the 27.12 MHz
around the 1.94 MHz maximum. Figure 5.11 shows the IEDF predicted from
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5.2 Hydrogen dual frequency discharge
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Figure 5.11: Typical  |EDF as determined from the model using equation 5.10

the phase - energy relationship of the sheath potential. The agreement to the
experimental and simulation results is remarkable,

Figure 5.12 shows the HE IEDF from the simulation for the same conditions
as figure 5.10. The agreement is very good. The splitting of the main peaks in
the bi-modal structure, due to the time varying 27.12 MHz voltage, is observed.

The frequencies used, 1.94 MHz and 27.12 MHz, are not an exact multiple
of each other. Therefore, there is no fixed phase relationship between them.
The maxima and minima of the 27.12 MHz are averaged out over all phases of
the 1.94 MHz. If the frequencies are an exact multiple, and have a fixed phase
relationship, the ions experience several extrema while crossing the sheath. Peaks
occur in the IEDF when the derivative of the potential is zero. This would be
reflected in the IEDF as a series of peaks or structures between the main peaks,

Figure 5.13 shows H} IEDFs for varying 27.12 MHz sheath potentials. As the
27.12 MHz voltage increases, the time dependent sheath voltage becomes more
dominated by 27.12 MHz rather than 1.94 MHz. Therefore, charge exchange
peaks become more prominent. lons entering into the sheath no longer cross the
sheath before the electron front passes them out.

Figure 5.14 shows the HE IEDFs from the simulation under the same condi-
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5.2 Hydrogen dual frequency discharge

Figure s.12:  |EDF at5Pa and a 1.94 MHz component of the time-averaged sheath
potential of 37.5 V, at various 27.12 MHz sheath voltages in simulation

Fi(ﬂur_e 5.13: H2 IEDF at 5 Pa and a 1.94 MHz component of the time-averaged sheath
potential of 37.5 V, at various 27.12 MHz sheath voltages in experiment
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5.2 Hydrogen dual frequency discharge

Figure 5.14: HE IEDF at 5Pa and a 1.94 MHz component of the time-averaged sheath
potential of 37.5 V, at various 27.12 MHz sheath voltages in simulation

tions as figure 5.13. The agreement of the high energy part of the distribution
with the experiment is very good. However, in the low energy region the sec-
ondary peaks in the simulation are more dominant. Comparing the number of
secondary peaks reveals that ions in the simulation take more rf cycles to cross
the sheath. This again, hints to larger sheaths in the simulation,

Figure 5.15 shows the absolute flux impacting on the electrode for the same
sonditions as figure 5.13. As expected increasing the voltage, increases both the
plasma density and the mean ion energy, thus causing an increase in the flux.
The agreement between experiment and simulation is remarkable, however there
are slight discrepancies in the absolute numbers. The flux in the experiment is
higher than in simulation. This is in agreement with the earlier observations of
a wider sheath in the simulation, caused by a lower density.

Variation of 1.94 MHz voltage

Figure 5.16 shows  IEDFs at 5 Pa and a fixed 27.12 MHz time-averaged sheath
voltage of 37.5 V. As the 1.94 MHz voltage increases the saddle shaped structure
broadens and the centre of the distribution shifts to higher energies. Subtracting
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5.2 Hydrogen dual frequency discharge

27.12 MHz Sheath Voltage (V)

Figure 5.15; Total ion flux in H_ydro\?en at 5 Pa and 1,94 MHz component of the
time-averaged sheath potential of 3 as afunction of 27.12 MHz sheath voltage in
both experiment and simulation

IEDF at 5 Pa and 27.12 MHz component of time averaged sheath

Figure 5.16: Hf
37.5 V, for various 1.94 MHz voltages in experiment

potential of 37,
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5.2 Hydrogen dual frequency discharge

Figure 5.17: HE IEDF at 5 Pa and 27.12 MHz component of time averaged sheath
potential of 37.5 V, for various 1.94 MHz voltages in simulation

the time-averaged 27.12 MHz component of the sheath voltage, positions the
IEDF almost at zero. This illustrates that ions can almost perfectly respond to the
oscillation of the 1.94 MHz voltage between zero and maximum sheath voltage.
Figure 5.17 shows the ~ IEDFs from the simulation for the same conditions
as in figure 5.16. The structures of the distributions agree well, however, there
IS quite a difference in the range of the distribution. The distributions in the
experiment are much broader. This is in agreement with the previous results
showing lower density in the simulations and thus larger sheath width. The
larger the sheath width, the smaller the separation since ions take longer to cross
the sheath and thus experience more averaging of the sheath potential. The four
peak structure of the  [EDFs discussed in the previous section is not obvious
since the 27.12 MHz sheath voltage is too low for the splitting of the bi-modal
peaks to be resolved.

