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A bstract
The aim of this research is to better understand the behaviour of pulsed discharges
and electron dynamics for the purpose of tailoring the plasma properties for
neutral beam etching (NBE) applications.
A capacitively coupled plasma formed in a research system was used for a
study of pulsed tailoring in an electropositive plasma. A combination of high time
resolved optical diagnostics, plasma imaging and optical emission spectroscopy,
and hairpin probe measurements were used to study the electron density and
the energy distribution function during the ignition phase of a repetitively pulsed
plasma. Two different waveforms were used to modulate the envelope of the input
RF-voltages in order to control the ignition phase, by changing the increase rate
of the electron density and evolution of the electron energy distribution function
(EEDF). The results of this study indicate th at the increase rate of the electron
density and the EEDF, during operation, can be influenced and even controlled
to some extent by pulse tailoring. Electron densities of the order of 1016 m“3
were obtained, and EEDFs of a highly non-Maxwellian nature were characterised
during the ignition phase. Also, the ignition timescales were controlled by ap
plying pulse tailoring from a few microseconds (typically 2 fis) to a few tens of
microseconds (80 (is) for the different input waveforms.
An inductively coupled plasma in an industrial plasma etching tool was used
to study pulse tailoring in electropositive and electronegative discharges. The
same environment was used to create a source to from energetic negative ions
which could then be extracted and neutralised. Similar diagnostic techniques,
as those used in the research source, in addition to RF-probes were used to
characterise the inductive source. Optical emission spectroscopy and electron
density measurements showed th at the plasmas, almost instantaneously, ignite in
the H-mode. The EEDFs were characterised by a Maxwellian distribution with
an electron temperature ranging between 1.2 up to 1.6 eV, and electron densities
of the order 1018 m~3 were measured, depending on the operating conditions.
This source was also used for preliminary NBE studies. Neutralisation efficiencies
ranging between 70% and 95% were measured, and etch rates of 25 and 30 nm /m in
were found.

Finally, a novel technique was developed to monitor in-situ and in real time
the plasma-induced damage on thin films, in particular low-/t dielectrics. This
technique uses wafer tiles to simultaneously measure the plasma properties and
plasma-induced damage on the thin films. An analytical model, based on the ion
flux probe model, was used to to extract the plasma parameters and mimic the
existence of thin on the probe surface, by a resistor and a capacitor connected
in parallel. The model managed to extract exact values of a dummy load, while
a reasonable fit could not be achieved for thins silicon dioxide films.

Initial

results showed that, even for a well characterised material of a known permittivity
and thickness, the model could not extract absolute resistivity and capacitance.
Plasmas surface interactions were deduced to be the main factor for this result,
which were not included in the model used in this study. However, plasma-induced
damage/changes on low-At thins films by different plasma chemistries, such as
argon and hydrogen, were qualitatively measured in real-time. The wafer probe
was used to monitor the etch rate of an SF6 plasma for low-At thin films in real
time and in-situ. This technique could also be used to measure the neutralisation
efficiency and possibly the etch rates of our NBE source in real time.
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C h ap ter 1
In tro d u ctio n
The objective of this research is to explore the use of pulse m ethods to control
and m onitor the properties of low pressure electrical discharges for the purpose
of optimising such plasmas for neutral beam etching (NBE). The discharges were
operated in two plasm a systems: a research reactor and an industrial etching
tool.
This chapter introduces plasmas and some of their im portant properties, as
well as traditional plasm a etching for ultra-large scale integrated (ULSI) circuit
devices. Plasm a etching has been widely used for more than five decades to change
the morphology of silicon wafers by patterning microscopic features. However,
the dimension for these features continues to decrease, and new challenges have
arisen th a t limit this decrease. One possible solution is neutral beam etching, first
suggested by Samukawa & Mieno [1996]. In order to design an etching approach
suitable for diverse etching applications; it is crucial to understand the plasm a
physics of pulsed discharges th a t underlie this approach.
This chapter is structured as follows. Section 1.1 introduces the concept of
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plasma, Section 1.2 presents a general sum m ary of some of the im portant plasm a
param eters for various applications. In section 1.3, a brief introduction about
traditional plasm a etching is presented and some of the current challenges are
highlighted. Section 1.4 contains a brief survey of w hat has been done so far in
the field of neutral beam etching setting, the core topic of this thesis. Finally,
section 1.5 presents the research questions addressed in this thesis.

1.1

Introducing plasm as

Plasm a, also known as the 4th state of m atter, is ionised gas containing freely and
random ly moving electrons, ions, and neutral gas particles where the num ber of
ionised species w ith respect to the neutrals can vastly differ from one plasm a
to another [Chabert & Braithwaite, 2011]. Plasm a was first regarded as radiant
m atter, when encountered by Crookes in 1879, and it was further probed and
its nature was identified by Thom son in 1897. Finally, it was labeled plasma by
Irving Langmuir who described the spatial distribution of the charges in it and
introduced the concept of the space charge layers th a t form at plasm a boundaries.
These non-neutral regions are called sheaths [Langmuir, 1928]. Elsewhere the
plasm a tends to be neutral.
Almost 99% of visible m atter in the universe is considered to be plasma. Fig
ure 1.1 shows several examples of the different types of naturally occurring and
m an-m ade plasm a such as lightning, auroras, and the ionosphere, each consti
tu ting of a different m ixture of charged particles and neutral species, which may
be atom ic an d /o r molecular. Plasm a televisions and fluorescence light tubes are
examples of common m an-m ade plasmas. Plasm as found in different industrial
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Figure 1.1: Different naturally occurring and m an made plasm as found in our
daily life where (a) is the sun, (b) lightning, (c) aurora, (d) nebula, (e) noble
gases (Ne, Ar, Kr and Xe) light tubes, (f) decoration plasma ball, (g) spark
discharge and (h) plasm a welding torch [Wikipidea Images, 2010].
processes such as those used in arc welding and m aterial processing are other
examples of more specific m an-m ade plasmas. The latter type of plasmas is the
core interest of this research.
Different plasmas, figure 1.1, have different physical properties and param 
eters, such as ratio of charged particles to neutrals, particle densities, particles
energy, electrical properties and dimensions. In some plasmas, eg. fusion plas
mas, there are only ionised species while other types, eg. fluorescence light tubes,
are partially ionised. In the partially ionised plasmas, the density of the ionised
species can be much less th an th a t of the neutrals, which makes the consideration
of all the charged-neutral interactions a necessity. Partially ionised plasmas are
the main focus of this thesis.
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Plasm a is a dynamic medium, due to the mobility of its particles and in partic
ular the charged species, which interact w ith any externally applied electric/m agnetic
fields. Therefore; a steady state, stable, plasm a means th a t it exists for a certain
tim e interval, th a t it is not stationary, especially as the particles which constitute
it are in perpetual random motion. These freely moving charges are responsible
for sustaining the plasm a and its different properties. A tim e averaged balance
between the generation and loss of these charged particles signifies a steady state
plasma.
In order to better understand the differences between the various types of
plasmas, it is useful to understand the key plasm a param eters.

Some of the

im portant plasm a param eters are introduced in the following section.

1.2

P lasm a param eters

As indicated in figure 1.1, different plasmas can exist over a wide range of condi
tions, which can lead to widely different plasm a param eters. This section intro
duces some of the most im portant basic plasma param eters. Plasm a param eters
can be divided into particle param eters (pressure, ionisation ratios, particle den
sities and energies) and electric param eters (plasma potential, sheath, Debye
length, and plasm a frequencies). These different param eters are discussed and
compared below.

1.2.1

G as p ressu re

Contained in a vessel, vacuum chamber or a tube with one end open to the
atm osphere, plasm a can be operated over a wide range of pressures (7.6 < p <
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In m aterial processing, plasmas are usually operated at a

low pressure varying from a few mTorr to a few Torr.

O ther plasmas, such

as atm ospheric pressure plasm a jets (A PPJ) operate at or around atm ospheric
pressure, as indicated by its name [Wagenaars et al., 2012].
The gas density in a plasm a is related to the pressure by the simple equation:

n am v 2

P = ~JiY ~(L1)
where p, n g, m and v are the gas pressure, gas particle density, particle mass
and mean speed respectively.

The particle mean speed is related to the gas

tem perature by:
1 _2 3 kBTg
-m u ' =

( 1 .2 )

where /c# is B oltzm ann’s constant, and Tg the gas tem perature. Higher pressures
arise in certain plasm a processes due to the increase in the heating an d /o r increase
of the particles density, due to dissociation of molecules, which leads to an increase
in the mean speed and v 2 [Chapman, 1980]. The im portance of considering the
gas pressure is simply because of the fact th a t the higher the pressure the higher
the frequency of collisions between particles. In fact, the collision frequency is
expressed by:
^coi = < v > -rtg-CTg

(1.3)

where < v > and ag are the average speed of a particle and the cross-section
of the collision respectively. Therefore, the pressure is a global indicator of the
particles density and average velocity.

Different plasmas operate at different

'l mTorr = 1.3328 x 10 3 m bar = 0.13328 P a
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pressures, and therefore they have different collision frequencies which lead to
different distribution of energy between the particles.
This research concentrates on plasmas used in material processing applications
which are operated at a pressure range varying from a few mTorr’s up to a
few Torr. Most of the important collisions in processing plasmas occur between
neutral particles and charged species, therefore it is necessary to consider the
different percentages of charged and neutral species.

1.2.2

Io n isa tio n ratio

The ratio of the ion density (rq) to gas (neutral) density is called the ionisation
ratio (rq/(rq + ng)), and in most gas discharges (rq ^ rq + ng)) <C 0.1. In some
high density processing reactors, this ratio can increase so th at approximately
1 0

% of the gas particles are ionised, but these situations are rare.
Most processing plasmas are considered quasi-neutral which means the density

of negatively charged species is the same as th at of the positively charged species.
For the case of electropositive plasmas1, this means th at n e = rq. Hence, by
measuring the electron/ion density the ionisation ratio can be inferred. In the
case of electronegative plasmas2, quasi-neutrality still applies such th at the net
charge of the plasma is equal to zero with rq = n n 4 - n e where n n is the density
of the negative ions.
1only positive ions and electrons constitute the charged species in the plasma
2negative and positive ions as well as electrons constitute the charged population
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E lectro n d en sity

Most of the im portant reactions and collisions in a plasm a take place between
electrons and other particles. In fact, it is the first electron, which is accelerated
within an electric field and gains enough energy to ionise another particle releasing
another electron, th a t causes the plasm a to ignite. Due to the frequent occurrence
of collisions, there is a constant creation and loss of charges. W hen the creation
and loss mechanisms of charges becomes balanced, the plasm a is said have reached
steady state conditions, which is characterised by a particular electron density
K ).

In order to ionise another particle, an electron should acquire a certain min
imum threshold energy. Electrons are accelerated in applied electric field to ac
quire this threshold energy, and the distance traveled between consecutive colli
sions is determ ined by the particle densities in the plasm a volume. In m aterial
processing applications, the electron density could range in the following inter
val 1014 < n e < 1018 m -3 according to the plasm a source. In fact, the electron
properties are of the most im portant key plasm a param eters.

1.2.4

E lectro n te m p er a tu r e

In stable non-therm al plasma, it is impossible to determ ine single electron energy,
due to the fact th a t electrons are continuously released and captured. Electrons
can have different energies varying from a few hundred, ~ 300 K, up to few
tens of thousands Kelvins. The energy of electrons in a plasm a is described by a
distribution function, known as the electron energy distribution function (EEDF),
which is determ ined by the plasm a conditions.

Plasm a param eters
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The EED F is characterised by the mean energy, which in the case of a
Maxwellian distribution is related to the electron temperature (Te). Since elec
trons acquire their energies via the electric field, it is suitable to use the energy
and tem perature unit eV. If the EED F is a Maxwellian distribution then the
average electron energy and tem perature are related by following equation:

The electron tem perature is much higher th an th a t of other particles, typically a
few eV. Therefore these plasmas are regarded as non-therm al, with the ion and
neutral tem peratures close to room tem perature (~ 0.025 eV).
It is im portant to note th a t while Te may be less th an the threshold energy
for im portant reactions; the distribution of electron energies means th a t even
for relatively low average electron energy there are some electrons w ith sufficient
energies to initiate these reactions.

1.2.5

P la sm a p o te n tia l

W hen the plasm a is first ignited, the num ber of electrons and ions are approxi
mately the same throughout the plasm a region. The high mobility of electrons
causes them to drift out of the plasm a much faster than the ions, which creates
a slight charge imbalance and gives the plasm a a positive potential with respect
to its surrounding. This potential is sufficient to create a small electric field th a t
tends to force ions to leave the bulk plasm a and retain electrons in the bulk of
the plasma. The electrons will keep escaping from the bulk of the plasm a un
til the plasm a potential becomes high enough to exert an electric field capable
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of retaining most of the electrons in the bulk of the plasma. When the plasma
potential is high enough, the number of electrons leaving balances the number
of ions leaving the plasma so th at production and loss processes are in balance.
The free charges in the plasma give it sufficient conductivity to maintain quasi
neutrality while supporting the weak fields required to expel ions. The electron
loss is restrained by higher fields th at exist in the boundary of the plasma, the
sheath.

1.2.6

S h ea th
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Figure 1.2: (a) is a schematic representation of the variation of the plasma po
tential (<£>) in blue and the electric field (e) in green with respect to the different
plasma regions, (b) the variation of the electron density (solid red line) and
the ion density (dashed black line) with respect to the different plasma regions.
The vertical axis shows the magnitude of each parameter, while the horizontal
represents the relative distance from the wall (0 ) towards the bulk of the plasma.

As the plasma becomes quasi-neutral and retains most of the electrons inside
its bulk while forcing ions towards nearby surfaces, a potential distribution be
tween the plasma and nearby surfaces forms high electric field regions. These
high electric fields regions separate the plasma from the nearby surfaces and are
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related to the local potential by:

e = —Vd>

(1.5)

where £ is the electric field and —V<f> is the negative gradient of the potential
(<f>). Figure 1.2 (a) shows in a simplified schematic drawing of the variation of the
plasma potential as a function of the distance from the near walls of the chamber
as well as the electric fields resulting from the potential.
These high electric field regions are known as sheath regions. The sheath
regions mainly contain positive ions and nearly zero electron ednsity at any given
instant of time, as the lifetime of electrons crossing the sheath is relatively very
short compared to th at of ions. However, the net electron flux at the electrodes,
or near by surfaces, is equal to th at of the ions. The ion and electron densities
gradually change with the distance from the wall until they equal each other at
the bulk of the plasma. Figure 1.2 (b) shows the different regions in a plasma
with the relevant charge densities and electric fields with respect to the distance
from the walls/surfaces nearby.

1 .2 .7

L en g th &; tim e sca les in p lasm as

Some other im portant electrical plasma properties are the distance over which
a substantial departure from the neutrality can be sustained, which is described
by the Debye Length, and time scale of response of the charged particles to any
change in electric field.
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D ebye length

Globally, a plasma is quasi neutral, but locally electric fields can exist. The Debye
length (Xd ) is the indication of the distance over which these local electric fields
can exist.
The electric charges in a plasma significantly influence one another and re
spond to the external electric field. The potential is a scalar value of the neigh
boring charges. However, since plasmas are dynamic media, due to the movement
and interaction of the various species, one can assume an ion to be stationary
with respect to an electron because of their different mobilities and speed, for
simplicity. Therefore, the collective electric potential of a stationary ion and an
electron is expressed by the following equation:

0

= -y e x p (-^ -)

( 1 -6 )

where (f) is an electric potential at a distance r from a stationary ion; Xd can be
understood as the distance beyond which a space charge electric field is screened
by the surrounding oppositely-charged particles th at accumulate as all particles
constantly redistribute themselves in the plasma; thereby allowing a quasi neutral
plasma between electrodes at different potentials.
The expression of this characteristic length can be extracted by applying Poisson’s equation, V 2 <f> = ^ where n is the charge density. Then this expression
becomes

^ when simplified into a one dimension problem in cartesian coor

dinates. Multiplying both sides of the equation with

results in ~
d{x'/xD)'i ~ ^
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The Debye length is then given by the following equation:

(1.7)

which features the electron temperature (Te), density (ne), charge (e), and the
permittivity of free space (eo).

1.2.7.2

P lasm a frequency

Plasma frequency (up) is the frequency of oscillations of charged particles as
they move on Debye length scales. The plasma frequency can be regarded as
the maximum frequency at which the charged particles respond to changes in
the plasma or to an applied electric/magnetic field. Due to the mass difference,
electrons tend to have much higher mobility than ions and can respond to much
higher frequencies. Therefore, in most cases, the plasma response is determined
by the electron response.
The plasma frequency can be obtained in a similar way to th at of the Debye
length, assuming a charge with mass m passing through an electric field e. Apply
ing Poisson’s equation, ^
j2
oscillation equation,

with

^

results in a second order harmonic

2

^ x = 0. The plasma characteristic frequency is then

given by the following equation:

( 1.8 )

where n and m correspond to the density and mass of the electrons or ions. The
plasma frequency is very im portant for many heating mechanisms in a plasma
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Table 1.1: Some plasma parameters for three different types of plasmas.
Plasma
Fusion
Micro

p (mTorr)
Few
7.6 x 105

Processing < 300

rii/rig
> 1
< 0 .1
< 0 .1

n e (m 3)
> 1020
> 1020 ;
< 1022
> 1014 ;
< 1018

Te (eV)
few 103
> 0.1 ;
< 10
< 5

XD (mm)
10 p m
few pm

u p{G H z)
102
102

< 10

especially if time varying electric fields are used to ignite the plasma. If the
frequency of the electric field is much higher than the plasma frequency (ions and
electron) the particles will not respond. However, by varying the input frequency
of the applied field it is possible to affect either the electrons or the ions if their
respective frequencies are higher than th at of applied field. Table 1.1 gives some
examples of these parameters for different types of plasmas.
In an industrial radiofrequency plasma, typically operated at a frequency of
13.56 MHz which is the main focus of this research, n e ~ 5 x 101 5 m-3, uope ~
4 GHz and ujpi ~ 15 MHz are typical values for some plasma parameters.