Figure 5.18 and 5.19 show H'} IEDFs, in the experiment and simulation, for
the same conditions as figure 5.16. At lower sheath voltages, the secondary peaks
in both the experiment and simulation are prominent. However, the number of
peaks in the simulation is greater, due to the larger sheath width in the simulation.
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5.2 Hydrogen dual frequency discharge
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Figure 518 H{/ IEDF at 5 Pa and 27.12 MHz component of time averaged sheath
potentlal of 37.5 'V, for various 1.94 MHz voltages in experiment

Figure 5.19: HE IEDF at 5 Pa and 27.12 MHz component of time averaged sheath
potential of 37.5 V, for various 1.94 MHz voltages in simulation
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5.2 Hydrogen dual frequency discharge

Figure 5.20: Total ion flux in Hydrogen, at 5 Pa and a 27.12 MHz time averaged
shedath polten_tlal of 37.5 'V, as afunction of 1.94 MHz sheath voltage in both experiment
and simulation

As the sheath voltage increases the distribution from the simulation due to ions
which have undergone collisions tends towards an exponential function. The
larger sheath in the simulations results in more ions undergoing collisions in the
sheath.

Figure 5.20 shows the absolute flux impacting on the electrode as a function of
1.94 MHz sheath potential. Asthe 1.94 MHz voltage increases the sheaths hecome
larger and the plasma volume decreases. As the plasma volume gets smaller there
is less fonisation and therefore reduced plasma density. The reduction in flux is
obvious in both the experiment and simulation results. The influence of the sheath
width to the reduction of the plasma bulk volume starts to become significant at
lower voltages in the simulation because the sheath widths are in general larger.

This reduction in plasma density and thus flux is more pronounced in the
simulation and begins at lower 194 MHz sheath voltages. This is due to the
already lower ionisation and density in the simulation. Therefore, even for low
1.94 MHz sheath voltages the sheath are larger and thus the ionisation decreaes.
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Figure 5.21: IEDF at 5 Pa and 1.94 MHz component of time-averaged sheath
potential of 37.5 V, for various 27.12 MHz sheath voltages

5.3 Deuterium dual frequency discharge

Figure 521 shows the D2 IEDFs, in a dual frequency discharge at 5 Pa, the
1.94 MHz sheath voltage is kept constant at 37.5V and the 27.12 MHz sheath
voltage varied. Compared to HE IEDF in a pure hydrogen discharge, there are
more Secondary peaks. It was observed in section 4.5 that the flux in deuterium
is lower than in hydrogen discharge. This lower flux in deuterium discharges
gives rise to a wider sheath. This in combination with the heavier mass of D2
compared to HE means that ions take more rf cycles to cross the sheath, resulting
in more secondary peaks in the 1EDF.

Figure 5.22 shows the  |EDFs, at 5 Pa and 27.12 MHz sheath potential of
315V, for various 1.94 MHz voltages. The separation of the two main peaks in
the saddle-shaped structure is not as large in deuterium as for HE in figure 5.16.
This is due to both the wider sheath in deuterium discharges, and the heavier
mass of  compared to HE. The  ions cannot respond to the 1.94 MHz
sheath oscillations as good as the hydrogen ions therefore they experience more
averaging at the extrema. Thus the two peaks are closer together and at higher
and lower values than HE in figure 5.16.
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5.4 Hydrogen and xenon mixtures

Figure 5.22: Df IEDF at 5 Pa and 27.12 MHz component of time-averaged sheath
potential of 37.5 V, for various 1.94 MHz sheath voltages

5.4 Hydrogen and xenon mixtures

Up to now, we have used light ions to investigate the dynamics of the dual
frequency sheath. However, dual frequency plasmas are used for independent
control of the ion flux and ion energy, in technical applications, with heavier ions.
Therefore, the effect on heavier ions is now investigated, in a dual frequency
sheath, using Xe+ ions in a hydrogen plasma with a small admixture of xenon.

The mass of Xe+ is 44 times heavier than Hf. Figure 5.23 and 5.24 show
the IEDFs of  and Xe+ ions, respectively, at 5 Pa and 1.94 MHz sheath
voltage held at a constant time-averaged value of 37.5 V, for various 27.12 MHz
sheath voltages. The structures of  IEDFs are similar to those in the pure
hydrogen dual frequency discharge. The X e+ IEDFs are quite different to the

|EDFs, they do not posses the complicated structures characteristic of
IEDFs. The distribution is a saddle shaped structure centered around the time-
averaged sheath potential. There is no splitting of the peaks in the saddle shaped
structure. X e+ ions are too heavy to respond to the 27.12 MHz time variations
and only slightly respond to the 1.94 MHz oscillations, therefore, the structures
of their IEDFs are quite similar to those of a single frequency discharge.
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5.4 Hydrogen and xenon mixtures
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Fi%ure 5.23: HE IEDF in Hﬁdrogen admixture Xenon discharge forV\$tMHz —37.5V
and 5 Pa at various 27.12 MHz sheath voltages

Figure 5.24: Xe+ IEDF in Hydrogen admixture Xenon discharge for Vi J4Afir =
315V and 5 Pa at various 27.12 MHz sheath voltages
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5.5 Conclusions

Fiqure 5.25: IEDF in Hydrogen admixture Xenon discharge for Voz.iomHz =
315V and 5 Pa at various 1.94 MHz sheath voltages

In figure 5.25 and 5.26 the IEDFs of HE and Xe+ , respectively, are shown
at 5 Pa with the 27.12 MHz sheath voltage held constant and the 1.94 MHz
sheath voltage varied. ~ With increasing 1.94 MHz sheath voltage the peak
separation increases and the distribution moves to higher energies. It is obvious
that controlling the ion energy is greatly improved with heavier masses.

55 Conclusions

The ion dynamics in a dual frequency plasma sheath was investigated. A mass
resolved ion energy analyser was used to measure IEDFs at high voltage dual
frequency sheaths. The calibration method described in the previous chapter
was employed for the determination of absolute fluxes impinging on the electrode
surface. As in the previous chapter light hydrogen ions are employed for inves-
tigations. A simple analytical model for a dual frequency sheath was developed
and it predicts the structures of the measured IEDFs. Results are also compared
to a dual frequency particle-in-cell (PIC) simulation. The agreement is good. All
discrepancies are due to a larger sheaths in the simulation as a result of a lower
plasma density. Reiterating, a simulation needs to accurately model the entire
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Figsure 5.26: Xe+ IEDF in Hydrogen admixture Xenon discharge for VeriomHz =
315V and 5 Pa at various 1.94 MHz sheath voltages

plasma to compare sheath dynamics studies with experiments.

Dual frequency discharges are used in processing applications in order to
achieve independent control of ion flux and ion impact energy onto the substrate.
The higher frequency due to the larger displacement current is used to control
the plasma density and thus ion flux onto the substrate. The lower frequency
Is used to control the ion bombardment energy on the substrate. Results show
that the 27.12 MHz voltage can be used to control the ion flux impinging on the
electrode surface. However, the IEDF of H$ ions is broad and complex. The
structures of the IEDFs are quite different to those from typical single frequency
sheaths. Influences of ions experiencing time varying oscillations of both frequen-
cies can be recognised. This is not a desired distribution of the impact energy
onto substrates in processing plasmas.

In typical processing applications at the frequencies used, 1.94 MHz and
27.12 MHz, the discharges typically contain heavier ions. Heavier ions at these
frequencies cannot respond to the rf modulation of the sheath potential, but ex-
perience a time-averaged potential. The IEDF in this case would be similar to
that expected for a dc sheath, a narrow distribution peaked at the time-averaged
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sheath potential. To investigate these heavier ions, Xe+ ions were used in a
hydrogen discharge with an admixture of Xe. The IEDFs of Xe+ions do not
posses the complex structures of H3' [EDFs. They are too heavy to respond
to the 27.12 MHz time variations and only slightly respond to the 1.94 MHz
oscillations. The structures of their IEDFs are relatively narrow and quite simi-
lar to those of single frequency discharges, illustrating the basic concept of dual
frequency CCRF discharges.
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CHAPTER 6

Collapse of the plasma boundary sheath

So far high voltage boundary sheaths have been investigated. There is increas-
ing current interest in using pulsed mode discharges to enable more flexibility
and control of technological processes. It has been suggested that suppression
of charge build up on substrates is attributed to sheath collapse in the post dis-
charge, and annihilation of negative ion confinement. The collapse of the positive
space charge sheath has been investigated in the afterglow of a pulsed induc-
tively coupled rf plasma (ICP)L However, investigations reveal that the sheath
potential does not fully collapse in the post discharge.