1.3

D iverse plasm a applications

Different types of plasmas are used in various applications'in different fields. The
choice of one particular type of plasma is totally dependent on the nature of its
properties. The list below describes some of the fields th at use plasmas:
• Medical field: tissue sterilisation, wound healing, tissue regeneration, treat
ment of melanoma skin cancer and dental cavities [Ptasinska et al., 2010].
• Industrial field: Ultra-Large Scale Integrated Circuits or Very-Large Scale

D ive rse p la sm a application s

14

Integrated Circuits (ULSIC/VLSIC) production in semiconductor manufac
turing [Samukawa & Mieno, 1996], Plasma Arc Welding (PAW) for different
aluminum alloys [Stava, 1993].
• Entertainment & household appliances: light sources, such as the mercury
light tubes and neon signs and decorations, and plasma televisions.
• Environmental care: treatm ent of toxic industrial fumes and degrading pol
lutants in wastes [Horikoshi & Hidaka, 2002].
One of the largest applications of plasma is in the semiconductor industry,
where low temperature, low-pressure plasmas are used to modify silicon wafers
by either depositing new material on the wafer surface or removing material by
etching patterns in the surface of the substrate. Indeed, wafers spend about 70%
of their processing life time in plasma. Out of the different steps and processes
where plasma is used in these industries, one particular process, plasma etching,
is the focus of this thesis.

1.3.1

P la sm a e tch in g

Over the last few decades, the world has witnessed a revolution th at has led to a
remarkable miniaturisation of all electronic devices and increase in their reliabil
ity. Ranging from desktop computers to laptops, mobile phones to music players,
medical equipments and household electronics; all have had vast improvements
because of the IC manufacturing revolution.
All this would have been impossible without an equivalent, if not larger, im
provement in the main manufacturing process of integrated circuits, plasma etch
ing. Figure 1.3 shows various plasma etched patterns of sub-100 pm dimensions
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Figure 1.3: This figure shows different plasma etched patterns and their relative
scales of Si for MEMS applications. The etched features are of few tens of fim.
[Images are courtesy of [Oxford Instruments Plasma Technology, 2002]].
of silicon wafers produced by Oxford Instruments Plasma Technology Application
Lab in the United Kingdom [Oxford Instruments Plasma Technology, 2002]. Fig
ure 1.3 clearly shows how delicate and precise the plasma etching processes should
be; especially for the micro-electromechanical systems (MEMS) applications and
other semiconductor manufacturing processes th at would not be possible without
the large improvement in plasma etching techniques.
The most common etching methods use either wet etching 1 or reactive gas
plasma (also known as dry etching). Before 1970, all semi-conductors were etched
in wet-etchant manually controlled baths. Wet etching is used for etching large
1Wet etching is were corrosive solutions are used to imprint a pattern in a surface covered
with a mask that protects certain areas while posing others.
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features (order up to a few hundred microns) and when the accuracy of the etched
profile is not of crucial importance. Dry etching is used for creating fine small
features (sub hundred micron features) where the geometry of the etched profile
is important, while advanced dry etching is used to create even finer trenches
(order of few 10 nm).

The aim of our research is to further understand the

physics behind these advanced processes and try to adapt them to generate even
finer etch dimensions.
Each of the etching processes is evaluated by the etch rate, selectivity, unifor
mity, directionality (isotropic or anisotropic), etched surface quality, and repro
ducibility. Figure 1.4 and the list below describe these parameters in more details
[Pearton & Norton, 2005]:
E tc h ra te : is a measure of the speed th at material is removed from the surface.
The rate depends mainly on the type of etching, the flux or concentration
of etching particles, and the speed with which the etching products are
removed from the region close to the surface. For example, if the products
of chemical reactions are highly volatile then etching is faster.
S electiv ity : indicates the difference in etching rates for different materials. In
order to remove only one particular layer and leave the underlying layer
untouched (or at least not too perturbed), an etching process should have
different etch rates for the different layers. The rate of etching of the layer
th at is going to be removed should be much higher than the rate of etching
of the underlying layer. In th at way, it is possible to remove only the upper
layers leaving the underlying layers untouched, simply by controlling the
duration of the process.
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Uniform ity: is an indication of how well an etching process maintains the same
etch rate in both space and time. High uniformity means th at all chips on
a wafer will be processed in the same way.
D irectionality: is essential for etching high aspect ratio features. It is defined by
the ratio of horizontal etch rate over vertical etch rate. If the directionality
is equal to

1

, then the etching will be isotropic (i.e. the etch rate is the

same in all directions), while if it is less than

1

etching is anisotropic (i.e.

the etch process proceeds more quickly vertically downwards. In the ideal
case, it is equal to

0

and the etching is completely directional.

Etched surface quality: indicates the smoothness of surface is after etching.
This is very im portant for some applications, especially in ULSIC.
R eproducibility: indicates how well the same etch process can be performed
over long periods of times, and large number of wafers. This is a crucial
property for all industrial applications.
Simplicity, low cost, low damage to the wafer, high selectivity, and high
throughput are some of the advantages of wet etching. However, with the in
crease in the demand for ULSIC/VLSIC which means increase in circuit density
on the wafers, it became crucial to have a high-resolution pattern etching.
The main limitations of wet etching is its isotropic nature making it inca
pable of achieving sub-micron etching features. Hence although more expensive
and lower output, dry etching was favored for ULSIC. Providing high resolution
etching (patterning sub-micron features) due to its anisotropic etching nature,
plasma etching became more significant in the semi-conductor manufacturing
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Figure 1.4: Illustration of some etching param eters.
fields over wet etching and was more and more implemented [Pearton & Norton,
2005]. Table 1.2 summarises some of the different types of dry etching used in
ULSIC [Pearton & Norton, 2005]. All the mentioned techniques use the plasm a
as a source of energetic particles th a t later on initiate the chemical or physical
reaction with the wafer according to the characteristics of the used technique.
ECR (Electron resonance cyclotron), IC P (Inductively coupled plasm a), and
CCP (Capacitively Coupled Plasm a) are the main plasm a sources for all the
different etching techniques mentioned in table 1.2. EC R uses microwave electric
fields and steady m agnetic fields to create very energetic electrons which ignite the
plasma. ICP uses a radiofrequency coil located outside of the vacuum chamber
creating a rotationally symm etrical radiofrequency field th a t couples inductively
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Table 1.2: Some dry etching techniques and their characteristics [Pearton & Nor
ton, 2005].
C h a ra c te ris tic
Ion Milling
RIE
(Reactive-Ion
Etching)
RIBE
(Reactive-Ion
Beam-Etching)

M ech an ism
Physical
Ion-assisted
energy driven
chemical etch
Chemical
& physical
sputtering

D ire c tio n a lity
Anisotropic

P re s s u re (T o rr)
< 1 x 10~4

Anisotropic

0 .1 -5

Anisotropic

1

x

1 0 '4

with the electrons and so ionising the gas. Finally; CCP, the simplest design
of all, is made of two parallel metallic plates, with one as a table for the wafer
(could be biased, i.e. a separate D C /R F voltage can be applied to it) and the
other is the radiofrequency powered electrode. The plasma is generated between
the electrodes by ionising the gas in between the plates.

1.3 . 1 . 1

Som e d isad v an tag es o f tr a d itio n a l p la sm a e tch in g

Along with the need for sub-micron etching patterns, high density plasma sources
(such as ICP & ECR) are key technologies for the necessary etch precision
[Samukawa et al.,

2 0 0 2

]. These techniques have many advantages which involve

high density plasma at lower pressure, higher degrees of ionisation, and more
controllable ion energies th at can be obtained by other techniques [Samukawa
& Mieno, 1996]. These techniques can successfully generate etch profiles of the
orders of a few tens of nanometers, but many problems arise when trying to
implement them to generate sub - 1 0 nm etch profiles.
The main disadvantages of these technologies are related to the damage caused
by the charge build up of positive ions and electrons on different surfaces or by the
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Figure 1.5: This figure illustrates the different species th at exit from the plasma
towards the target substrate. The species are ions, high energetic electrons, and
photons with energies ranging from UV to soft X-ray. This illustration also shows
the charge build up process which results in the under cuts of the substrate.
radiation damage caused by ultra-violet during etching [Mizutani & Nishimatsu,
1988; Samukawa et al.,

2 0 0 2

]. Figure 1.5 shows the damage and under-cuts due

to the charge build up and photo-resist damage due to radiation from the plasma.
These are clearly serious problems leading to dielectric defects as ULSIC/VLSIC
device integration increases, since the insulator thickness must be scaled down.
These disadvantages degrade the electrical characteristics and limit the etching
parameters to the order of a few tens of nanometers. Clearly these problems need
to be addressed, in order to reach sub - 1 0 nm etching and avoid device damage
due to under cuts and radiation.
In summary, traditional plasma etching is suitable for current device require
ments where the features have 22-nm dimensions. However, traditional plasma
etching is not compatible to meet the requirements of future devices with sub

10

-

nm features. One possible solution, of many suggested techniques to overcome
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these problems, is to shield the substrate from the radiation and charged species
by using energetic neutral particles to etch the substrate avoiding the problem of
radiation damage, charge build up, and under-cuts. This technique is known as
Neutral Beam Etching (NBE).
In order to understand the physics taking place in a neutral beam etching
source, we must probe the plasma physics occurring in such a source under dif
ferent operation conditions (gas mixtures and power modes). Understanding how
the plasma parameters change with the operation conditions will lead to a better
control over which species are extracted from the plasma and their energies. This
in turn will lead to a better control over the etching profiles.

1.4

N eu tral beam etching

Over the last forty years, groups th at have worked and developed neutral beam
etching techniques considered different plasma source designs.

These designs

were different in the mechanisms th at generated, neutralised, and extracted the
energetic particles. The following list summarises the different aspects th at these
groups approached:
1. Ion creation mechanism (thus, the convenient plasma source)
2

. Convenient ion extraction technique

3. Convenient acceleration mechanism for the ions
4. An efficient way of neutralising these energetic ions
Neutral beam etching has been around since the early 1970s, but it was known
as Fast Atom Beam (FAB) etching. The first FAB source, a cold-cathode ion

N eu tral beam etching

22

source using a saddle-field configuration with twin anode rods, was proposed by
A. H. M cllraith (1972). Various modified sources have since been investigated,
including a cylindrical cathode source and a spherical cathode source. These
sources have been used to prepare specimens for electron microscopy, to prepare
field electron/ion emitters, and as a vacuum ultraviolet sources for photoelectron
spectroscopy [Shimokawa & Kuwano, 1994]. The particle flux emitted from a
neutral-particle source, however, has been much less than the flux emitted from
a magnetron ion source. Due to the small flux of neutrals, the etching rates are
very slow compared with other etch techniques. This has prevented FAB sources
from being used in practical plasma-processing applications. In addition, such
fundamental characteristics as beam current, beam neutralisation coefficient, and
energy distribution have not been clarified for FAB sources.
One of the early neutral-beam setups was presented by Mizutani & Nishimatsu
[1988] which is shown in figure 1.6. This system produced ions in an ECR plasma
source. The extraction of the ions from the bulk of the plasma was done by
two sets of multi-aperture electrodes situated below the plasma. The extracted
ion beams were allowed to propagate a few centimeters before reaching a set of
retarding grids. The energetic neutral particles were produced by charge exchange
reactions between the ion beam particles and background gas in the zone between
the multi-aperture electrode and retarding grids [Eccles et al., 1986; Mizutani
& Nishimatsu, 1988]. Figure 1.6 shows the setup th at was used in this study
along with the plasma source, ion extraction grids and retarding grids before
the substrate. The retarding grids were used to repel ions which had not been
neutralised from reaching the substrates.
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Figure 1.6: Schematic representation of one of the earliest Neutral Beam sources
used by Mizutani & Nishimatsu [1988]. This setup uses ECR as plasma source for
ion generation, multi-aperture electrodes for ion extraction, and a set of retarding
grids for shielding th at substrate from ions. The neutralisation mechanism de
pended on the charge-exchange collisions between ion beams and background gas
between the sets of electrodes and retarding grids. Figure taken from Mizutani
& Nishimatsu [1988].
Using the setup, shown in figure 1.6, this group demonstrated successful etch
ing of substrates via neutral energetic particles. The etching profile greatly de
pended on the projectile of these particles after they were neutralised along with
the total neutral flux reaching the substrate. The neutralisation efficiency clearly
depended on the density of neutrals between the extraction and retarding grids.
Therefore the neutralisation depended on the gas pressure in this volume. Too
much background gas will lead to deviation and ultimately loss of the collimated
extracted beams, and not enough background gas will lead to a very low neutral-
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Figure 1.7: This figure shows a schematic representation of the 70 mm FAB source
used by Shimokawa & Kuwano [1994], including the ring-anode which is responsi
ble for generation the plasma and extracting the ions from it. The neutralisation
depended on the neutral species found between the anode and the apertures in
the graphite cathode. Deflectors were mounted after the extraction grid to de
viate ions which were not neutralised from reaching the substrate. Figure takes
from Shimokawa & Kuwano [1994].
isation efficiency. The specimen also sits below the retarding grid at a pressure
close to th at between the grids i.e. more probably collisions might occur after
neutrals pass through the retarding grid. However, they were reported successful
usage of neutral energetic particles to etch substrates, shielding them from ions
and hence reducing charge build-up damage.
Figure 1.7 shows a setup by Shimokawa & Kuwano [1994] in which they pre
sented a new FAB source design th at had more control over some plasma char
acteristics by using an electromagnetic and electric field.
The setup consisted of a 70 mm long and 40 mm diameter graphite tube with
a gas inlet at one end and exit apertures at the opposite containing a ring anode
at the center of it. The magnetic field was to slow the loss of the electrons at the
walls of the chamber. At the same time, an electron’s total path from cathode
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to anode is made more circuitous, thus enabling it to cause more ionisation and
excitation.
The neutralisation of the energetic neutral particles was due to charge-exchange
collisions with neutral gas particles or by recombination with low energy electrons.
Another neutralisation effect might occur at the exit apertures. The entire tube
was made of graphite (which also helps in neutralisation at the exit apertures).
Most of the residual ions exiting the apertures were removed by deflectors, leaving
an almost pure beam of fast atoms. The neutralisation efficiency in this setup
also depended on the gas pressure and neutral particle density in the system, but
the plasma source and extraction mechanism was different from the setup used
by Mizutani & Nishimatsu [1988].
Although a 90% neutralisation coefficient was reported, the neutralisation of
positive ions is limited to at most 60% because the charge transfer of positive ions
is not efficient [Mizutani & Nishimatsu, 1988]. Therefore, these sources produced
low-flux high-energy beams and were not practical for processing applications.
Therefore, other ion extraction and neutralisation techniques had to be consid
ered. These percentages can be reconciled if surface charge-exchange collisions
were used instead of collisions with neutral gas particles. Surface charge-exchange
collisions result in a higher neutralisation efficiency (~ 95%), as long as an ap
propriate surface material is used [Noda et al, 2004; Samukawa, 2006].
Figure 1.8 shows a plasma source th at uses different ion extraction and neu
tralisation techniques, presented by Panda et al. [2001]. They used an ICP plasma
source to generate the plasma and energetic ions with a grounded aluminum grid
containing high aspect ratio holes as a neutraliser grid. A tunable accelerator
circuit including a tuning capacitor distributed a fraction of the power from the
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Figure 1.8: This figure shows the ICP plasma source which was used by Panda
et al. [2001]. It shows the accelerator electrode which is responsible for extracting
ions from the plasma and accelerating them towards the grounded neutraliser grid
at the bottom of the setup. Figure taken from Panda et al. [2001].
input radiofrequency (rf) power to the rf powered accelerator electrode to control
the boundary voltage (H) which accelerates ions out of the plasma.
The boundary voltage synchronised with the input power providing both an
extraction and acceleration mechanism of the ions from the bulk of the plasma.
This provided control of the ion energy and hence the neutral beam energy. The
neutralisation of the energetic ions extracted from the plasma was accomplished
by grasing angle surface collision with the high aspect ratio aluminum grid rather
than charge-exchange collisions with neutral background gas. The periodically
collapsing sheath over the grid holes causes a fraction of the ions to enter the
holes with angles larger than the normal which ensured a collimated neutral
beam [Panda et al., 2001].

This provided a new neutralisation method th at

depends on charge-exchange collisions with walls of the grounded neutraliser grid.
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Figure 1.9: The neutral beam source th a t was presented by Samukawa et al.
[2002]. This figure shows the top carbon plate which extracts and accelerates the
ions and the lower carbon grid which neutralises the ions via surface collisions.
Figure taken from Samukawa et al. [2 0 0 2 ].
This allowed plasma operation at a much lower pressure, since there was no need
for excess neutral background gas.
Other groups produced energetic (or hyperthermal) neutrals depending on
charge-exchange mechanism with surfaces, by accelerating ions to a surface where
they were neutralised and reflected [Panda et al, 2001; Samukawa, 2006]. These
groups used ECR or ICP plasma sources mainly to generate the energetic ions,
while some others used DC plasma sources (similar to the setup described by
Shimokawa & Kuwano [1994]).
Figure 1.9 shows another neutral-beam source consisting of an ICP source
and parallel top and bottom carbon plates th at was presented by Samukawa
et al. [2002]. The ions which were generated in the high-density low-pressure
plasma were extracted and accelerated when a direct current bias was applied to
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the top and bottom carbon plates. This provided efficient extraction of ions and
control over their energies. The neutralisation mechanism in this setup depended
mainly on the grasing angle surface collision with the inside surface of the nu
merous apertures in the bottom carbon plate. Another main feature of this setup
is th at the process chamber (where the substrate is located) is separated from
the plasma chamber by a carbon plate fitted at the bottom. This gives a very
low pressure around the wafer and hence avoids collisions between the energetic
neutrals and any background gas. Graphite plates were used because they have
the lowest sputtering yield under high-energy bombardment and do not contami
nate semiconductor devices. For the reasons discussed earlier about the efficiency
of neutralising positive ions, another difference in this group’s work is th at they
used electronegative gases to generate and extract energetic negative ions.
In this paper, they reported a neutralisation efficiency of negative ions of al
most 100%. The differences between Samukawa et al. [2002]’s and Panda et al.
[2 0 0 1 ]’s design are the boundary control mechanics as well as the boundary ma
terials, where the first used biased graphite grid while the latter used a grounded
aluminum extraction grid. Samukawa et al. [2002] also added in some cases a
magnet after the extraction grid to deflect any residual ions or electrons from
reaching the substrate. However, they reported th at they were getting the same
etch results with and without the magnetic filter.
In short, they successfully generated energetic neutral beams by extracting
ions, mostly negative ions produced in the afterglow discharge of an electronega
tive gas in an IC P /E C R low-pressure high-density plasma source, by biasing the
carbon plates and neutralising them via surface-grasing collisions. Negative ions
were used as they are easier to neutralise than positive ions. The DC biasing of

N eu tral beam etching

29

the carbon plates, furthermore, accelerates the ions towards the process chamber
and wafer.
This design was later used extensively with minor changes in the system by
the same group (Kubota et al. [2004]; Noda et al. [2004]; Samukawa [2006, 2007];
Samukawa et al. [2008] and Kubota et al. [2010]), and they have successfully
proved th at neutral beam etching is capable of achieving sub

1 0

-nm etching.