0.1 Experimental setup

The ICP configuration is shown in figure 6.1. The discharge chamber is a modified
GEC reference cell. Several modifications have been made to the original GEC
cell in order to improve performance for inductive coupling. A bifilar antenna
with 12 cm diameter is used and the stainless steel housing around the antenna

1These experiments have been carried out in collaboration with the Institute for Atomic and
Plasma Physics at the Ruhr University Bochum, Germany.
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Figure e.1: Set-up of inductively coupled plasma

was replaced by a quartz cylinder. At a distance of 5 cm below the antenna a
grounded aluminium electrode limits the discharge region in the vertical direction.
Gas s introduced into the chamber through four pipes bent towards the center of
the discharge. The vacuum chamber, antenna and grounded electrode are water
cooled. A mass resolved ion energy analyser (Balzers Plasma Process Monitor,
PPM 422 [101]) is incorporated in the grounded electrode. An extraction orifice at
the center of the grounded electrode allows for mass resolved ion energy analysis
ofthe particles impinging on the surface. The PPM consists of an energy analyser
and a quadrupole mass spectrometer. The operation principle of the Balzars PPM
is similar to that of the Hiden EQP, discussed in section 1.5,

For accurate measurements of IEDFs a similar procedure, as described in
chapter 3, based on simulations of ion trajectories and extensive experimental
checks has heen applied. Charge exchange collisions of HE ions are exploited for
energy calibration.

The ICP is driven with an excitation frequency of 13.56 MHz. The rf power
supply can be pulsed at variable frequencies and duty cycles. To perform time
resolved measurements the detector of the PPM is connected to a multi channel
scaler (MCS). The pulsed rf power supply is synchronised with the MCS card. The
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Figure 6.2: Time resolved  IEDFs in a pulsed hydrogen ICP; Spalsing = 100Hz
(1:1 duty cycle), P =300 W, p = 10 Pa.

card (Ortec MCS-pci) has 65536 channels and a maximum temporal resolution
of 100 ns.

6.2 Results

Figure 6.2 shows the time resolved HE IEDF in a pulsed hydrogen discharge
with a pulsing frequency of 100 Hz and a 1.1 duty cycle. The rf power in the on
phase is 300 W and the gas pressure 10 Pa. At time, t = Osec, the discharge
ignites capacitively with relatively high ion energies and undergoes a transition
to a stable inductive mode within a few hundred micro seconds. The mean ion
energy is around 13 6V in the inductive phase. In the afterglow, after switching
off the rf power, the ion energy drops rapidly. However the ion energy does not
fully relax to zero. A constant ion energy of a few eV is observed for several
hundred micro seconds. This effect is discussed in detail in the following.

The HE IEDF in the afterglow is shown in figure 6.3. The pulsing frequency
is 600 Hz. All other parameters are the same as in figure 6.2. After a transient
phase between the plasma-on phase and the afterglow, a constant ion energy of
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time (M)

Figure 6.3: Time resolved  IEDFs in the afterglow of a pulsed hydrogen ICP

about 25 eV is observed. This ion energy does not decrease, the plasma density
decays faster. The sheath in the afterglow of the discharge does not fully collapse.
A sheath with a potential of about 2.5 eV survives in the post discharge when
the rf power is turned off. Using equation 1.13, the electron temperature can be
determined from the ion energy. An ion energy of about 2.5 eV corresponds to a
plasma boundary sheath potential caused by electrons of about 0.5 eV.

The IEDF of He+ in the afterglow of a helium discharge exhibits different
time behaviour. Figure 6.4 clearly shows that the ion energy relaxes to zero - the
plasma boundary sheath collapses completely. An explanation of the difference to
hydrogen can be an energy transfer from vibrationally excited molecular hydrogen
to electrons in the afterglow of the hydrogen discharge. In the plasma on phase
vibrationally excited molecules are produced through electron impact. When the
power is turned off electrons quickly lose energy through either diffusion or col-
lisions with the background gas. Under the conditions here it can be assumed
that the losses are mainly through diffusion. This is observed, in the transient
phase in figure 6.2, as a rapid decay in the ion energy to a quasi-stationary value
of 25 éV. In the post discharge regime, vibrationally excited molecules have a
long lifetime, several hundred microseconds [102], compared to the plasma decay.
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Figure 6.4: Time resolved ife+ IEDFs in the afterglow of a pulsed helium ICP;
fpulsing = 600Hz (1:1 duty cycle), P=300W,=10Pa

Therefore electrons can gain energy by super elastic collisions with vibrationally
excited molecules. In the afterglow the electron temperature is strongly corre-
lated to the vibrational excitation of hydrogen molecules in the plasma on phase.
Therefore, the higher the vibrational excitation in the discharge on phase the
greater the electron heating in the afterglow. When the discharge is turned on
the electron temperature establishes rapidly. However, the vibrationally excited
molecules build up on a time scale of several hundred microseconds. Therefore,
the vibrational population can be controlled by varying the plasma on time. Fig-
ure 6.5 shows a plot of ion energy in the afterglow as a function of plasma on
time. As the plasma on time is increased, the vibrational excitation of molecules
increases and thus there is more electron heating in the afterglow. At 1 ms, the
vibrational temperature of molecules in the discharge has completely built up and
reached a steady state. A similar effect of the electron temperature not collapsing
to zero in the afterglow has been observed through probe measurements in the
afterglow of a pulsed filament discharge by Hopkins [103].
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timejns)

Figure 6.5: ion energy as afunction of plasma on time

6.3 Conclusions

A non-zero electron temperature in the afterglow has been observed, the plasma
boundary sheath does not collapse, charge suppression build up does not take
place which could have important consequences for several technological applica-
tions using pulsed mode discharges. Further investigations with a combination
of various diagnostic techniques, such as Langmuir probe measurements, opti-
cal emission spectroscopy [104] and particle-in-cell simulations are in progress.
Furthermore investigations in deuterium with different gaps between the energy
levels should provide additional information about the heating mechanism.
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CHAPTER [

Conclusions and Summary

The complex nature of multi frequency rf sheaths has been experimentally investi-
gated. The final experimental design consists of a confined symmetric capacitively
coupled rf discharge (chapter 2). The plasma can be generated in single and dual
frequency operation. The resulting high voltage rf sheath in front of the grounded
electrode has been investigated using a mass resolved ion energy analyser (Hiden
EQP 2000) incorporated into the electrode.

Apart from the technological importance of hydrogen containing discharges,
hydrogen acts as the perfect discharge gas for fundamental investigations for
two primary reasons. Firstly, at typical technologically used radio-frequencies
(eg. 1356 MHz), the relatively light hydrogen ions respond best to the time
dependence of the sheath potential, allowing for detailed investigations of the
sheath dynamics. Secondly, hydrogen is the simplest molecular gas with the most
extensive data set for collisional cross-sections, making it suitable for comparison
to simulations.

The sheath dynamics and the sheath chemistry in hydrogen discharges have
been experimentally investigated and compared to 2D-PIC simulations (chapter
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4). Special emphasis, for direct comparison, has been made in the experiment
and the simulation (section 3.3). The geometry of the confined symmetric dis-
charge allows for a perfect adoption of the simulation to the specific experimental
conditions. A direct comparison of the experiment to the simulation is, neverthe-
less, rather challenging because of inherent difficulties in the measurement of ion
energy distribution functions (IEDFs). Problems are mainly caused in the extrac-
tion of ions from the plasma into the analyser and chromatic aberration of the
lon optics inside the analyser. A procedure to minimise chromatic aberration has
been found and applied during this work (section 3.2). It is based on simulations
of ion trajectories and extensive experimental checks. The energy dependent ac-
ceptance angle and the resulting energy dependent transmission function of the
Hiden EQP 2000 has also been taken into account in the comparison of results
from the experiment and the simulation.

Comparing absolute fluxes obtained from the experiment and the simulation
is extremely challenging. In the simulation it requires an accurate description
of the entire plasma. An accurate simulation of the plasma boundary sheath
alone is not sufficient. Therefore the 2D-PIC code is coupled to a global model
taking into account the complex chemistry of the plasma bulk [62]. An absolute
calibration of the Hiden EQP 2000 is rather involving. A retarding field analyser
can be used for a cross calibration,

In this work a much simpler novel procedure for absolute calibration has been
developed and applied (section 4.2). It exploits the splitting of the saddle shape
structure in the IEDF of ions traversing the rf sheath collisionless from the plasma
bulk. The splitting depends on the sheath width. The sheath width is dependent
on the plasma density and the electron temperature, and therefore related to the
lon flux. 1t can be shown that the splitting is directly determined by the ion
flux and the time averaged sheath potential, which can also be obtained from the
IEDF. In conclusion, under certain conditions the absolute flux can be determined
from the measured splitting and the measured time averaged sheath potential.
The determined flux is used for absolute calibration of the Hiden EQP 2000,
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Comparisons of the experiment and the 2D-PIC simulation have been car-
ried out for absolute fluxes and IEDFs of the three hydrogen ions, H+, H} and

,under parameter variations in hydrogen discharges operated with single fre-
quencies at 13.56 MHz and at 27.12 MHz. The agreement is generally extremely
good. Minor discrepancies can be attributed to slightly lower plasma densities
and therefore slightly larger sheath widths in the simulation.