In summary, several methods of generating energetic neutrals have been tested.
Firstly, volume neutralization, which is based on the charge-exchange collisions.
This neutralisation is directly proportional to the gas pressure in the chamber,
which tends to be very low in processing environments. The charge exchangecollision does not change the directionality of the fast ions, however scattering due
to collisions can still occur as the ions are propagating in the neutral background
gas. Secondly, surface neutralisation of ions, which is based on the interaction of
the ion beam with a solid surface. This mechanism greatly depends on the impact
angle, where ions grasing the surface exit most likely in the same direction of the
parent ion beam. The energy loss due to this grasing is very small compared with
the initial kinetic energies of the parent ions. As the angle of impact moves closer
to the normal, the surface directionality changes and the loss of energy increases
as this angle gets closer to the normal. Thirdly, simultaneous ion extraction and
neutralisation, this technique has more advantages over the others because of
the larger beam flux created and the more control over the beam characteristics.
This simply uses high aspect ratio grids to extract and neutralise the ions from
a pulsed operated high-density low-pressure plasma source. Ions are neutralised
by grasing the internal surfaces of the grids, and since it is a low pressure plasma
the ion mean free paths increase. Another aspect of this technique is th at the
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wafer sits at a small distance downstream in a chamber below neutralising grid
at a pressure ten times lower (in most cases) than the plasma source.
Furthermore, electronegative gases in low-pressure high-density plasma sources
(ECR & ICP) were ignited with pulsed-modulated power to further increase the
generation of negative ions and control the plasma properties. This increased the
neutralisation efficiency since negative ions are much easier to neutralise.
A different mixture of gases is also used to achieve higher etch rates and passi
vation layers to protect the walls and prevent undercuts. However, the chemistries
and physical processes th at take place in the plasma formed of these gases is highly
complex and it is not yet fully understood.
The main challenge is neutral beam diagnostics which are im portant to mea
sure the flux, energy distribution and angular distribution (collimation) of the
beam. In contrast to ion beams, neutral beam characterisation is not easy, since
neutrals cannot be manipulated with electric (or magnetic) fields. Neutral beam
diagnostics fall into two general categories: to measure the properties of the neu
trals directly or to first ionise (a part of) the neutral beam and then characterise
the resulting ions. Calorimetry may be used to directly measure the energy flux
of a neutral beam. The temperature rise as a function of time of the calorimeter
disc is related to the power deposited on the calorimeter. However, calorimetry
provides the energy flux (i.e. particle flux times energy), and not the individual
values of the neutral beam flux and energy. A common approach is to assume
that the neutral beam energy distribution is the same as the energy distribution
of residual ions coming out of the source, which can be readily obtained with a
gridded electrostatic ion energy analyser. The neutral beam flux can then be ex
tracted. Even if the energy distribution of the neutral beam is accurately known,
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however, calorimetry provides only an approximate measure of the neutral beam
flux, since the fraction of energy th at neutrals actually deposit when they strike
the calorimeter surface is generally unknown. It is usually assumed th at all of the
energy of the bombarding species is deposited on the surface. Another method
to measure the neutral beam flux makes use of the secondary electron current
emitted from a surface impacted by fast neutrals. Ions, electrons and photons
must be prevented from striking the detector surface or else their effect must be
accounted for. Even then, however, one must know the secondary electron emis
sion coefficient,

7

, of the surface as a function of energy for the particular fast

neutrals [Economou, 2008].
Measurements of the angular distribution of fast neutral beams have not yet
been reported. An indirect measurement was performed to the angular divergence
of the residual ions emanating from the neutral beam source. Also, a rough idea
of the beam divergence may be obtained by measuring the etch rate drop off as
a function of distance from the neutralisation grid or by using techniques applied
to ion beams [Economou, 2008].

R IE & N B E
In summary, various groups have successfully tested different approaches and
systems to produce energetic neutrals. The details and efficiency of each approach
was discussed earlier. However, neutral beam etching is a relatively slow process
compared to RIE even with almost 100% neutralisation efficiency. But being a
gentler process (no charging, very little VUV/UV radiation) compared with RIE,
NBE may also be superior in the etching of ultra thin (< < 10-nm) films, for which
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the possibly lower etch rate of NBE has no significant throughput consequences.
Large area (300mm diameter or more) neutral beam processing has not been
demonstrated yet, but appears feasible given the viability of large area ion beam
sources. From the practical point of view, pumping requirements are expected to
be demanding for large wafer processing. Also, large diameter grids must have
provisions for adequate heat transfer to avoid warping of the grid. Additionally,
large area uniformity is a serious issue with such sources.
Most of the neutral beam sources have been presented along with the different
plasma sources and various neutralisation and extraction techniques. Neutral
beam etching has been proved to successfully etch ultra-fine structures which
might be of great importance to some applications, but it is not yet used in
industries.
Plasma etching is widely and successfully used to achieve fine etch structures
(22-nm dimensions). The problems of radiation damage and undercuts arise when
trying to apply these traditional techniques to achieve even smaller structures.
Neutral beam etching is one of the suggested solutions th at has been proved to
solve these problems. However, it raises a whole new set of challenges th at need
to be addressed.
In order to achieve neutral beam etching, a large flux of neutrals should reach
the substrate. The neutrals must also be energetic. Although a large neutralisa
tion of the extracted collimated ion beams has been demonstrated, the total flux
of neutrals reaching the substrate is much less than the total flux of species in a
RIE technique. In neutral beam etching, ideally, there are very few, if any, free
radicals or charged species th at prepare and etch the substrate’s surface com
pared to RIE,which leads to a slower etch rate. While in RIE all sorts of species
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arrive to the surface enhancing, ideally, the etch rates. This makes neutral beam
etching a slow process with a low etch rate. In order to compensate for this in
a neutral beam etching source, a much higher flux of energetic neutrals should
be delivered to the substrate’s surface to achieve etching rates comparable with
RIE. However, in some applications it is im portant to have ultra-fine structures,
and etch accuracy is more im portant than speed. In such applications, because
of this need, the etch rate is less important.
The efficiency of producing the energetic neutrals is related to the ion gen
eration and extraction process which are related to the gas mixture and type of
gases, plasma source, power input mode, and neutralisation techniques which are
used in a neutral beam etching source. Efficient extraction and neutralisation
techniques have been studied, but it was done for a small range of gases.
It is the physics of pulsed plasmas, especially when electronegative gases are
used, in high-density low-pressure plasma sources we intend to probe and study
in this research. A better understanding of the plasma physics which takes place
in such systems will enable us to optimise its usage as a negative ion source for
neutral beam etching.

1.5

R esearch aim s

The majority of the work done so far on NBE focused on the etch properties
and throughput of a specific setup for a particular application. This means th at
the plasma sources/chemistries were designed/chosen according to the specific
application.
The main aim of this research is to develop and characterise a charging-
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reduced etch configuration by pulse tailoring of the plasma source. This target
can be divided into two complementary aims. The first is to understand the
effect of pulse tailoring on the overall discharge properties and on the electron
dynamics in particular. The second is to apply pulse tailoring to fine tune the
plasma properties for the purpose of NBE.
<0 The first part of this research can be divided into the following:
— Developing a simple optical measurement technique with sufficient sen
sitivity and reliability to probe the transient ignition phase in pulsed
plasmas.
— Applying pulse tailoring on a well understood plasma source to control
the EEDF in the ignition phase
— Applying various optical and electrical measurement techniques to sup
plement the simple OES studies.
— Performing pulse tailoring in an industrial plasma source
<0 The second part of this research can be divided into:
— Designing a suitable setup for performing NBE and characterising both
the plasma parameters and beam properties.
— Understanding the changes in plasma properties th at arise due to the
NBE setup.
— Applying pulse tailoring to the plasma source and different extraction
biasing properties
— Applying NBE to pristine blank and patterned wafers.
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The main focus of this research is on the areas outlined above. However, a
separate collaboration with a group from IMEC - Belgium proved fruitful and
scientifically interesting. The aim of this work was developing an in-situ tech
nique to measure the effect/ damage induced by plasma exposure of thin films in
particular low-/c dielectrics. A new wafer probe technique was developed for the
purposes of this study and proved its reliability and sensitivity to plasma induced
changes in thin film properties. A chapter in this thesis is devoted to this study.

Chapter 2
Experim ental set ups 8z
m easurem ent techniques
This chapter describes the plasma sources and measurement techniques used in
this research. In order to address the research questions stated in the previous
chapter, sufficient access to the plasma to apply the different measuring tech
niques is crucial. A research plasma source, which enabled easy optical and elec
trical access to the plasma, and an industrial plasma etching source, with limited
access to the plasma, were used to study the plasma physics and carry out reactive
ion etching (RIE) as well as neutral beam etching (NBE) experiments.
The research plasma source is a capacitively coupled plasma (CCP) source,
Gaseous Electronic Conference (GEC) reference reactor. The industrial plasma
etching source is an inductively coupled plasma (ICP) source which provided the
flexibility to instal the NBE adapter. The ICP source is a PlasmaLab 80 (PL80)
etching tool manufactured by our industrial partner Oxford Instruments Plasma
Technology (OIPT).
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G E C reference rea cto r

This chapter is divided into four sections.
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Section 2.1 describes in detail

the GEC reference reactor. Section 2.2 contains detailed description of the PL80
etching tool. Section 2.3 incudes a list of the different electronics and devices used
during this research. Finally, section 2.4 contains a brief overview of the various
plasma diagnostic techniques which were used in the course of this research.

2.1

GEC reference reactor

Plasma, once generated in a source, occupies most of the available volume due
to the mobility of its particles. For this reason, the geometry of the chamber will
have an effect on the overall charge distribution and most of the other plasma
properties. Different materials constituting the walls of a chamber will also affect
them. Hence, it was very difficult to compare plasma properties when measured
by different research groups even though the plasmas were generated under the
same operational conditions (same gas/mixture, pressure and power).
At the 1988 Gaseous Electronic Conference (GEC), it was agreed th at there
needed to be an-easy-to-model Reference Cell for making comparative measure
ments with other identical systems.

A group of industrial and academic re

searchers then collaborated to design such a plasma source.

Figure 2.1 is a

schematic drawing of this reference reactor. The diagram shows the electrode
dimensions and spacings, and the regions in pink indicate the volume occupied
by the plasma. The design was based upon the use of water cooled, aluminum
electrodes in a parallel plate configuration, a capacitively coupled system, with
a showerhead gas inlet. In recent years, some researchers have retrofitted the
top electrode with an inductively coupled coil so th at a higher density plasma
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Figure 2.1: The schematic representation of the reference chamber and its dimen
sions with the interelectrode distance. The pink region represents the plasma in
the chamber
can be obtained and the DC bias voltage across the sheath can be independently
controlled by a capacitively coupled RF source. However, our system is identical
to the original design, with the chamber walls and electrodes made from stainless
steel.
Figure

2 .2

(a) presents a sketch of a CCP GEC reference reactor with some

of the external components (such as mass flow controllers and pumping system)
and (b) a snapshot of an argon plasma operated in our reference reactor. The
parallel electrodes are separated by 25.4 mm and have a diameter of 101.6 mm.
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Figure 2 .2 : (a) schematic representation of the GEC reference reactor indicating
the positions of some of the external components of this source, (b) shows a
snapshot of our reactor operating with a pure argon plasma.
The flanges on the sides of the chamber provide support for electrical probes,
while the quartz windows provide the means for the optical measurements.
A turbo pump (Pfieffer Vacuum, TMU 261P), with 280 L/s pumping capac
ity, backed by rotary pump (Leybold Ltd., TriVac D16B ), with 2 L/s pumping
capacity, constitute the first part of the pumping system which is attached to
the side of the GEC Cell. These pumps evacuate the GEC reference cell to a
base pressure around 10- 7 mbar. This high vacuum level is needed to decrease
the impurities, such as nitrogen and water molecules, in the chamber. This en
sures the reproducibility of the plasma conditions, especially when the plasma
is operated using noble gases th at are highly sensitive to impurities and small
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percentages of molecular gases. The turbo pump is then isolated from the cham
ber via a gate-valve and from the rotary pump by an on/off valve before the gas
is flowed into the chamber to generate a plasma. The rotary pump is used to
symmetrically evacuate the chamber and keep the desired gas pressure once the
plasma is generated. An automated throttle valve, between the rotary pump and
the chamber, is used to balance between the gas flow and pumping speed to keep
the desired pressure in the chamber constant. The different gases are introduced
to the chamber via mass flow controls (MKS instruments) with typically a total
net flow rate of

2 0

seem1.

A 13.56 MHz sinusoidal radiofrequency source (ENI, ACG-5-01 XL) was used
to generate the driving power responsible for igniting and sustaining the plasma.
The output from this RF-generator passes through a matching network (ENI,
MW-5D) before reaching the lower electrode. The matching network, which con
sists of an inductor and a set of variable capacitors, is used to couple the input
power to the plasma. This configuration was used when the plasma was operated
in the continuous mode.
A signal/function generator was used to in combination with this RF-generator
to enable pulsing of input power. This set up was used not only to pulse but to
control the rise and shape of the the input power. The signal generator was
also used with a broadband amplifier (RF PowerLabs, R150C) to generate both
the 13.56 MHz signal and pulse frequency when changing the shape of the input
power was not needed.
1sccm: standard cubic centimeter
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O IPT Plasm aLab80

The inductively coupled plasma source is an industrial compact etching system
(PlasmaLab80 model, PL80 for short) produced commercially by our industrial
partner Oxford Instruments Plasma Technology (OIPT). This system provides
the necessary flexibility to modify the system from a general reactive ion etching
to a neutral beam etching source, even though direct access to the plasma is very
constrained. Unlike the GEC reference reactor, where the input electrode is in
direct contact with the plasma (or sheath region), in this system the plasma is
separated from the power source by a ceramic dielectric. The input power from a
four loop copper cable is coupled inductively with the plasma inside the ceramic
tube with 56 and 65 mm inner and outer diameters respectively. This coil is
continuously cooled by a constant flow of deionised water. The PL80 consists of
two plasma regions. The main plasma region is close to the center of the coil
region while a diffused region is where the wafer resides.
Figure 2.3 (a) shows a schematic representation of the PL80 ICP source th at
is responsible for generating the main plasma, which is then diffused to the second
region where a substrate is placed. The substrate is mounted on a table, which
can be biased, below the ICP and held mechanically in position by a carbon wafer
clamp. The wafer is cooled by helium 1 gas flowing from several pores in the table
under the wafer. This table is connected to a matching network and second
power source. It can be a operated as an independent CCP source separately or
synchronously with the ICP power source. Deionized water maintains the table
at a constant temperature during the operation of the plasma.
h e liu m is used because of its high thermal conductivity, inert nature and high mobility.
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Figure 2.3: (a) shows a detailed schematic representation of the PL080, with the
dimensions in mm, and the pink region designates the volume occupied by the
plasma, (b) shows a picture of the PL80 in or lab and the components of the
pumping system and power supplies.
An external gas pod contains all the mass flow controls for the various gases
which can be used in this system. A turbo pump with 420 L /s pumping capa
bility is positioned after an automatic throttle valve. The turbo pump is used
in combination with a rotary pump to evacuate the PL80 to a base pressure of
10- 3 mTorr and maintain the desired pressure when the plasma is ignited.
Gas flow and pressure are set via a software th at controls the whole system.
When operating in continuous mode, the user has only to specify basic parame
ters; such as power, pressure and gas mixture. The software runs automatically
through the inputs of the user if the interlock chain security is switched on. The
interlock chain is a health and safety feature of this system. If any failure occurs
with gas pressure, gas flow, cooling water temperature or even a faulty compo
nent; this interlock chain will indicate an error and will keep any process from
being carried out.

Various electronics and com ponents

43

The PL80 was modified to carry out NBE according to a design adapted
from Samukawa et al [2 0 0 2 ]. A detailed description of this setup is included in
chapter 5.