HE ions are predominately created in the plasma bulk while H+ ions and H}
jons are mainly formed through collisions in the sheath. Therefore, for essentially
collisionless sheaths the IEDFs of HE ions reflect the sheath dynamics. This is
obvious in the so called saddle shape structure as previously mentioned in the
calibration procedure. As expected, the splitting increases with sheath voltage
and decreases with rf frequency. The IEDFs of H} ions are strongly influenced
by symmetric charge-exchange collisions. These collision processes produce sec-
ondary peaks in the IEDF. The number of peaks corresponds to the ratio of the
on transit time to the rf period. The mean energy of H+ ions is also lower than
the time averaged sheath potential due to its predominant formation within the
sheath.

At high pressures, when the sheath becomes collision dominated, the IEDFs of
all ions exhibit the expected exponential decay with energy. A surprising result is
that more collision partners, at higher pressure, do not result in more conversion
of HE ionsto H} ions and if+ ions through collisions in the sheath. The collision
cross sections, for the responsible conversion processes, collision induced dissocia-
tion and asymmetric charge transfer, decrease towards lower energies. Therefore,
higher densities of collision partners at higher pressures, are over-compensated by
lower mean ion energies, resulting in smaller conversion cross sections and even
less efficient total conversion. Accordingly, more efficient conversion is observed
with increasing mean ion energy at higher sheath voltages. In discharges excited
at 27.12 MHz less collision effects are observed in comparison to excitation at
1356 MHz. This can be explained by smaller sheath width at 27.12 MHz caused
by higher plasma densities due to more efficient electron heating.
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Measurements in deuterium and hydrogen-deuterium mixtures have been car-
ried out to get deeper insight into more complex plasma chemistry and sheath
chemistry. The main difference between the pure hydrogen discharge and the
pure deuterium discharge is a slightly lower plasma density in deuterium. This
can be attributed to higher losses into vibrational states in deuterium due to
the smaller spacing of vibrational levels. Measured IEDFs of specific ion masses,
in hydrogen-deuterium mixtures, can reveal superpositions of two ion species.
Comparing absolute fluxes and the shape of IEDFs to the pure hydrogen and
deuterium cases provides information about the dominant species in different re-
gions of the distribution function. This yields additional information about the
plasma chemistry and the sheath chemistry.

A simple analytical model for the sheath dynamics in dual frequency rf dis-
charges has heen developed. The model is based on the corresponding single
frequency model of Godyak [34]. It does not consider the full complexity of the
sheath dynamics, but it clearly shows the basic phenomena.

The sheath dynamics of a hydrogen dual-frequency discharge at 194 MHz
and 27.12 MHz has been investigated by measuring absolute fluxes and IEDFs
of hydrogen ions. The measurements generally compare rather well to a dual-
frequency-1D-PIC simulation. Discrepancies can be explained by lower plasma
densities and therefore larger sheath widths in the simulation. The discrepancies
are greater than in the comparison to the 2D-PIC simulation in the single fre-
quency case. Nevertheless, the main effects and trends are the same in experiment
and simulation.

Hydrogen ions almost perfectly respond to temporal variations of the sheath
potential caused by the low frequency component. This results in quite broad
IEDFs. The mean energy is determined by the averaged sheath potential of hoth
frequencies. At low voltages of the high frequency component, the response of
jons to high frequency oscillations is small and cannot be resolved. Consequently,
the IEDF is mainly determined by the dynamics of the low frequency component
and just shifted by the time averaged potential of the high frequency component.

128



At higher voltages of the high frequency component, effects due to the high fre-
quency dynamics become obvious. The two peaks in the saddle shaped structure,
corresponding to the low frequency dynamics, split into two peaks each. A double
saddle shaped structure with four peaks is observed. The measurements compare
well to the simulation and details of the double saddle shaped structure can be ex-
plained and reproduced by the developed simple analytical dual frequency sheath
model mentioned above.

The concept of separate control of ion flux and ion energy by the two frequen-
cies can be observed. The ion flux is mainly determined by the high frequency
component. The IEDFs are strongly influenced by the low frequency component.
However, IEDFs of hydrogen ions following the low frequency dynamics are very
broad. This limits control and selectivity in technological processes. lons in tech-
nological processes are, however, typically of relatively high mass. The influence
of the dual frequency sheath dynamics on IEDFs of heavy ions has been inves-
tigated by small admixtures of xenon in the hydrogen discharge. The IEDFs of
Xenon ions are much narrower. Xenon ions do not respond to high frequency
oscillations but influences of the low frequency dynamics are still observed. The
relatively narrow IEDFs of xenon ions confirm the hasic concept of dual frequency
CCRF discharges allowing for more control and selectivity.

Additional flexibility and control can also be achieved by using pulsed mode
plasmas. The collapse of the positive space charge sheath in the post discharge
has been investigated in a pulsed inductively coupled hydrogen plasma. How-
ever, investigations reveal that the sheath does not fully collapse. Time resolved
measurements of IEDFs show a constant ion energy for several hundred micro
seconds in the afterglow. The existence of the corresponding sheath potential is
explained by electron heating through vibrationally excited molecules in the post
discharge.

In conclusion, extensive experimental investigations of high voltage multi fre-
quency plasma boundary sheaths have heen carried out and compared to PIC
simulations. Details of the sheath dynamics and the sheath chemistry are well
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understood. The experiment and the simulations generally agree well. Simula-
tions can now be used for further detailed investigations under conditions which
are difficult or impossible experimentally.
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. Hz2 IEDF pressure variation, pure hydrogen 27.12 MHz discharge
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Figure 7.2: D+ IEDF pressure variation, pure deuterium 13.56 MHz discharge
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Figure 7.3: DJ IEDF pressure variation, pure deuterium 13.56 MHz discharge
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Figure 7.4: D% IEDF pressure variation, pure deuterium 13.56 MHz discharge
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Figure 7.5: D+ IEDF voltage variation, pure deuterium 13.56 MHz discharge

Figure 7.6: DJ IEDF voltage variation, pure deuterium 13.56 MHz discharge
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Figure 7.7:  IEDF voltage variation, pure deuterium 13.56 MHz discharge
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Figure 7.8: D+ IEDF pressure variation, pure deuterium 27.12 MHz discharge
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Figure 7.9: D\ IEDF pressure variation, pure deuterium 27.12 MHz discharge
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Figure 7.10: DE£ IEDF voltage variation, pure deuterium 27.12 MHz discharge
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Figure 7.11: D+ IEDF voltage variation, pure deuterium 27.12 MHz discharge
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Figure 7.12:  IEDF voltagevariation, pure deuterium 27.12 MHz discharge
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Figure 7.13:  IEDF voltage variation, pure deuterium 27.12 MHz discharge
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Figure 7.14: IEDF pressure variation, 50 % hydrogen and 50 % deuterium mix-
ture, 13.56 MHz discharge
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Figure 7.15:  IEDF pressure variation, 50 % hydrogen and 50 % deuterium mix-
ture, 13.56 MHz discharge
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Figure 7.16:  |EDF pressure variation, 50 % hydrogen and 50 % deuterium mix-
ture, 13.56 MHz discharge
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Figure 7.17: M+ IEDF pressure variation, 50 % hydrogen and 50 % deuterium mix-
ture, 13.56 MHz discharge
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Figure 7.18: M+ |IEDF voltage variation, 50 % hydrogen and 50 % deuterium mixture,
1356 MHz discharge
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Figsure 1.19: M% |EDF voltage variation, 50 % hydrogen and 50 % deuterium mixture,
1356 MHz discharge
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Figure 7.20; M+ IEDF voltage variation, 50 % hydrogen and 50 % deuterium mixture,
27.12 MHz discharge
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Figure 7.21; M+ |EDF voltage variation, 50 % hydrogen and 50 % deuterium mixture,
21.12 MHz discharge
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Figure 7.22; M+ IEDF voltage variation, 50 % hydrogen and 50 % deuterium mixture,
21.12 MHz discharge
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Figure 7.23; M+ |EDF voltage variation, 50 % hydrogen and 50 % deuterium mixture,
2712 MHz discharge

v <
Energy (V)