2.3

Various electronics and com ponents
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Figure 2.4: (a) shows the setup used to generate the plasma in continuous mode,
matching network (MU), inline current-voltage probe (I-V), passive voltage probe
(V), and two measurement systems, (b) shows the same plasma system with the
extra circuit components, highlighted in red, used to operate the plasma in pulsed
mode and synchronize the measurement systems.
Various electronics and sources have been used to facilitate the operation of
the diagnostic systems as well as the pulsing of the input powers. Figure 2.4
presents a schematic representation of the plasma source and various electronics
th at were employed to operate the source and the different acquisition systems
used when operating the plasma in continuous mode (a) and pulsed regime (b).
Although this figure represents the GEC reactor, the same power sources and
acquisition techniques were used when operating the PL80 in pulsed mode.
A signal/function generator (Agilent, 33250A) was used to pulse the dis-
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charges operated in both the CCP and ICP systems. It was used mainly as
the master of the circuit in order to synchronize all the acquisition techniques
with the input pulses.
A boxcar system (EG&G Princton Applied Research, 4152B) was used in
combination with other electronics to enable temporally resolved measurements.
A delay generator (Stanford Research Systems, DG 535) was used to control
the gating and triggering of the acquisition of the hairpin probe, the plasma
imaging and spectrally resolved measurements by controlling the gating of the
intensifier on the i-CCD camera.
A hairpin probe was used to measure the electron density. In this system, a
microwave generator (Agilent made) was used to create a sweep of frequencies
ranging from 1 to 12 GHz. A circulator (AtlantaRF) and directional coupler were
used in combination of the microwave generator to carry out the hairpin probe
measurements.
A commercial Langmuir probe was briefly used to measurement some plasma
properties in continuous and pulsed mode in the PL80.
An ion flux probe was used to measure the ion density in the diffused plasma
region in the PL80. RF power supplies (OU built) and a bank of external capac
itors were used to operate this probe.
An inline voltage-current (V-I) probe (Impedans Ltd) was used to measure the
time resolved voltage, current, phase difference and impedance for the first four
harmonics of the input power when the plasma was operated in pulsed mode. The
same probe was used to measure the same parameters in addition to the input
power, reflected power, and forwarded power when the plasma was operated in
continuous mode.
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A voltage-current probe (OU built) was also used to measure the RF-voltage at
the closest physical point of the powered electrode in the GEC reactor and before
the matching unit in the PL80. Details of this probe can be found in Braithwaite
[1997].
Spectrally and temporally resolved measurements were carried out using a
system composed of a spectrometer and an intensified-CCD. The spectrome
ter (Horiba, TRIAX-320) has two gratings of 300 & 1800 groove line density
(mm - 1 Respectively with a 320 mm optical path and provided a resolution of
0.2 nm. An i-CCD (Andor Technology, DH 534-18F-XX) was used to perform
the plasma imaging and in combination with the spectrometer to perform the
spectrally and temporally resolved measurements.
Two oscilloscopes (Tektronics and LeCroy) were used to collect and average
the sampling of the current and voltage measurements for the discharge of the
external capacitors in the ion flux probe and the photodiode measurements.

2.4

M easurem ent techniques

A combination of several electrical and optical measurement techniques was used
to acquire the plasma properties in both plasma sources. The same techniques
were applied to the pulsed plasma studies, with some alteration to the acquisition
circuits used for obtaining the temporally resolved plasma parameters. These var
ious plasma diagnostic techniques are briefly introduced in the following sections;
the reader is kindly referred to the mentioned references for further details on
each technique.
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E lec tro m a g n etic p rob es

The hairpin probe is a type of resonant electromagnetic probes th at has been
developed as a tool for measuring local electron densities. It was first used by
Stenzel [1976]. It was then revisited and further improved by Piejak et al. [2005].
This probe depends on the physics of electromagnetic waves propagating in the
plasma [Chabert & Braithwaite, 2011; Samara et al., 2012b]. A short summary of
the main aspects of the hairpin probe operation is given below. A more detailed
description can be found in Chabert & Braithwaite [2011]; Piejak et al. [2005];
Stenzel [1976].

I
Coaxial
cable

Coupling
loop

Hairpin QJ4)
resonator

Figure 2.5: A schematic representation of the hairpin probe quarter-wavelength
resonator. This figure shows the coaxial cable, inductive loop, and the U-shaped
metallic wire (resonator), and L indicating the length of the probe.
Figure 2.5 shows the typical structure of the hairpin probe. The hairpin probe
consists of a U-shaped wire, hence its name, which is inductively coupled by a
loop of shortcircuit coaxial cable to a swept microwave source. It has a resonance
whose quarter wavelength is equal to the length of the probe. The fundamental
resonance frequency of the hairpin probe in a medium with uniform permittivity
e is given by:
* = 4L J l
where c is the speed of light, L is the length of the probe and e is the permittivity
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of the medium. In case the probe was immersed in vacuum, e = 1, while for
a weakly magnetized low-pressure plasma the permittivity is determined by the
free electrons roaming in the region close to the probe. In a weakly magnetized
low-pressure plasma, e is given by:

uj2

= 1-

(2 -2)

where
/ n ec
wp = 4 /—
meo

. .
2.3

y

is the plasma frequency {up = 2irf), n e electron density, and e and m are the
charge and mass of an electron respectively. Because the permittivity in a plasma
is smaller than in vacuum, a hairpin probe immersed in a plasma will resonate
at a higher frequency (determined by the plasma) from th at in vacuum. By
measuring this shift in the resonance frequency and applying the above equations,
the electron density of the plasma surrounding the probe can be determined.
The above equations and frequency shift can be combined in the following simple
equation:

n . , K ‘v

. e w - n / G

t f

(!1 |

where f r and /o are the probe’s resonance frequency measured in the plasma
and in vacuum respectively. Figure 2.6 shows typical signals produced by the
hairpin when immersed in both vacuum (dashed line) and plasma (solid line).
The resonance frequency of the probe is indicated in both cases where the plasma
density can be determined from this shift simply by applying equation 2.4.
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Figure 2.6: Typical hairpin probe signal in vacuum (dashed) and plasma (solid).
This technique relies on waves propagating in the plasma, hence nearby sur
faces contribute to the structure of the background and standing waves. In some
cases, the contribution from the nearby surfaces and standing waves completely
cover the resonance frequency of the probe rendering the signal extremely noisy
and not separable from the background. For such cases, there is a technique
developed by Samara et al. [2 0 1 2 b] which can be used to extract the probe’s res
onance frequency even in this noisy environment. A detailed description of this
technique can be found in [Samara et al, 2012b].
From the practical point of view, using this hairpin probe is very straight
forward and requires no complicated theories to extract the electron density.
However, like any floating surface in a plasma a sheath of few Ad forms around
the wire. In some circumstances the presence of this sheath needs to be con-
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sidered when determining the electron density. Piejak et al [2004] developed a
relation th at corrects for this effect. However, when the wire radius is very small
compared to the separation between the strands and the electron density of the
order of

1 0 16

m - 3 this effect can be neglected.

For time resolved measurements, the same acquisition system was used to
gether with a boxcar triggered by a delay generator, as shown in Fig. 2.4. In this
case, the signal generator frequency was swept slowly compared to the discharge
repetition time, so th at the recorded resonance line was averaged over many dis
charge pulses. These signals were sampled by the boxcar integrator at the desired
time of the discharge, enabling time resolved electron density measurement.

2 .4 .2

E le c tr o sta tic p rob es

Electrostatic probe techniques are well established for determining charged parti
cle densities and electron energy distribution functions in cold plasmas. Perhaps
in the electrostatic probe family the most popular and widely used is the cylin
drical Langmuir probe. In a simplified description, it is a bare cylindrical strip of
conducting wire immersed in the plasma. Another type of electrostatic probes is
the ion flux probe. The ion flux probe is in general a small surface area, usually
borrowed from one of the electrodes, and connected to an externally polarized
capacitor. A brief description on the operation of both probes is presented in the
following subsections. More detailed description on the Langmuir probes can be
found in Chen [2009]; Godyak et al [1992] and Chabert & Braithwaite [2011] and
on the ion flux probe in Booth et al [2000]; Braithwaite et al [1996]; Chabert &
Braithwaite [2011] and Samara et al [2012a].
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Langmuir probes

The charged particle densities, electron tem perature (Te) and energy distribu
tion functions (EEDFs), plasma potential (Vp) and floating potential (V/) are
determined by measuring the current drawn by the Langmuir probe for different
applied voltages. In theory, this technique should work on arbitrary geometries,
but the analysis becomes complicated for some geometries. Also, some geome
tries may lead to significant perturbation of the local plasma. For cylindrical
thin probes, a small surface can produce good quality data with appropriate
care. Figure 2.7 shows (a) a schematic of the Langmuir probe set up and (b)
typical measured I-V curve with ion saturation current (As), Vp and V/ which
denote three distinct regions in the measured curve. The first region is the ion
saturation region (As), where the applied potential is negative. This region is
of relatively small current formed by positive ions being attracted to the probe
surface. This current is actually positive, but Langmuir probe current voltage
characteristics are conventionally plotted in this inverted way so th at the current
appears to be negative. The potential V/, which denotes the second region, at
which the current is equal to zero (i.e. the ion and electron currents have the same
amplitude and so cancel each other). It is called the floating potential because an
insulated probe, which cannot draw a current, immersed in the same plasma will
float at this potential value. For cold ions, in the absence of secondary electron
emission, the floating potential can be calculated using the following expression:
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Figure 2.7: (a) is a schematic representation of the Langmuir electrostatic probe
in a CCP source, and (b) is typical measured I-V data from a cylindrical Langmuir
probe.
where e and m e are the electron charge and mass respectively, m, is the ion mass
and Te the electron temperature.
When the applied potential is less than the floating potential (V < Vf) elec
trons are repelled from the probe and the current increasingly consists of ion
current, tending (at large negative potential) to a value called the ion saturation
current, / is, th at may vary with voltage due to a change of the effective collection
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area [Lieberman & Lichtenberg, 1994]:

I

Iig

ensuBA

( 2 .6 )

where ns is the ion density in sheath (approxim ated as being a factor of two
less th an the bulk density), A is the probe area and the Bohm speed u B, with
Ti « T e given by:
(2.7)
Hence, the ion saturation region I is which denotes the first region, where V «
Vf, the ion density can be measured. The second and third regions are determined
by the value of the probe potential with respect to the floating potential. For
V = Vf, the probe is said to be floating which indicates the second region. The
third region is when Vf < V < Vp, where Vp is the plasm a potential. Electron
current saturation Ies is reached in the third region when V — Vp. As the bias
voltage becomes more positive, an exponential increase in the current is observed
as more and more electrons are capable of reaching the probe (Figure 2.7).
In the region between the floating and plasm a potentials, the current changes
exponentially with voltage, and the electron current being drawn by the probe
can be expressed as a Boltzm ann distribution |Liebennan & Lichtenberg, 1994]
as:
I

+

hs = Iesn,tyeA
e xp(— — ^

( 2 .8 )

-L e

where ve =

is the mean electron speed, Iis and Ies are the ion and elec

tron saturation currents respectively. In this way it is possible to find electron
tem perature from the slope of the I-V curve in the region between the floating
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and the plasma potential and then use Te and equations 2.6 and 2.7 to find ion
density.
However, analysis is difficult and there are several theories used to extract
these plasma parameters from what seems as a simple measurement technique
[Chen, 2009]. More information and deeper insight into the analysis and various
theories used with this type of electrostatic probes can be found in Chabert &
Braithwaite [2011], Chen [2009], Lieberman Sz Lichtenberg [1994], Godyak et al.
[1992] and Langmuir [1928].
The vast majority of measurements are made with small (< < 1 mm) diameter
cylindrical probes, th at are suitable for probing the EEDF in the low energy re
gion without, in principle, excessively perturbing the system under investigation.
Larger area planar probes have seen much less usage, despite the fact th at they
have certain advantages over cylindrical probes. The following section describes
the ion flux probe, which is one type of these planar probes.

2.4.2.2

Io n flux p ro b e s

The ion flux probe is similar to a planar Langmuir probe operating in the ion
saturation regime. It consists of a planar surface area, typically 1 cm2, connected
to an external capacitance which is polarised by an externally pulsed DC or RF
source. Figure 2.8 shows the typical setup of the ion flux, which in this case is
a small borrowed area, in blue, from the grounded electrode. The operation of
the ion flux probe and analysis of its data is simpler than th at of the Langmuir
probe. Basically, the external capacitor is charged by electrons attracted from
the plasma during the one phase of the input pulses (DC [Samara et al., 2012a]
or RF [Braithwaite et al, 1996]). The probe surface becomes negatively biased
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R F /D C input p u ls e s

Figure 2.8: Schematic representation of the ion flux probe (indicated by the
arrow) in a capacitively coupled system.
by the voltage applied through the circuit. Typically voltages of 40 — 50 V are
used to ensure th a t even high energy electrons are repelled from the surface
initially. W hen the input biasing is switched off, the probe surface rises to a
floating potential determ ined by the balance of electrons and ions impinging on its
surface, whilst initially only ions are collected, discharging the capacitor linearly.
Figure 2.9 shows (a) the input DC and RF pulses, and (b) the resultant charging
and discharging of the capacitor due to the charged species from the plasma. The
linear discharge of the capacitor is due to the ion flux impinging on the surface; the
arrival of these ions shifts the surface’s potential, decreasing the sheath dimension.
As the sheath size diminishes and surface potential rises, electrons will be able
to reach the probe. The electrons reach the probe surface at certain potentials
depending on the electron tem perature. If careful attention is paid to ensuring
th a t the sheath in front of the probe is truly planar by using a guard ring to
suppress edge effects, then the positive ion flux to the surface is independent of
the probe potential a t least for applied voltages th at do not significantly perturb
the plasma. In this case, when the applied voltage is sufficiently negative to repel
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Figure 2.9: (a) DC (blue) and RF (red) input pulses, (b) the measured charging
and discharging phases of the external capacitor.
virtually all electrons, the net current collected saturates at a value equal to I{S .
The total current collected by the probe can be determined by equation 2.9,
differentiating the measured voltage Vc in the discharging phase of the capacitor:

m

= a*

dVc
dt

(2.9)

where C x is the external capacitor with a known value.
Differentiating the measured voltage depends on the resolution of the mea
sured data and may lead to very noisy outputs. Another way to acquire the col
lected current is by direct measurement. A resistor with low resistance, around
470 D, and two parallel back-to-back signal diodes can be placed between the
input source and the resistor [Booth et al., 2000]. The low resistance is chosen to
have a small voltage drop compared to the capacitor’s polarisation, and the signal
diodes bypass the resistor during the ‘ON’ phase of the input pules. Measuring
the voltage during the ‘O FF’ phase of the input pulses and applying U — R x I
gives a direct method to acquire the collected current and avoids differentiation.
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Both of these methods should give the same result as they measure the same
parameter.
During the discharging of the self bias on the capacitor, the probe potential
rises closer to th at of the plasma. In this region although the electron flux is
retarded by the probe potential, a flux of negative charge reaches the surface,
offsetting a significant fraction of the positive ion flux [Booth et al., 2000]. After
some time, the probe attains normal floating potential where the electron flux
just balances the steady positive ion flux. The effective ‘tail’ temperature of the
EEDF can be obtained from the I-V characteristics by fitting the electron current
to a Maxwellian distribution. In general a fitting is achieved to an equation of
the form:

/ = /o(l -

eMe(Vsurf{^

Vf))]

(2.10)

where Vf and Vsurf ( t ) are the probe steady floating and surface potential respec
tively.
There are many circumstances in which ion flux probes have advantages com
pared with other probes. Most probes require a reference electrode to supply the
return current and close the circuit (Langmuir probes and double probes [Chabert
& Braithwaite, 2011]) which is not the case for the ion flux probe. The ion flux
probe completes the circuit and supplies the return current during the charging
phase while it collects the current during the discharging phase.
For laboratory discharges, a planar probe located in one of the confining sur
faces therefore gives a direct measurement of the ion flux to th at surface. In
contrast, when using cylindrical probes this parameter which is im portant for
monitoring and controlling processing plasmas can be deduced from the char
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acteristics only by the use of one of several contradictory models. A further
advantage of planar probes is th a t the I-V characteristic in the electron retarda
tion region gives a good measurement of the EEDF in the important high-energy
tail region. This is because the positive ion current, which must be subtracted, is
constant. For cylindrical probes the ion current is some function of probe poten
tial and must be modeled [Booth et al., 1999; Braithwaite et al., 1996; Chabert
& Braithwaite, 2011].
Planar probes also have their disadvantages. Planar configurations necessarily
involve a relatively large area so they cannot be operated close to the plasma
potential, as the large current th at is drawn causes severe perturbation of the
plasma under investigation. This precludes measurement of the EEDF in the
lower energy region [Booth et al., 2000; Chabert & Braithwaite, 2011].
Despite these disadvantages, ion flux probes are well suited to the type of
discharges studies in this research. They can operate in depositing/etching en
vironments and can also give information about the thickness/etch-rate of the
deposited films (only if e is known) [Booth et al, 2000; Samara et al, 2012a].
An adaptation of this technique was developed during this research to use a
tile of wafer as the probe collecting surface area. This technique enabled us to
in-situ, in almost real time, monitor the plasma-induced damage to thin films of
known e. This technique enabled us to acquire information in-situ about the thin
films and plasma properties. A detailed description of this technique and model
are introduced in chapter 6.
This section covered all the probe diagnostics th at were implemented during
this research. Optical diagnostics were also used and are presented in the following
section.
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P la s m a im a g in g a n d s p e c tr o s c o p y

M easurements of plasm a optical emission is a standard and powerful way of gain
ing information about plasm a behavior. This section contains a brief overview
of the hardware used in this research for plasm a emission measurements. In this
research, a combination of tim e resolved and spectrally resolved plasm a imaging
techniques were employed in this research to probe the highly transient igni
tion phase and electron dynamics in pulsed plasmas.