Figure 7.24: M+ IEDF voltage variation, 50 % hydrogen and 50 % deuterium mixture,
27.12 MHz discharge
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Figu g re 7.25: M+ IEDF voltage variation, 50 %hydrogen and 50 % deuterium mixture,
27.12 MHz discharge
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Figure 7.26:  IEDF voltage variation, 50 % hydrogen and 50 % deuterium mixture,
21.12 MHz discharge
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Figure 7.27; M$ IEDF voltage variation, 50 % hydrogen and 50 % deuterium mixture,
2712 MHz discharge
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Figure 7.28: MI1EDF voltage variation, 50 %hydrogen and 50 % deuterium mixture,
2712 MHz discharge
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Figure 7.29:  |EDF voltage variation, 50 % hydrogen and 50 % deuterium mixture,
21.12 MHz discharge
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Figure 7.30:  IEDF voltage variation, 50 % hydrogen and 50 % deuterium mixture,
21.12 MHz discharge
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Figure 7.31: H+ IEDF in dual frequency hydrogen plasma, pressure variation
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Fig_u[_e 7.32: H+ IEDF in dual frequency hydrogen plasma, 1.94 MHz sheath voltage
variation
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Figure 7.33: D+ IEDF in dual frequency deuterium plasma, pressure variation

Figure 7.34:
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IEDF in dual frequency deuterium plasma, pressure variation
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Figure 7.35: D't IEDF in dual frequency deuterium plasma, pressure variation
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Fig_U{_e 1.36: D+ IEDF in dual frequency deuterium plasma, 27.12 MHz sheath voltage
variation
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Figure 7.37: D£ IEDF in dual frequency deuterium plasma, 27.12 MHz sheath voltage
variation
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Figure 7.38: D+ IEDF in dual frequency deuterium plasma, 1.94 MHz sheath voltage
variation
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Figure 7.39:  IEDF in dual frequency deuterium plasma, 1.94 MHz sheath voltage
variation
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Figure 7.40: Mass 1, IEDF in 50 % hydrogen - 50 % deuterium dual frequency plasma,
pressure variation
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Figure 7.41: Mass 2, IEDF in 50 % hydrogen - 50 % deuterium dual frequency plasma,
pressure variation
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Figure 7.42: Mass 3, IEDF in 50 % hydrogen - 50 % deuterium dual frequency plasma,
pressure variation
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Figure 7.43: Mass 4, IEDF in 50 % hydrogen - 50 % deuterium dual frequency plasma,
pressure variation
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Figure 7.44: Mass 5, IEDF in 50 % hydrogen - 50 % deuterium dual frequency plasma,
pressure variation
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Figure 7.45: Mass 6, IEDF in 50 % hydrogen - 50 % deuterium dual frequency plasma,
pressure variation
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Figure 7.46: Mass 1, [EDF in 50 %hydrogen - 50 % deuterium dual frequency plasma,
21.12 MHz sheath voltage variation
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Figure 7.47: Mass 3 IEDF in 50 %hydrogen - 50 % deuterium dual frequency plasma,
217.12 MHz sheath voltage variation
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Figure 7.48: Mass 3, IEDF in 50 % hydrogen - 50 % deuterium dual frequency plasma,
27.12 MHz sheath voltage variation
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Figure 7.49: Mass 4, [EDF in 50 % hydrogen - 50 % deuterium dual frequency plasma,
27.12 MHz sheath voltage variation
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Figure 7.50; Mass 5, IEDF in 50 % hydrogen - 50 % deuterium dual frequency plasma,
27.12 MHz sheath voltage variation
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Figure 7.51: Mass 6, IEDF in 50 % hydrogen - 50 % deuterium dual frequency plasma,
21.12 MHz sheath voltage variation
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Figure 7.52: Mass 1, IEDF in 50 % hydrogen - 50 % deuterium dual frequency plasma,
1.94 MHz sheath voltage variation
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Figure 7.53: Mass 2, IEDF in 50 % hydrogen - 50 % deuterium dual frequency plasma,
1.94 MHz sheath voltage variation
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Figure 7.54: Mass 3, [EDF in 50 % hydrogen - 50 % deuterium dual frequency plasma,
1.94 MHz sheath voltage variation
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Figure 7.55: Mass 4, IEDF in 50 % hydrogen - 50 % deuterium dual frequency plasma,
1,94 MHz sheath voltage variation
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Figure 7.56: Mass 5, IEDF in 50 %hydrogen - 50 % deuterium dual frequency plasma,
194 MHz sheath voltage variation
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Figure 7.57: Mass 6, [EDF in 50 % hydrogen - 50 % deuterium dual frequency plasma,
1.94  MHz sheath voltage variation
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