An externally triggered

intensified charge coupled device (i-CCD) cam era was used as the main detector
for spatially and tem porally resolved m easurem ents and, in combination with a
spectrom eter, to acquire spectrally resolved information. A brief description of
the operation of the i-CCD and its significance is presented below, while more
detailed discussions about the m ethodology are presented in later chapters.
An i-CCD cam era operates in the same way as a standard CCD camera.
The m ajor difference is the image intensifier located in front of the CCD array
th at amplifies the detected light so th a t low intensity signals can be detected.
Figure 2.10 shows the principal operation of the i-CCD. In short, the intensifier
is an evacuated tube w ith a front window th a t has a photocathode coated on its
inside surface, onto which the input image is projected. W hen a photon strikes
the photocatliode an electron is em itted, and this electron is drawn across the
small gap towards the micro channel plate by an electric potential of the order of
150—200V. The micro channel plate is a thin disk (< 1 mm thick) of honeycombed
glass, and each of the honeycomb channels (~ 6 —10 /im) has a resistive coating.
The micro channel plate has a high potential across it (500 to 1000 V) so th a t
the photoelectron will cascade down the channel producing secondary electrons
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Figure 2.10: ICCD camera principle. Schematic of Second Generation Image
Intensifier, (A) Sectional View, (B) Operating Voltages, (C) Micro Channel Plate
and (D) Electron Amplification in Single Channel (taken from Andor i-CCD
Detectors manual).
and exiting as a cloud of electrons; resultant amplifications can be up to 104. The
cloud is finally accelerated across a small gap (0.5 mm) by a potential of several
thousand volts where it strikes a phosphor coating on the inside of a fibre optic
exit window. The phosphor coating emits photons th at are transferred through
fibre optics to a CCD and then digitised, as in regular CCDs.
The advantage of using an i-CCD camera is not only th at it is capable of
capturing images of very weak intensity, but by rapidly changing voltage applied
to the electron multiplier, it is possible to obtain ultrafast shuttering, down to a
few nanoseconds.
In order to acquire spectrally resolved measurements, the same i-CCD was
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Figure 2.11: This figure shows the plasm a pulses, triggering of the shutter, ex
ternal trigger signal and the intensifier signal respectively.
used in combination with a spectrom eter; details of the equipm ent can be found
in section 2.3. An external delay generator was used to trigger the intensifier of
the i-CCD (figure 2.4) to acquire tem poral and spatial/spectral resolved measure
ments. The operation of the externally triggered i-CCD is presented in figure 2.11.
The discharge itself operated in a pulsed mode w ith period T. Ton and T0/ / rep
resent the plasm a active and afterglow times, respectively. Tgate is the tim e th a t
the intensifier acquires the d a ta (8 or 75 ns typically) and Tdeiay determines the
position of the acquisition with respect to the tim e of the plasm a pulse. The
shutter is open for several plasm a cycles in order to accum ulate more th an one
acquisition from the same RF period over several cycles to increase the signal to
noise ratio and d a ta quality. The intensifier is then open for few nanoseconds
to sample the images from the desired tim e instant with respect to the plasm a
pulse.
The i-CCD cam era system described above was used to make detailed mea-
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surements of the plasma emission. A simpler arrangement was used to record
the time dependence of the total emission. In this system, a photodiode with a
response time of few nanoseconds was used to record the total emission from the
pulsed plasma.
The electrical and optical diagnostic techniques discussed in this chapter were
used to study the behavior of pulsed plasmas in both the CCP and ICP systems.
Further information on the ion flux probe and plasma imaging are presented in
later chapters, where measurements are presented.

Chapter 3
P ulsed capacitively coupled
plasm a
A general introduction about plasma parameters and plasma etching was pre
sented in chapter 1 . The new challenges and some approaches to overcome these
challenges, such as neutral beam etching, were discussed in section 1.3. However,
to apply neutral beam etching the discharges have to be pulsed. Therefore, it is
important to understand the behavior of pulsed discharges and their properties.
Pulsed plasmas have been studied by various research groups since the early
nineties [Lieberman & Lichtenberg, 1994] and have been an ‘O n’ and ‘Off’ trend
ever since. Nowadays, pulsed plasmas are becoming the focus not only of re
searchers, but also industries and chip manufacturers [Banna et al., 2012; Brihoum
et al., 2013; Samara et al., 2010]. The increase of interest in pulsed plasmas is
mainly due to the extra control parameters and flexibility attained by pulsing
the discharge. This extra flexibility might be a solution for some of the etching
problems faced when traditional RIE techniques are used to produce the new
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generation of devices.
This chapter contains a study of the electron dynamics th at take place during
pulse tailoring of a capacitively coupled plasma source. Pulse tailoring is the
control and shaping of input pulse parameters to modulate and change plasma
properties. The main focus of this chapter is the evolution of the electron prop
erties, especially during the breakdown phase of repetitively pulsed discharges.
The breakdown phase was investigated using a combination of optical emission
spectroscopy, plasma imaging and electron density measurements. The evolution
of the high energy tail of the electron energy distribution function for different
pulse properties was tracked by operating the discharge in a mixture of noble
gases Ar, Kr & Xe and selecting emission lines from specific transitions of each
of those species. The electron density was measured using a floating microwave
resonator hairpin-probe. The study was carried out in a capacitively coupled
Gaseous Electronic Conference reference reactor. The results of this study indi
cate th at the EEDF during operation can be influenced, and even controlled to
some extent, by pulse tailoring.
This chapter contains a focused study of the electron dynamics in a pulsed
capacitively coupled discharge source and is structured as follows. Section 3.1
contains the motivation behind this study and mentions various typical optical
and electrical plasma diagnostics. Section 3.2 includes a description of the experi
mental setup, data acquisition procedures and operational conditions. Section 3.3
contains electron density and optical emission spectroscopy measurements for two
pulse sets with different input waveforms. A simple analytical model used to cal
culate emission intensities for certain EEDFs is also presented in section 3.3.
Section 3.4 contains similar sets of measurements for input pulses having differ
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ent duty cycles and pulse frequencies. Finally, section 3.5 consists of a summary
of this study and some concluding remarks.

3.1

M otivation

Processing demands are severe, and the increasing density of devices on wafers
leads to ever-decreasing sizes of individual features. In order to meet these de
mands, it is necessary to control a range of plasma properties, such as electron
temperature and density, ion flux and energy, and negative ion density. These
properties in turn are responsible for the selectivity, etch rate, anisotropy, and re
active species densities [Banna et a/., 2012]. Separately controlling these plasma
properties has proved to be challenging since many are coupled together. For
example, ion flux and ion energy are strongly coupled so controlling one without
affecting the other requires additional input parameters [Perret et al., 2005].
Robust control over plasma properties can be obtained by changing the gas
pressure or applied power; while dc biasing of the electrodes, using dual frequency
capacitively coupled plasma sources [Bi et al., 2011; Boyle et al., 2004; Perret
et al., 2005] or asymmetric parallel plate radio-frequency plasma sources [Gahan et al., 2012] provides more control of these parameters. Another approach
is discharge pulsing which has also been used to achieve finer control of these
parameters.
Power- and time-modulation

[Ashida et al, 1995; Booth & Cunge, 1997;

Samukawa & Mieno, 1996; Samara et al., 2010] provide a way to fine tune the
plasma chemistry and modify the fluxes and energies of species bombarding the
substrate. Higher average electron density can be obtained by varying the duty
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cycle for lower average input powers, and higher etch selectivity has been achieved
when pulsing the power supplied to the plasma source [Booth & Cunge, 1997].
In electronegative plasmas, pulsing has produced high negative ion yield, by pro
moting dissociative electron attachment reactions in the afterglow part of the
pulse where electrons rapidly cool and attach to the molecules [Ahn et al., 1996].
High electron density is obtained in the active-glow phase of the pulse [Lieber
man & Ashida, 1996; Samukawa, 2007]. Overall, discharge pulsing enables the
tailoring of plasma parameters especially the electron energy distribution func
tion (EEDF) and electron density, which fine tunes the plasma chemistries th at
promote/suppress the generation of the different species.
Control of plasma properties by discharge pulsing introduces new challenges
and interesting phenomena th at arise and need to be addressed. For example, in a
pulsed discharge, an overshoot of electron temperature occurs at the early stages
of the power-on phase before the plasma reaches steady state conditions [Booth &
Cunge, 1997; Lieberman & Ashida, 1996; Samara et al., 2010]. This is important
because plasma processes depend exponentially on electron temperature, and
small changes in the EEDF can greatly affect the plasma chemistry. For example,
in order to promote dissociative electron attachm ent reactions, ‘cold’ electrons are
required in the afterglow phase while as the plasma re-ignites the overshoot in
the electron tem perature results in the destruction of the negative ions existing
at the end of the afterglow/early ignition phase. Therefore, it is im portant to
understand the effects of pulsing the discharge on the plasma parameters. The
aim of the research reported here is to investigate the ignition/re-ignition phase
of pulsed discharges, with the specific objective of gaining control of the EEDF.
Various techniques are available to characterize the discharges and measure
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different plasma properties. Langmuir probes [Chen, 2009] and microwave res
onator probes, such as the hair-pin probe [Piejak et al., 2005; Samara et al,
2012b], are two probe diagnostic tools. Like all probe measuring techniques, they
require care to ensure th at the measurement technique does not alter the plasma
properties especially in time resolved measurements in pulsed discharges. Ex
tracting meaningful plasma parameters from Langmuir probes becomes increas
ingly difficult when acquiring time resolved measurements with tens of nanosec
onds time resolution in the early ignition phase of a pulsed discharge. On the
other hand, there are various non-intrusive optical sensing techniques which are
used to characterize and measure plasma parameters. UV-broad band absorp
tion, laser induced fluorescence and two-photon laser-induced florescence [Booth
et al., 1998, 2012], line-ratio optical emission spectroscopy (OES) [Li et al, 2011a;
Zhu & Pu, 2010; Zhu et al, 2012], trace-rare gas optical emission spectroscopy
(TRG-OES) [Chen et al, 2009; Donnelly, 2004; Donnelly & Schabel, 2002], and
phase resolved optical emission spectroscopy (PROES) [Gans et al, 2004; Mahony & Graham, 1999; Schulze et al, 2010] are examples of the most common
optical measurement techniques used in highly reactive plasma sources.
In this study we probe the highly transient ignition phase of pulsed discharges
and track the evolution of electron properties in a pulsed radio-frequency capac
itively plasma source. This is achieved by using a combination of microwave
probes, actinometry and emission imaging. The actinometry technique is a sim
plified version of the TRG-OES techniques reported by Donnelly [2004]; Donnelly
& Schabel [2 0 0 2 ] and Zhu & Pu [2010]. A gas mixture of argon, krypton and
xenon was used to generate the discharge and specific emission lines were selected
from each species to probe the evolution of high energy electrons. Emissions from
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4p-4s, 5p-5s & 6 p- 6 s transitions from Ar, Kr & Xe respectively were measured.
Transitions were chosen for which the upper states are populated principally by
direct electron excitation [Chen et al., 2009; Chilton et a/., 1998, 2000; Fons &
Lin, 1998]. High time resolution measurement of the evolution of the electron
density was carried out by a hairpin probe.

3.2

E xperim ental set up
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ICCD

Hairpin probe

GEC
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Amplifier
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Function
generator
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Figure 3.1: This schematic representation of the experimental system shows the
various electrical and optical diagnostics.
This study was carried out in a Gaseous Electronics Conference (GEC) radio
frequency capacitively coupled plasma reference reactor with 13.56 MHz as the
driving power frequency [Olthoff & Greenberg, 1995]. A detailed description of
the GEC reference reactor is presented in section 2 . 1 . Figure 3.1 shows a simplified
schema of the experimental set up and acquisition tools used in this study.
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O p e r a tio n a l c o n d itio n s

Two generator/am plifier arrangem ents were used to generate the plasma. The
first system is powered by a waveform generator th a t produces the driving 13.56 MHz
radio-frequency input as well as controlling the pulse frequency and duty cycles.
The output of the waveform generator passes through a wide-band amplifier and
a m atching network before reaching the lower electrode. This setup was used to
produce the set of simple rectangular wave pulses.
For the second pulse case, where the am plitude of the RF-voltage was varied
w ithin the pulse, a second circuit was used. The waveform generator was used
to produce the am plitude m odulation as well as pulse the frequency and duty
cycle, and a RF-power source was used to produce the 13.56 MHz RF-power
input. Am plitude m odulated RF-pulses were then passed through the m atching
unit before reaching the powered electrode.
The two waveform shapes were generated at a repetition frequency of 1 kHz
w ith 50% duty cycles. Figure 3.2 shows m easurem ents of the RF voltage for the
1 kHz pulses. The first case is the simple rectangular wave pulse, where the RFvoltage was “ON’ for 500 /is with maximum input voltage throughout the entire
active glow phase. The delay response of this generator is 2 /as. The second case
has a ram ped pulse shape. The RF-voltage was increased gradually for the first
250 /is and was kept constant for the rest of the active glow phase of the pulse.
For this pulse case, there was a delay in the response of the generator for almost
~50 pis which led to a shorter active glow phase (~450 /as). However, both cases
had the same average input power. These same waveforms were also generated to
at a repetition frequency of 1 kHz w ith a 10% duty cycle to operate the discharge.
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Figure 3.2: Figure (a) shows the RF voltage for the non-m odulated pulses and
(b) shows the RF voltage of the am plitude m odulated case.
The main experiment described in this chapter used the 1 kHz pulses described
above. In other experiments, the rectangular waveform shape was used also to
generate a plasm a at a repetition frequency of 5 kHz with 50% and 10% duty
cycles.
Flow controllers were used to control the gas inflow, and an autom atic th rottle
valve was used to m aintain a constant pressure in the GEC reference reactor
during the m easurements. The discharge was operated with a total gas flow of
15 seem composed of 80% argon, 10% krypton and 10% xenon, at a pressure of
100 mTorr (13.3 Pa) for all the different pulsing param eters.
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D ia g n o stic to o ls

The RF-voltages for the two pulse cases were measured at two positions in the
circuit. First, the evolution of the RF-voltage and RF-current with respect to
tim e was recorded using an inline current probe placed before the m atching net
work. The fundam ental frequency and first four harmonics of the RF-voltage and
RF-current were also recorded using the same device. Secondly, the RF-voltage
delivered to the powered electrode was measured using a passive voltage probe
after the m atching unit at the closest physical point to the lower electrode.
A delay generator was used to synchronize and control the different optical
and electrical diagnostic tools. As shown in figure 3.1, it was triggered by the
waveform generator.
Tim e resolved electron density m easurem ents were carried out using a hairpin
probe situated 30 mm from the axis of the plasm a and 15 mm above the powered
electrode. A combination of the general circuit used with hairpin probes and
a boxcar integrator, triggered by the delay generator, was used to acquire the
tem porally resolved electron density m easurements. The apparatus used for the
hairpin probe m easurem ents is described in section 2.4.1. Each d a ta point was
generated by averaging 10000 acquisitions with a 74 ns measuring window per
acquisition.
Temporally resolved total emission m easurem ents were acquired using a gated
intensified-CCD. Each d a ta point was generated from 5000 acquisitions w ith a
gate w idth of 74 ns where the gating was controlled by the delay generator.
Spectrally resolved emission was acquired using the same setup as th a t of the
total emission with the addition of a spectrom eter. Finally, the plasm a emission
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was imaged using the iCCD with a lens focused at the center of the discharge,
where each image was generated from 5000 acquisitions with a gate width of
74 ns.
Three emission lines were selected; one from each of argon, krypton and xenon,
in order to carry out the temporally and spectrally resolved emission measure
ments. These selected emission lines result from the following radiative transi
tions 4p — 4s, 5p — 5s and 6p — 6 s of argon, krypton and xenon respectively.
Those emission lines were chosen because the excited states are principally pop
ulated by direct electron excitation from the ground state atoms of these species.
The life-time of those excited states is a few tens of nanoseconds (~ 30 ns)
which is negligible compared with the collision frequency between the species at
this pressure [Chen et al., 2009; Donnelly, 2004; Donnelly & Schabel, 2002; Li
et al., 201 la,b; Zhu & Pu, 2010; Zhu et al., 2012]. Some authors report th at
the Xe 828 nm emission may be contaminated by the emission from a nearby
Kr line [Donnelly, 2013]. However, we examined this closely and concluded th at
there was no significant Kr emission in this region for our conditions, and hence
our measurements at th at wavelength represented only emission from the 828 nm
Xe line.

3.3

1 kHz 8z 50% d uty cycle pulses

The results from the different optical techniques and the hairpin probe measure
ments for the rectangular and modified pulses, with f =

1

kHz and 50% duty

cycle, are presented and discussed in this section. The simple model of predicted
emissions th at was used to further interpret the measurements is also introduced.
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Figure 3.3: This figure shows (a) the evolution of the total emission and (b) the
electron density measurement for a complete cycle of the square pulse.

3 .3 .1

M ea su rem en t o f ele ctr o n d e n sity an d to ta l ligh t
em issio n

The general behavior of the discharge for the two pulse cases was monitored
using time-resolved measurements of electron density and plasma light emission.
Figure 3.3 shows the evolution of these properties for the case of the square pulse.
The emission intensity shows a distinct peak during the first few microseconds
which then decreases as sharply as it rose, before settling to a much lower value
throughout the rest of the active glow phase. The electron density shows a steep
slope with increasing electron density for the first 20 [is. After 20 fis the electron
density increases at a slower rate tending towards a constant value at 250/is,
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indicating steady state conditions.
In the given regime, volume production competes with losses on electrode
surfaces and chamber walls. The flux of particles at the boundary is proportional
to the electron density and the square root of electron temperature. The electron
production rate depends linearly on electron density and exponentially on electron
temperature.
These measurements suggest the overshooting in the emission intensity is re
lated to the response of the few electrons existing in the early ignition stage which
absorb the RF-electric fields at the start of the pulse. The RF-fields at this early
stage will penetrate the inter-electrode distance completely. This in turn leads
to a relatively high electron temperature and production rate. Once sufficient
electrons are generated, they nullify the penetration of the field throughout the
inter-electrode distance leading to a decrease in the total emission and produc
tion rate of electrons. This general behavior has been observed and interpreted
previously [Ashida et a/., 1995; Samara et al., 2010].
The hairpin probe produces reliable electron density measurements for most
plasma conditions, but further interpretation is needed for low-density discharges
for which significant sheaths may exist around the wires of the probe. This was
investigated as follows. Figure 3.4 shows once again the temporal evolution of
the measured electron density without any sheath consideration in black squares,
and the electron density profile after applying a time-dependant sheath correc
tion factor in red disks. The model developed by Piejak et al. [2004] was used
to calculate the time-dependent sheath correction factor during the active glow
phase. Since this model was developed for steady state plasmas, the instantaneous
measured density was assumed to be th at of a steady state plasma to calculate
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Figure 3.4: The measured electron density (black squares) and the electron den
sity after applying the sheath correction factor (red disks) using Piejak et al.
[2004]’s model.
a time-dependent sheath correction factor. The temporal behavior and conclu
sions drawn from the directly measured electron density do not change with or
without including a time-dependant sheath correction factor. For this reason,
the sheath correction factor was disregarded for the rest of the electron density
measurements.
Figure 3.5 shows the same data for the case of the amplitude modulated
(ramped) pulse shape. The emission intensity is characterized by a smooth grad
ual increase with no distinct features throughout the active glow phase. The
electron density increases at a relatively constant rate as the applied power in
creases, then settles into a quasi-steady state level.
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Figure 3.5: This figure shows (a) the evolution of the total emission and (b) the
electron density measurement for a complete cycle of the ramped pulse.
By applying the RF-power as a waveform with ramped amplitude, the elec
tron energy gain is more controlled so th at the production-loss balance is not
catastrophically disrupted at the start of the active glow. There seems to be a
balance of sources and sinks throughout the entire active glow phase. This is in
dicated by the smooth changes in the electron production rate and light emission
that accompany the gradual increase of the applied RF power.
Electron temperature was not measured directly in these experiments. It is
possible to use the observed plasma emission to estimate the electron temperature
in a crude way, by making assumptions about the EEDF and deriving an effective
temperature from the measured emission. However, a more realistic approach to

1 kH z & 50% d u ty cycle pu lses

76

(a)!

C

)

0

0.1

-

0.01
0

100

200

300

400

500

300

400

500

time / gs

c <D

0.01
0

100

200

time / us
Figure 3.6: The excitation rate from the argon emission intensity measurement
for (a) the square pulse and (b) the ramped pulse during the active glow phase.
gauge the ignition phase is to simply monitor the excitation rates of the argon
2pi states. This can be achieved by simply dividing the the measured emission
due to the relaxation of this upper state by the time resolved electron density
- ^ 7 5 0 .4 n m
7 le

Figure 3.6 shows the evolution of excitation rate for the two pulse cases. It
can be seen the the /7g°-4nm rises by a factor of ten more during ignition for the
square pulse with respect to the ramped pulse. The EEDF is extremely unlikely
to be Maxwellian during the ignition phase in both pulse cases, but this shows the
combined effect of whatever energy distribution the few electrons have at the early
ignition phase, and the related excitation cross-section. The ignition phase of the
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square wave pulse seems not only to be much more intense, but also has a short
life span which is in agreement with the total emission measurements. For the
ramped pulse, there are two smaller peaks, one corresponding to the breakdown
of the gas and the second appearing after few microseconds due to the increasing
electron density and input RF-voltage profile. The timing of the second peak
corresponds to a ‘knee’ seen in the total emission measurement (Fig. 3.5).
These preliminary conclusions provide some insight into the ignition behavior
in this reactor but in order to understand the evolution of the EEDF during the
ignition, we performed spectrally resolved measurements of plasma emission, as
reported in the next section.

3 .3 .2

S p ec tra lly resolved em issio n

This section describes the spectrally resolved emission measurements th at were
made to provide further information on the evolution of the EEDF, especially
during the ignition phase. The first part describes the measurements. The second
part presents the results of a comparison of the observed emissions with th at
predicted by a simple electron-excitation model of emission on these wavelengths.
Table 3.1 contains information about the three emission lines used for this
experiment. These transitions were chosen because they have different threshold
excitation energies and are intense enough to be observed throughout the pulse
cycle. Also, the upper states are mainly populated by direct electron excita
tion [Chilton et al, 1998, 2000; Fons & Lin, 1998], and hence their intensities
reflect the number of electrons in different parts of the EEDF.
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Table 3.1: Spectroscopic data for the emission lines used in this experiments. The
references in the final column give the cross-sections for direct electron excitation
into each state.
Gas
Ar
Kr
Xe

Em itted A Excitation
(nm)
Energy (ev)
750.38
13.478
758.74
1 1 .6 6 6
828.01
9.933

3.3.2.1

Upper
state
2 pi
2 p5
2 p5

relaxation
state
ls 2
IS4
IS4

reference
Chilton et al. [1998]
Chilton et al. [2000]
Fons & Lin [1998]
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Figure 3.7: The temporal evolution of the emission intensities from each of the
selected transitions for a complete cycle for the square wave pulse (a) and the
first 50 fis of the pulse (b).

Figure 3.7 shows the temporal evolution of the emission from the three transi-
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tions for the square pulse case. P art (a) shows the emission over the whole pulse
cycle, while part (b) shows the ignition phase on an expanded time-scale. The
gas mixture was A r/K r/X e in ratio of

8

: 1 : 1. The Ar emission intensities in

Fig. 3.7 have been reduced by a factor of 8 so th at the emission from each species
can be directly compared.
The data in Fig. 3.7 show an initial peak in the emission intensity for all three
emission lines. However, the time dependence of each peak differs. For the case of
Ar, with the highest excitation energy, there is an intense sharp peak in the first
few microseconds. The emission then settles to a much lower, relatively steady
value, after t= 4 ~ 5 fis. For both Kr and Xe, the emission peaks in the first
few microseconds but the intensity continues to change for ~ 10 fis for Kr and
~ 40 fis for Xe.
The general behaviour can be interpreted as indicating th at the EEDF changes
sharply during the first ignition phase of a few microseconds, with higher energy
electrons being dominant. The differences between the time dependence of the
three emission intensities indicates th at the higher energy part of the EEDF
stabilises first, with the lower energy electrons taking longer to come to equilib
rium. Although we can not infer the EEDF itself from this data, it is likely th at
the EEDF in the first few microseconds is strongly non-Maxwellian, becoming
Maxwellian-like as the ignition phase continues, and stabilising at 40 —50 fis into
the pulse. It is worth noting th at the electron density (Fig 3.3) takes ~ 250 fis to
stabilise, but this emission data indicates th at the EEDF stabilizes over a much
shorter time scale.
Figure 3.8 shows the same type of emission data recorded for the case of the
ramped pulse. P art (a) shows the emission over the whole pulse, while part (b)
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Figure 3.8: The temporal evolution of the emission intensities from each of the
selected transitions for a complete cycle for the modified wave pulse (a) and the
first 200 fis of the pulse (b). The trapezoid above (a) shows the RF-voltage profile
for one complete cycle.
shows the early part of the pulse on an expanded time-scale. As was done for the
data in Fig. 3.7, the Ar emission has been reduced by a factor of

8

so th at the

emission on each line can be directly compared.
In contrast to the time dependence for the square pulse case, the data in
Fig. 3.8 shows no significant peaks in the ignition phase. Instead, the observed
intensities for all lines change smoothly over the duration of the pulse, gradually
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increasing over the first part of the pulse when the applied power is still increasing,
and becoming stable just after the power becomes fixed at 250 fis. The similar
dependence observed for the three lines can be interpreted as indicating th at
the EEDF remains relatively unchanged throughout the ignition phase and the
rest of the pulse. Figure 3.8 (b) shows some weak emission from these three
selected emission lines at 70 < t < 100 fis, before the emission starts to rapidly
increase. This could indicate a weak pre-breakdown phase. The absolute emission
intensities are very low compared to those attained at the rest of the active glow
phase.
The time- and wavelength-resolved emission data for the two pulse cases can
be directly compared to give insight into the EEDF evolution for the two cases.
The square pulse case is characterised by a rapidly changing ignition phase with an
EEDF th at is likely to be highly non-Maxwellian and contain significant numbers
of high energy electrons. This short-lived phase then changes steadily until about
50 fis into the pulse, after which the EEDF is likely to be Maxwellian-like with a
low average energy. The ramped pulse case is characterised by a relatively slowly
changing EEDF th at is likely to be always a Maxwellian-like with a low average
energy. There is no short-lived rapidly changing ignition phase.
From this data, it is clear th at the voltage waveform can be used to control
the EEDF in these discharges and hence, to some extent, control the plasma
chemistry.

3.3.2.2

A nalysis using sim ple m odel

The measurements presented in the previous section indicate th at the EEDF in
the ignition phase is strongly affected by the applied waveform. To understand
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these changes in more detail, we compared the ratios of certain measured emission
lines with those predicted by a simple model of excitation and emission.
The three emission lines used in this research were selected because the emis
sion comes primarily from direct electron excitation. W ith this assumption, the
emission intensity for each line can be calculated using the expression:

(3.1)

where I g represents the emission intensity, the subscript ‘g ’ the particular gas
species, n e(t) the electron density as a function of time, ng the density of selected
neutral species, ag(e) the cross-section for direct electron excitation (fig. 3.9) and
/(e, t ) the EEDF. The Einstein coefficient and branching factor for these emission
lines is

/ v-‘Hi71

~

1

, hence, it was not included in the calculations.

Equation 3.1 was used to calculate the emission intensities for a Maxwellian
distribution with average energy eav. These results were then used to calculate
the ratio of Xe/A r and K r/A r emission. These ratios are shown in Fig. 3.10. It
can be seen th at both ratios depend strongly on eav for €av < 3 —5 eV but the
dependence is much weaker for higher eav.
This dependence can be understood in terms of the sensitivity of the emission
intensities to the ‘tail’ of the EEDF. For an EEDF with low eav, emission will be
dominated by the EEDF in the 10 —13 eV region where the different emission lines
have their excitation thresholds. Hence, the emission ratios will vary strongly with
eav For higher eav, however, the emission will have a significant contribution from
the EEDF at electron energies in the 15 —25 eV range, where all three transitions
have similar excitation probabilities. While the variation in the emission ratios
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Figure 3.9: The cross-sections for the elastic direct electron excitation of the
selected emission lines from Ar, Kr and Xe as a function of the electron energy
(eV) [Chilton et al, 1998, 2000; Fons & Lin, 1998]. Graph (a) shows the crosssections for the elastic direct electron excitation over a wide range while graph
(b) shows the region near the threshold energies on an expanded scale.
for higher eav will depend on the shape of the cross-section for the higher energies,
the difference between cross-sections at those energies is minor compared with the
10 —13 eV region and so the emission ratios only depend weekly on eav for higher
€av
The calculated ratios shown in Fig. 3.10 can be compared with the ratios
th at were measured experimentally, shown in Fig. 3.11. P art (a) shows the ratios
for the square pulse case while part (b) shows them for the case of the ramped
pulse. It can be seen th at the numerical value of the experimentally-determined
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Figure 3.10: The calculated emission ratios from krypton and xenon with respect
to argon as a function of the average energy of a Maxwellian EEDF. Graph (a)
shows the ratio calculated for a wide range of average energy while graph (b)
shows the ratio over the energy range expected for for a capacitively coupled RF
discharge.
emission ratios are similar for both pulse types in the main part of the pulse.
This is consistent with conclusions, drawn from other results, th at the main
parts of each pulse have similar electron densities and EEDFs. The first part of
the pulses, however, are very different, as a result of the different ignition phases
already noted earlier. Figure 3.11 can be divided into three major parts. The
first is the ignition phase of the first few micro-seconds, the second where the
relative emission rates seem to reach a constant value, and finally the overshoot
at the start of the afterglow.
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Figure 3.11: The ratio of emission lines for the two cases (a) square wave pulse
and (b) ramped pulse.
The case for the square modulated pulse, figure 3.11 (a), shows a steep rapid
increase from about zero to a constant value in about the first

2 0

fis where a

knee like feature is clear. This is attributed to the fact th at there is no change
occurring in the emission from these species after

20

fis where the electron en

ergy distribution tends to become a stable Maxwellian-like function. The steep
increase in the ratios is due to the emission peaks from the three species indi
cating the presence of highly energetic electrons. The second phase is between
20 < t < 500 fis where the electron average energy tends to cool down from
the peak value reached at the early ignition phase to ~ 3 eV, or less, with a
Maxwellian-like distribution as the steady state conditions are reached later in
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the active-glow phase. The third stage is the overshoot in the ratios at the onset
of the afterglow, which indicates a rapid cool down of electron energies and sharp
decrease from the emission intensities.
For the ramped pulse, figure 3.11 (b), in the early ignition phase there is a
smooth increase of the ratios of both krypton and xenon with respect to argon.
The ratios of the emission lines seem to show a weak pre-breakdown phase at
70 < t < fis. The difference between the relative emission of both species is
constant throughout the ignition phase until just before the start of the afterglow
phase. However, after 110 fis there seems to be an increase in both relative
emission lines shown as a distinct step for the Xe/A r ratio, although the relative
increase is minuscule for the K r/A r ratio.

At this time the electron density

(Fig. 3.5) is linearly increasing and the effective electron temperature is constant.
This suggests th at the increase in the X e/A r emission ratio is mostly due to the
electrons in the bulk of the EEDF.
During the early ignition phase, the relative emission ratios of the ramped
pulse are different from those from the square wave pulse. After ~ 300 fis the
emission ratios seem to attain the same levels in both pulse cases. The abso
lute measured values (figure 3.11) are not consistent with the calculated ratios
(figure 3.10). This indicates th at the simple model used to calculate emissions
from these levels needs more refining where other parameters should be included
(such as population of the emitting state via non-ground state levels) if absolute
comparisons are desired. A better estimate of the emission, in particular dur
ing the ignition phase, would require more complicated non-Maxwellian energy
distribution functions to be considered.
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Figure 3.12: This figure shows the spatial distribution of the plasm a for the
square wave pulse for a complete cycle. The vertical axis is across the azim uthal
direction between the electrode planes, and the horizontal axis is the tim e axis.

3 .3 .3

S p a tia lly -r e s o lv e d e m is s io n m e a s u r e m e n t

Further insight into the EED F evolution in these discharges can be gained by
observation of the spatial distribution of the plasm a emission. An imaging system
was used to record the distribution of light emission for the two types of pulsed
discharges studied in this research. This d a ta was used to draw conclusions about
the EED F in the active glow period in general and the ignition phase in particular.
Figure 3.12 shows the spatial distribution of the emission between the elec
trodes for the active glow period of the square pulse discharge. The figure shows
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Intensity

Figure 3.13: Spatial distribution of the plasma for the square wave pulse during
the ignition phase in the first 2 0 /is of the pulse.
th at the emission is most intense in the first 50 /is, before settling into a rela
tively stable distribution for the period t= 50 —500 /is. This is consistent with the
global emission presented earlier and shown in Fig. 3.3. However, the distribution
shown in Fig. 3.12 shows th at the emission in the first ten microseconds comes
from a widespread region of the plasma volume compared with the situation after
50 /is. The 50 —500 /is period, in contrast, shows emission coming mainly from
the plasma centre. The relatively emission free-regions in front of each electrode
for this time period indicate the stable sheath regions.
Figure 3.13 shows the same spatially resolved emission for just the ignition
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phase. The expanded scale shows the change in the spatial distribution of the
emission th at takes place in this period. It can be seen th at the initial emission
peak in Fig. 3.3 arises from atoms distributed right across the plasma volume.
This indicates th at high energy electrons must exist throughout the plasma vol
ume during this initial ignition phase. The distribution of emission changes after
the first few microseconds, with emission-free sheath regions beginning to form
and the emission becoming localised in the plasma centre.
The emission data supports the conclusions drawn from the electron density
and spectrally resolved emission measurements presented in sections 3.3.1

&

3.3.2. This data is entirely consistent with an ignition phase characterised by a
rapidly changing EEDF with a high average energy, with the high energy electrons
existing throughout the plasma volume. This short lived initial ignition phase is
then followed by a longer phase in which the EEDF continues to change until 50 fis
into the pulse. After this time, emission is localised between the two sheaths and
the EEDF is stable with a low electron average energy.
Figure 3.14 shows the spatial distribution of the light emission between the
electrodes for the active glow period of the ramped pulse discharge. The figure
shows a gradual increase of the emission intensity during the first 250 fis, before
settling into a relatively stable distribution for the period t= 300 —500 fis. This
is consistent with the global emission presented in Fig. 3.5. However in contrast
with the square pulsed discharge, the emission is always most intense in the centre
of the plasma, and the relatively emission-free regions in front of each electrode
indicate the stable sheath regions throughout the entire active glow period.
Figure 3.15 shows the same emission data with an expanded time-scale th at
just shows the ignition phase. The expanded scale reveals the gradual change

\
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Figure 3.14: Spatial distribution of the plasma for the modulated wave pulse for
a complete cycle.
in the spatial distribution of the emission th at takes place in this period (t=
85 — 150 fis). The initial low emission intensity arises from atoms distributed
in the centre of the plasma volume. The distribution of the emission gradually
changes with time but is always peaked near the plasma centre. Clear emissionfree regions are formed indicating stable sheath regions throughout the entire
active glow period. Also, it supports the assumptions made earlier about a weak
pre-breakdown phase a t 7 0 < t < 1 1 0 / / s .
It can be deduced from the spatial distribution measurements of both pulse
cases th at their ignition phases have a different time and electron energy de-
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Intensity

Figure 3.15: Spatial distribution of the plasma, for the modified wave pulse during
the ignition phase in the first 150 yus of the pulse.
pendence. The ignition phase of the square pulsed discharge is characterised by
a rapidly evolving phase with electrons having high average energy widespread
through the entire plasm a volume which settle in few tens of microseconds. How
ever, the ignition phase of the ram ped pulse is characterised by low average energy
electrons localised in the centre of the plasm a which take about 250 /is to settle.
These m easurem ents are consistent with the electron density and spectrally
resolved m easurem ents presented in the previous sections.

It is clear th a t by

changing the RF-voltage waveform we can control the timescale of the ignition
phase as well as the EED F th a t controls the plasm a chemistries during this phase.
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O ther pulsing conditions

Time resolved OES and electron density measurements were performed for var
ious pulsing conditions. While spatiotemporal imaging was not performed for
these conditions, it is interesting to consider these results briefly. The first set of
measurements is for a pulse frequency of 1 kHz with a 10% duty cycle for both
waveforms presented in the previous section. The second set of measurements is
for a pulse frequency of 5 kHz with 10% and 50% duty cycles for the rectangular
waveform. Ar, Xe, and Kr gases with a ratio of 8:1:1 were used to generate the
discharge at a pressure of 100 mTorr for all the pulsing conditions.

3.4 .1

1 kH z & 10% d u ty cy cle p u lses

The general behavior of the discharge for the two pulse waveforms was monitored
using time-resolved measurements of electron density and plasma light emission.
These measurements are presented in fig 3.16 for the rectangular waveform and
fig 3.17 for the modified waveform with 1 kHz pulsing frequency and 10% duty
cycle.
Figure 3.16 shows the total light emission (black squares) and the electron
density (blue disks) for the rectangular pulse with 1 kHz frequency and 10% duty
cycle. The total light emission peaks in the first 2 /is and decreases for the rest of
the active glow phase (2 - 1 0 0 fis) following a trend similar to the first

100

fis for

the 1 kHz 50% duty cycle case, fig 3.3 (a). The oscillations in the decreasing total
light emission can be attributed to aliasing. This occurred because the gating of
the i-CCD was equal to 50 ns which is almost equal to two thirds of an RFcycle (~ 74 ns). Although undesirable, this effect does not influence the general
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Figure 3.16: The temporal evolution of the total emission intensity (black squares)
and electron density (blue disks) for a 1 kHz rectangular waveform with a 10%
duty cycle.
conclusions we can draw from these measurements.
The total emission decays quite rapidly during the first few (is of the afterglow.
The total emission is exponentially dependent on the electron temperature, which
drops rapidly during the first few microseconds in the afterglow. The electron
density shows a steep slope with increasing density during the first

2 0

fis, after

which the density continues to increase at a slower rate for the remainder of the
active glow phase. The behavior of the electron density seems to be similar to
that in the first 100 fis for the 1 kHz 50% duty cycle case, fig 3.3 (b). The
electron density decays exponentially during the afterglow reaching a virtual zero
value after 340 fis. The electron density after 340 fis actually decreases to a value
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Figure 3.17: The temporal evolution of the total emission intensity (black squares)
and electron density (blue disks) for a 1 kHz modified waveform with a 10% duty
cycle.
lower than the sensitivity range of the hairpin probe. Assuming ne(taf tergiow) =
n e 0 x exp(^r) where neo is maximum electron density attained during the active
glow phase and r is the decay constant rate in the afterglow. The decay constant
is then 28 /is in this case.
Fig 3.17 shows the total light emission (black squares) and the electron density
(blue disks) for the modified pulse with 1 kHz frequency and 10% duty cycle. The
total emission shows a gradual increase with the absence of any peaks in the active
glow phase. The emission during the active glow phase profile is relatively similar
to th at in the first 100 /is for the 1 kHz 50% duty cycle case, fig 3.5 (a). During the
afterglow phase, the light emission seems to exponentially decay at a relatively
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Figure 3.18: Spectrally and temporally resolved emission for the 1 kHz 10% duty
cycle (a) rectangular waveform and (b) modified waveform. In (a) the emission
from Argon is multiplied by two to show the peak in the early stages of the
ignition.
slower rate than all the previous conditions. It actually takes about 100 fis to
extinguish, longer than all previous conditions, in which the light emission reaches
zero after

50 fis.

The electron density shows an almost linear increase during the entire active
glow phase. This linear behavior is also similar to the evolution of the electron
density in the first

100

fis in the modified waveform case with a frequency of

1 kHz and 50% duty cycle. During the afterglow, the electron density decays
exponentially with a decay rate of 32 fis, also assuming n e(taftergiow) = ^ eo x
ex p (^ )Figure 3.18 shows the evolution of the emission lines from Ar, Kr and Xe
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(f= l kHz, 10% duty cycle) (a) for the rectangular pulse and (b) for the modified
waveform pulse.
The intensity of the argon emission line, fig. 3.18 (a), rapidly peaks at t =
2

/is and then decreases and settles around 10 /is. Kr & Xe emission intensi

ties rapidly increase as well and peak at t = 4 fis. The Kr emission line then
tends to a constant value at t = 20 fis while the Xe emission line peaks at
t — 40 fis. The ignition phase and time dependance of the emission behavior
is similar to the case of 1 kHz 50% duty cycle, shown previously in fig. 3.7 (b).
For the case of the modified waveform, all
3 0 0 -1 ......................................

the emission lines, fig. 3.18 (b), simulta
neously show a gradual increase with no
distinguishable peaks during the early igni
tion phase similar to the case presented in
fig. 3.8 (b). Emission from Ar almost tends
-300-j

to a constant value around t = 40 fis be

0

................
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200

250

tim e / (.is

fore gradually deceasing during the after

Figure 3.19: RF voltage output of
glow (t > 100/zs). Emission from Kr & Xe the modified waveform with / =
1 kHz and 10% duty cycle near the
gradually increases during the entire active powered electrode.
glow phase. The emission from these lines
stops at 170 fis for Ar and and at 210 /is for both Kr & Xe. Xe has the longest
emission time during the afterglow (~ SOfis). However, in this case emission from
Xe takes about a 100 fis to stop. The long life time of these emissions indicates
th at the plasma is still on. This is so because these emission lines occur from
the relaxation of excited states populated mostly by direct electron impact with
a ground state atom. Measuring the RF-voltage output close to the powered
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electrode sheds some light on this behavior.
Figure 3.19 shows the RF-voltage near the powered electrode for the modified
pulse with 1 kHz and 10% duty cycle. The dotted black line shows where the
trigger signal stops. It also shows th at the RF-voltage decays at a slow rate,
keeping the plasma ignited for longer than 100 fis. Hence, all the emissions take
longer to decay to zero and the electron density decreases gradually following the
decay of the RF-voltage.

3 .4 .2

5 kH z p u lse freq u en cy

A further set of measurements was made using a higher pulse frequency, while
keeping the gas composition and pressure unchanged. The pulse frequency was
set to 5 kHz, giving a period of 200 fis, with two duty cycles 10 & 50%. This pulse
frequency ensured th at the afterglow was sufficiently long for the electron density
to decrease to a measurable relatively low value. The rectangular waveform was
used for these pulsing conditions.
Similar to the previous studies, the general plasma behavior was monitored
by measuring the total plasma emission and electron density for both duty cycles.
Figure 3.20 shows the time resolved total plasma emission (black squares) and
electron density (blue disks) for the pulsing frequency of 5 kHz and 50% duty
cycle.
Interestingly, the total plasma emission shows two peaks during the early
ignition phase before gradually decreasing during the rest of the active glow phase.
The first peak appears at t = l.hfis and the second at t — 10 fis. The first emission
peak attains a relative value of almost 60% of the maximum measured value of
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Figure 3.20: The temporal evolution of the total emission intensity (black squares)
and electron density (blue disks) for a 5 kHz rectangular waveform with a 50%
duty cycle.
the second peak.
The electron density shows a ‘virtual’ decrease in the first two microseconds,
increases rapidly until t ~ 15fis and at a slower rate for the rest of the active
glow phase. The electron density decay rate is about 36 fis during the afterglow.
The electron density is equal to 2.5 x 101 5 m - 3 at the end of the afterglow. This
remaining electron density influences the conditions of the ignition phase when
the next burst of RF-voltage starts. The ‘virtual’ decrease in the electron density,
at the beginning of the pulse, is due to the fact th at the electrons heat up rapidly
due to absorption of the sudden RF-voltage during the early ignition phase. This
decrease in the density is not real as the density is gradually increasing, but this
dip in the profile profile is because of the electrons gain a lot of energy at this
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Figure 3.21: The temporal evolution of the total emission intensity (black squares)
and electron density (blue disks) for a 5 kHz rectangular waveform with a 10%
duty cycle.
early stage of the pulse and escape the volume surrounding the hairpin probe. It
is as if the sheath expands and occupies almost all the area between the strands of
the probe. This behavior was not observed in the previous measurements simply
because the electron density at this time was lower than the sensitivity range
of the hairpin probe. This also explains the first emission peak as the emission
depends exponentially depend on the electron temperature. The emission peak
decreases to about 40% of the second emission peak. This could be attributed to
the fluctuations of the electron temperature and increase in the electron density
as a response to the input RF-voltage.
Figure 3.21 shows the temporal behavior of the plasma emission (black squares)
and electron density (blue disks) for the rectangular waveform pulse with 5 kHz

100
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pulsing frequency and

1 0

% duty cycle.

The total plasma emission shows a peak in the ignition phase around t = 5 fis,
and gradually decreases during the rest of the active glow. It is not clear if there
are double emission peaks during the active glow phase from the total plasma
emission. This could be due to the time scale of these events and the duration of
the active glow phase.
The electron density shows a monotonic rapid increase during the active glow
phase without any ‘virtual’ decrease in the early ignition stage. The electron
density decay rate time is equal to 54 fis during the afterglow, and the density
reaches a value of 0.2 x 101 5 m - 3 at the end of this phase. This electron density
sets up the conditions for the ignition phase when the next burst of RF-voltage
starts and is very close to sensitivity limit of the hairpin probe. The lack of this
‘virtual’ decrease could be related to the sensitivity of the hairpin probe at this
electron density range.
Figure 3.22 shows the temporal evolution of the selected emission lines from
Ar, Kr & Xe for (a) 50% and (b) 10% duty cycles of the rectangular waveform
pulses with / = 5 kHz.
For the 50% duty cycle, fig. 3.22 (a), shows a double peak in the ignition phase
similar to the total plasma emission. The first peak appears at t = 1.5 fis, decrease
at t =

2

{is and then all emissions increase forming the second peak at t = ~

11

fis.

After this time all emissions seem tend to a constant value. Oscillations in the
Ar emission line could be attributed to the aliasing th at occurs because of the
gate width of the i-CCD (50ns).
For the 10% duty cycle, fig. 3.22 (b), shows a similar temporal behavior of
the emission lines as they peak at t = 1.5 /is, decrease at t = 2 /xs and then all
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Figure 3.22: Spectrally and temporally resolved emission for rectangular wave
form with 5 kHz pulsing frequency with (a) 50% and (b) 10% duty cycles.
emissions increase forming the second peak at t = ~ 5 (is. A double peak in the
spectrally resolved emissions can be seen which was not as obvious from the total
plasma emission. The Ar emission, which has the highest excitation threshold,
seems to reach a constant value around t =

8

fis.

These measurements give further insight into the general plasma dynamics
and behavior for a wider range of conditions. The conclusions from these brief
measurements are in agreement with those reached from the detailed study pre
sented in section 3.3.

C onclusions

3.5
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C onclusions

In this chapter, we have presented a study th at aimed to characterise the ignition
phase of pulsed RF-discharges, with particular emphasis on understanding the
evolution of the EEDF during this phase. This was achieved through electron
density measurements combined with spectrally- and spatially resolved emission
measurements.
We successfully applied pulse tailoring, by using different RF-waveforms, to
alter the plasma properties and control the ignition phase in a capacitively cou
pled discharge. This technique is relatively simple and straightforward to apply
compared to other approaches, such as double frequency RF-sources, used to
tailor certain plasma properties. These results indicate th at the EEDF during
operation can be influenced and even controlled to some extent by pulse tailoring.
This technique can be used to fine tune plasma chemistries, as they are highly
sensitive to the details of the EEDF.
For the case of square wave pulse excitation, ignition is characterised by a
highly transient phase th at is very different from the discharge conditions through
out the remainder of the pulse. Electron density measurements show th at electron
production is relatively high in this phase, while the spectrally resolved emissions
show th a t the EEDF is characterised by high energy electrons with a strongly
non-Maxwellian distribution. The spatially resolved measurements indicate th at
these electrons are present throughout the discharge volume. For the case of the
ramped pulse, the discharge ignition is characterised by a much gentler ignition
phase in which the EEDF does not change significantly. Spectrally and spatially
resolved measurements support this conclusion.
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The results presented here demonstrate the significant effect th at pulse tailor
ing can have on the EEDF, without greatly affecting properties such as plasma
density. A similar approach in reactive plasmas should allow the control certain
plasma chemistries through the enhancement of some reactions and suppression
of others. Related studies are planned for etching chemistries such as A r/S F 6 / 0 2 Although in this study it was not possible to directly correlate observed emis
sion with specific EEDFs, this combination of time-resolved electron and emission
measurements enabled the identification of the different ignition processes and
different ignition time-scales and their dependence on the shape of the applied
voltage waveform. This approach should be applicable to other pulsed discharges,
especially over the time periods in which extremely rapid transient behavior is
dominant and conventional measurement techniques are difficult to apply and
interpret. Further refinement of the approach should be possible through the
development of time-dependent collisional-radiative models.

Chapter 4
Inductively coupled plasm a study
Inductively coupled plasma sources are widely used for a variety of processing
applications because of their high plasma density, low ion bombarding energy and
the ability to separately control the ion bombarding energy [Ashida et a/., 1995,
1996]. Plasma processing requirements are becoming more strict and challenging
as the device features of ICs are shrinking. This requires precise control over
plasma properties such plasma density, electron temperature, radical reactivity,
ion flux & energy, neutral-to-ion flux ratio and dissociation rate [Banna et al.,
2012]. The precise control largely relies on separately controlling these plasma
properties to meet the challenges of etching sub-30 nm features.
Separately controlling plasma properties requires a certain flexibility in oper
ating the plasma, which is not available in tradition plasma sources and contin
uous operational regimes. Pulsed plasmas are one of the suggested approaches
to acquire this control due to the extra control ‘knobs’ they introduce, such as
pulse frequency and duty cycle. Pulsed plasmas were widely studied in academia
in the early nineties [Ashida et al, 1995, 1996; Overzet & Leong-Rousey, 1995],
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and have become of interest for both academia and industry over the last decade
[Banna et al., 2012; Brihoum et al., 2013; Samara et al., 2010].
In this chapter we aim to characterise our ICP source in continuous and pulsed
regimes, and in particular to probe the transient ignition phase in the pulsed
regime. This chapter can be outlined as follows: section 4.1 contains different
electrical and optical measurements of several discharges operated in a contin
uous mode which characterise our plasma source. Section 4.2 includes various
measurements performed for pulsed discharges, where general plasma behavior
was monitored for a wide range of parameters and detailed study was performed
for specific sets of conditions. Finally, section 4.3 consists of the conclusions
reached from the different measurements and studies which were performed on
both continuous and pulsed discharges.

4.1

P lasm a behavior for continuous operation

This section describes a series of measurements made in the PL80 ICP source
when it was operated in continuous mode.

The aim of these measurements

is to characterise this source. A detailed description of the PL80 ICP source
was presented in section 2.2. The measurement techniques used in this chap
ter were introduced in section 2.4 and the OES method was discussed in detail
in section 3.3.2. Figure 4.1 shows a simplified schematic representation of the
PL80 ICP source. The blue arrow represents the only port of access to the center
of the bulk plasma in the coil region, via a small port in the vacuum flange at
the top of the ICP source.
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Figure 4.1: A schematic representation of the PL80 ICP source showing the main
plasma region (close to the powered coil) and the diffused plasma region (species
diffused to the wafer) and the power sources. The blue arrow indicates the only
available access port to the bulk plasma.

4 .1 .1

C h arged sp ec ies d e n sity m ea su rem en ts

The electron density was measured using a hairpin probe resonator. Ion density
was measured separately using a Langmuir probe, using a calculation based on
the ion saturation region of the I-V characteristic. A planar Langmuir probe was
used to carry out these measurements and was kept at a constant bias of —40 V.
Electron density was measured for different pressures and powers using a
hairpin probe th at was introduced into the system in a vertical position, indicated
by the blue arrow in figure 4.1. Many problems had arisen in initial attem pts to
use a probe in this discharge, especially at relatively high powers (P > 100 W).
The problems, which included boiling and outgassing of the epoxy used to
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Figure 4.2: Electron density measurement in argon plasma for different gas pres
sures. The probe was situated 10 cm above the coil center.

seal the probe, were caused by the high electron density and perhaps the high
gas temperature in the center of the source. Changes in the probe design and
construction allowed successful measurements. A temporary solution was to po
sition the hairpin probe

10

cm above the center of the coil region and perform

fast measurements.
Pure argon gas was used to generate the discharge at a constant flow rate
of 30 seem while the pressure and input power were varied. Figure 4.2 shows
the measured electron density for the various pressures as a function of input
power. The electron density seems to increase with input power and pressure.
For pressures of 60 and 100 mTorr the resonance frequency of the hairpin probe
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was higher than the range of the circulator used in the hairpin probe circuit.
Therefore, for these pressures there are fewer data points than the rest. For the
100 mTorr discharge, the measured plasma density was equal to 7 x 101 6 m - 3 for
the lowest input power of 25 W. The electron density seems to be higher than
7 x 101 6 m - 3 for 11, 20 and 40 mTorr for input power greater than 75 W, while
it is higher than th at for 60 and 100 mTorr for lower input powers (~ 40 W).
No sudden increase in the electron density can be seen as a the input power is
increased. Typically, a sudden increase in the density occurs in ICP discharges
due to the transition from E- to H-mode. E-mode is when the ICP source operates
mostly in a capacitive mode with relatively low electron density (maximum ~
9 x 101 6 m~3), while the H-mode is the inductive mode and is characterised with
densities higher than that.
Electron density was measured for an A r/K r/X e plasma with 8:1:1 ratio. The
discharge was operated at 20 and 100 mTorr with a total gas flow of 30 seem.
The hairpin probe was situated 12 cm above the coil center to allow higher input
powers. Electron density was measured for 25 < P < 250 W for the A r/K r/X e
plasma, but in argon for 25 < P < 100 W. Figure 4.3 shows the electron density
measurement for both pressures as a function of input power. The electron density
seems to increase in the same manner as for the case of pure argon for the power
range of 25 < P < 100 W, attaining relatively similar values. Spectroscopic
measurements require the addition of Kr & Xe gases to the discharge, as was
done in the research described in chapter 3.

Measurements showed th at the

addition of these gases to the ICP discharge had almost no effect on the electron
density.
A small step increase in the electron density can be noticed at P = 150 W and
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Figure 4.3: Electron density measurement in A r/K r/X e plasma with 8:1:1 mix
ratio for 20 and 100 mTorr pressures. The hairpin probe was situated 12 cm
above the coil center.

P = 75 W for the 20 and 100 mTorr pressures respectively. This step increase
could indicate the transition from an E- to a H-mode. A similar step increase
was not seen in the pure argon case, fig 4.2, probably because of insufficient input
power for the

2 0

mTorr Ar discharge (Pmax =

100

W). The electron density seems

to start saturating for P > 150 W in the 100 mTorr case as the error bars start to
increase at this power range. This could be attributed to the merge of the probe
resonance peak with the background signal, which changes significantly at these
powers and electron densities.
Ion density in argon plasma operated at 20 mTorr was measured using a planar
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Figure 4.4: Comparison of the electron density measurement using a hairpin probe
resonator (black squares) and ion density measurement using a planar Langmuir
probe (red circles) in a 20 mTorr pure argon plasma where both probes were
situated 15 cm above the coil center.

Langmuir probe. The probe tip consisted of a stainless steel disk with a diameter
of 6 mm. The probe was operated in the ion saturation regime and was maintained
at a potential of —40 V. The ion saturation equation (2.6), which requires the
Bohm speed equation (2.7), was applied to the measured current to calculate the
ion density. Details of these equations can be found in section 2 .4.2 .1 .
Figure 4.4 shows a comparison between the electron density measurement
and ion density measurement using a hairpin probe and a planar Langmuir
probe,respectively, in a 20 mTorr pure argon plasma. Both probes were situated
15 cm above the coil center to enable the measurement of densities at powers
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above 100 W. The Bohm speed was estimated to be % = 2688 m /s assum
ing th at Ar+ is the dominant ion and the electron temperature was set to 3 eV
in order to calculate the ion density from the ion saturation current. The two
measurement techniques are in very good agreement.
The design of the planar Langmuir probe is slightly more robust than that
of the hairpin probe. W ith this benchmarking of the two probes, the planar
Langmuir probe could be used in cases where it is extremely difficult to extract
the resonance from the hairpin probe. The planar Langmuir probe was extensively
used in experiments described later in this chapter.
Plasma densities of the order of 101 7 up to 101 9 m - 3 have been reported by
various authors in ICP [Godyak et al., 2 0 0 2 ; Godyak, 2011; Hori et al., 1998] and
ECR [Bowden et al., 1993] sources. The input powers used by these authors was
relatively higher (~ 500 W) than th at used in these experiments. However, the
dimensions of our system are smaller than those used by Godyak et al. [2002];
Godyak [2011]; Hori et al. [1998], and we probably reach similar power densities
at lower power input values compared with their high input power values.
The electron density will have some profile as a function of the distance from
the center of the coil region. This profile was not characterised due to the prob
lems, mentioned earlier, th at occur whilst using the probe in the coil center or
close to the coil edge. However, the measured density values when the probe is
15 cm above the coil center, for 20 mTorr Ar plasma at 100 W, are almost three
times less than what was measured at 10 cm above the coil center, fig 4.2. If
one assumes th at the density is at least one order of magnitude higher in the
center than th at measured 10 cm away, the plasma seems to be in the H-mode
for a pressure of 20 mTorr with an input power greater than 50 W. The lowest
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electron density was found to be for the lowest pressure in both cases, the pure
argon and A r/K r/X e plasmas. The electron density increases by a factor varying
from 1.5 up to 4.5 with the increase in pressure. This suggests th at the plasma
is in the H-mode for all the pressures at powers much less than 50 W.
Several attem pts to record complete I-V characteristic curves using Langmuir
probes, either cylindrical or planar, were carried out for several plasma oper
ational conditions, but there were problems with the data th at prevented full
analysis of the I-V curve. Floating potentials (> 20 V) and plasma potentials
(> 30 V) were measured for pure argon at 20 mTorr with 50 W input power.The
electron saturation region rapidly tended to a constant value parallel to the Vaxis. These high measured potentials and deviant features in the electron sat
uration region occurred due to the large distance separating the probe tip from
any nearby grounded surface. This led to insufficient return current during the
electron saturation regime where too much electrons were withdrawn from the
plasma. The plasma potential increased so th at it sustains itself and contains the
remaining electrons. The electron tem perature could not be deduced from the I-V
characteristics because of the features of the I-V curve at the electron saturation
region. Introducing a grounded surface to a position close to the probe tip could
be one solution. However, this required a different probe design, as introducing
another electrode requires a different access port. This m atter is currently being
resolved, but for the results in this thesis the focus was only on the ion saturation
region.
Optical emission spectroscopy was carried out to further characterise the PL80
and to attem pt to measure the electron temperature. The results of these mea
surements are presented in the following section.
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S p ec tra lly reso lv ed em issio n m ea su rem en ts and e lec
tro n te m p e r a tu r e e stim a tio n

Optical emission spectroscopy is a well-established technique in plasma character
isation. Complicated models, such as collisional radiative models (CRM), have
been used by some researchers to extract carefully electron temperatures and
densities [Donnelly & Schabel, 2002; Zhu et al., 2012]. Indicative temperatures
can be deduced from simpler models, such as ours (section 3.3.2.2). This section
describes the OES measurements performed for a wide range of plasma pres
sures and input powers. These measurements were used to estimate the range of
electron temperatures attained in the PL80 ICP source.
A constant total gas flow of 30 seem was maintained while the pressure was
varied from 20 up to 80 mTorr. The plasma was mainly constituted from argon
with traces of Kr and Xe with 8:1:1 ratios. Emission lines from each of these
species was measured for different input powers.
Figure 4.5 (a), (b) and (c) shows the measured emission lines as a function
of the input power for three gas pressures. The emission from argon is divided
by

8

to allow direct comparison with the other emission lines. The data was

normalised with the highest measured intensity in each case.
It can be seen th at the emission from Xe, Kr & Ar increase simultaneously
as the power increases for all these pressures. Emission from Kr and Ar increase
in a similar manner. For the pressure of 20 mTorr, all the emission lines seem
to increase almost linearly as the input power increases. For the pressures of 40
and 80 mTorr, there seems to be a subtle step in the increase of the emissions
for 100 W input power, after which the lines seem to linearly increase. This step
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Figure 4.5: Emission lines from Ar, Kr & Xe as a function of input power for (a)
20 mTorr, (b) 40 mTorr and (c) 80 mTorr.
increase is relatively small when compared to the raw measured emission and is
magnified due to the normalisation of the scale.
The electron temperature was estimated for these operating conditions from
the ratios of the intensities of the emission lines using the model presented in
section 3.3.2.2. The EEDFs were also assumed to be Maxwellian-like in the model.
It is more likely th at the EEDFs are Maxwellian due to the higher electron density
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Figure 4.6: (a) shows the ratio of the emission lines only from Xe with respect to
Ar for 20, 40 and 80 mTorr and (b) gives the estimated electon temperature for
these pressures extracted from the simple analytical model.

(compared to the CCP case), which leads to higher electron-electron collision
frequencies, and the absence of large sheath potentials.
Figure 4.6 (a) shows the ratio of emissions from Xe to Ar for 20, 40 and
80 mTorr and (b) the estimated electron temperatures for these conditions ex
tracted from the simple analytical model. Emission ratios of Kr to Ar showed
similar trends to those of Ixe/Ar and hence were not included in the graph in
order to simplify the presentation of these data. The emission ratio shows a large
decrease for the 80 mTorr case as the input power increases from 50 to 200 W and
tends to a constant value for higher powers. For the 40 mTorr case, the emission
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ratio shows a relatively small decrease as the input power increases and tends to
a constant value at an input power of 200 W. The emission ratio for the 20 mTorr
case seems to attain a constant value for all the input power range, tending to a
similar value of th a t of the 40 mTorr case for P > 250 W.
Figure 4.6 (b) shows the estim ated electron tem perature for these different
pressures as a function of the input power. The estim ated Te shows alm ost no
change for the 20 mTorr case, while the estim ated Te increases slightly from 1.2
to 1.5 eV when the power increases from 50 to 200 W for the 40 mTorr case.
The estim ated Te, for these two pressure conditions, follows the behavior of the
emission ratio and settles at the same value (~ 1.5 eV) at an input power of
200 W . For the 80 mTorr pressure, the estim ated Te increases from ~ 1 eV, for
input power of 50 W, to 1.3 eV for P > 200 W.
The m easured emission was for the line of sight passing through along the
axis of the plasm a and was not only obtained from the center or peripheries of
the plasm a region. It is expected th a t Te will have a particular profile peaking in
the core region of the plasm a close to the coil and will decay further away from
it. The estim ated Te resembles the line average tem perature. This could explain
why the estim ated tem peratures are slightly lower th an expected (2.8 eV).
The density m easurem ents suggest th a t the plasm a is operating m ostly in the
H-mode, i.e. high plasma density, and th a t adding traces of K r/X e gas m ixture
does not change the plasm a density. The spectrally resolved m easurem ents and
the simple analytical model suggest th a t 1.2 <Te< 1.5 eV is the variation of the
Te for these selected pressures and input powers. These operational conditions
were selected as they are relevant to the study carried out on the CCP source and
to the typical operating conditions of source used for the neutral beam etching
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experiments described in the next chapter. Similar measurements were carried
out for pulsed input powers for different pressures. These sets of measurements
are presented in the following section.

4.2

P lasm a behavior for pulsed operation

This section contains a study of the pulsed PL80 ICP source. There are two
aims of this study. The first is to characterise our source in the pulsed regime,
and the second is to characterise the ignition phase. The studies were performed
using a combination of electrical and optical measurement techniques. Total light
emission from the plasma was measured for a range of conditions. The simple
OES technique, presented in section 3.3.2, with electrical measurements, mostly
using a planar Langmuir probe, were used to study the ignition phase of a specific
set of pulse conditions.
In initial studies, the discharge was operated using pure argon gas as well
as A r/K r/X e gas mixtures with pressures ranging from 20 to 100 mTorr. Pulse
frequencies 1 < / < 5 kHz with duty cycles ranging from 10 up to 90% were
used. The average power was maintained at Pav = 344 ± 4 W for all pulse
frequencies and duty cycles. The circuit presented in figure 2.4 (b) [page 43] was
used generate the pulsed input power. The pulse frequencies and duty cycles
were controlled using a function generator. An ENI power supply was used to
generate the pulsed RF power. These conditions were used to determine a set of
optimised operational conditions for our source.
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P a r a m e te r sp a ce sw eep

In this section we probed the param eter space using various pulse frequencies,
duty cycles and gas pressures. The param eter space is huge, and probing all
possible conditions would take a very long time. Plasm a emission, however, is
relatively straightforw ard to measure, and the initial study focused on simply
recording emission for a wide range of conditions. Emission strongly depends on
electron properties, so this approach enabled us to narrow the range of conditions
where more detailed m easurem ents were made. W ith this approach, a photodiode
was used to record the to tal light emission from the plasmas operated at different
pulse conditions.
We have already seen th a t adding traces of Xe and Kr to an Ar plasm a had
little effect

011

the plasm a behavior (section 4.1.1). Hence, the emission study

was carried out in a pure Ar discharge. The A r/K r/X e gas m ixture was used
when optical emission spectroscopy and a detailed study of the ignition phase
was performed.
Figure 4.7 shows the m easured total light em itted from a 20 mTorr Ar plasma
operated at a pulse frequency of 1 kHz (a), 2.5 kHz (b) and 5 kHz (c) with 30,
50, 70, 75 and 90% duty cycles. Total light emission was also m easured for 40,
60 &; 80% duty cycles for pulse frequencies of 1 and 2.5 kHz, and were om itted
to increase the clarity of the graphs. The m easurem ents show th a t the emission
clearly depends on the duty cycle. A small tim e shift in the m easured emission
can be seen during the early phase of the pulses. This tim e shift is an artifact
resulting from the smoothing and averaging of the digitised signal recorded by the
oscilloscope. The sm oothing and averaging was necessary for some m easurem ents
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Figure 4.7: Total light emission from a 20 mTorr argon plasma for different duty
cycles, ranging from 30 to 90%, for pulse frequencies of 1 kHz (a), 2.5 kHz (b)
and 5 kHz (c).
due to the resolution of the oscilloscope used in these measurements.
No significant peaks were measured for all pulse frequencies and duty cycles.
The shortest duty cycles seem to have the highest emission intensity for all fre
quencies, while the measured intensity decreases as the duty cycle increases. The
total light emission seems to converge to a value similar to th at attained at the
end of the longest duty cycle as the duty cycles increase.
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Figure 4.7 (a) shows the total emission measured for several duty cycles for a
pulse frequency of

1

kHz (T =

1

ms). A relatively small peak in the early part of

the pulse can be seen in the emission of the 30 and 50% duty cycles. This peak
seems to gradually decrease and eventually disappear as the duty cycle increases,
i.e. the duration of the active glow phase increases.
Figure 4.7 (b) shows the total emission measured for several duty cycles for
a pulse frequency of 2.5 kHz (T = 400 fis). The emission shows similar general
behavior as the emission for the 1 kHz pulse. Small peaks can be seen during
the early ignition stages in the 30 and 50% duty cycle cases which disappear for
longer duty cycles.
Figure 4.7 (c) shows similar data as the previous graphs for a pulse frequency
of 5 kHz (T = 200 /is). A Gaussian profile was measured for the emission of the
50% duty cycle. This profile is similar to th at measured for the ramped input
pulse with / = 1 kHz and 10% duty cycle in the pulsed-CCP case, figure 3.18
(b) [p 95]. No distinct features in the emission were measured for the 75% duty
cycle. It takes the RF power supply about 20 /is to reach the maximum input
power and there is an inherit response delay of 80 fis. This explains the Gaussian
profile of the emission in figure 4.7 (c). This constrains the length of the active
glow and the pulse frequencies th at we can operate the system at.
Figure 4.8 shows the measured total light emitted for the same range of con
ditions, but when the gas pressure was 40 mTorr. A clear peak in the emission
is detected in the early phase of each pulse for all the conditions. The intensity
of this peak gradually decreases for duty cycle greater than 50%. The total light
emission seems to converge to a value similar to th at attained at the end of the
active glow phase of the longest duty cycle.
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Figure 4.8: Total light emission from a 40 mTorr argon plasma for different duty
cycles, ranging from 30 to 90%, for pulse frequencies of 1 kHz (a), 2.5 kHz (b)
and 5 kHz (c).
Figure 4.9 shows the same measurements for the case of p = 80 mTorr. The
peak in the emission in the early phase of the active glow is even more distinct
and is observed for all different pulse frequencies and duty cycles. The intensity
of this peak gradually decreases for duty cycle greater than 50%. The total light
emission seems to converge to a value similar to th at attained at the end of the
active glow phase of the longest duty cycle. The difference in the emission profiles
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Figure 4.9: Total light emission from a 80 mTorr argon plasma for different duty
cycles, ranging from 30 to 90%, for pulse frequencies of 1 kHz (a), 2.5 kHz (b)
and 5 kHz (c).
between the 40 and 80 mTorr cases is due to the different conditions, such as the
electron densities, at the end of the afterglow phase.
The modified waveform pulse with 1 kHz frequency and 50% duty cycle was
used to change the ignition phase of a 100 mTorr A r/K r/X e plasma; the RFvoltage was the same as th at shown in figure 3.2 (b). Figure 4.10 shows the total
emitted light for the modified pulse input. The effective active glow phase seems
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Figure 4.10: Total plasma emission measured for 100 mTorr A r/K r/X e with a
ramped input pulse waveform with f = 1 kHz and 50% duty cycle.

to be shorter and the plasma ignites around t = 220 fis. It can be seen th at the
emission profile does not follow the profile of the input RF-voltage, as was the
case in the pulsed CCP discharge. In fact the emission profile is similar to the
profile of the input current. Hence, for the ICP source, proper pulse tailoring
requires control of the input current rather than the input voltage. This was not
possible with our power supply.
In summary, the total plasma emission measurements show th at a peak ap
pears in the early phase of the active glow for pressure p > 40 mTorr, while
almost no peaks appear for p < 30 mTorr. The intensity of the emission peak in
the early phase of the active glow increases as the pressure increases. The duty
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cycle and pulse frequency seem to have less of an effect on the intensity of the
peak compared to th at of the pressure change. Spectrally resolved emission mea
surements were performed to provide further insight on this behavior and into
the associated ignition processes. The results of these measurements are provided
in the following section.

4 .2 .2

S p e c tra lly resolved m ea su rem en ts

Optical emission spectroscopy measurements were performed to probe the ignition
phase for the pulsed ICP source. Spectroscopic studies require the addition of Kr
and Xe gases, as was done in section 4.1.2 and the research described in chapter 3.
The discharge was operated with a pulse frequency of 1 kHz with 30%, 50%
and 90% duty cycles with Pav — 344 W. An A r/K r/X e gas mixture, with 8:1:1
flow ratios and a total gas flow of 30 seem, was used to generate the discharge.
The plasma was operated at two different pressures to perform this study: 20 and
100 mTorr. This should show the different ignition behavior observed in the total
emission measurements described above. Three emission lines were selected, one
from each of the gases. Detailed information about these emission lines can be
found in table 3.1 [p. 78].
Figure 4.11 contains the temporally and spectrally resolved measurements for
a 20 mTorr A r/K r/X e plasma operated at

1

kHz pulse frequency with 30%, 50%

and 90% duty cycles, having Pav = 344 W. In each case, the emission intensity was
normalised to the maximum value of the xenon emission line, and the emission
intensity of the argon line was divided by eight.
Figure 4.11 (a) shows a gradual increase in the intensity of the three emission
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Figure 4.11: Spectral and time resolved emission for 20 mTorr A r/K r/X e plasma
operated at 1 kHz pulse frequency with 30% (a), 50% (b) and 90% duty cycles.
lines reaching a maximum value around t ~ 170 (is. These emission lines show no
peak or any significant features during the early ignition part of the active glow
phase.
Figure 4.11 (b) shows a gradual increase of the emission intensities of all
the emission lines in a manner similar to th at of the 30% duty cycle case. The
xenon emission lines shows some fluctuations for t > 250 //s, while the Kr and
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Ar emission lines seem to be almost constant at this time. These fluctuations,
±7%, in the Xe emission line seem to be larger than they actually are due to the
normalisation of the data.
The spectrally resolved emission for the 90% duty cycle is included in fig
ure 4.11 (c).

The emission gradually increases for all three lines, reaching a

maximum value at t ~ 440 fis. In fact, the absolute measured values are 30% less
than the emission measured for the 50% duty cycle case.
The general profile of these spectrally resolved lines resembles the profiles of
the total light measured in figure 4.7 (a) for the same duty cycles.
Figure 4.12 contains the same data for the 100 mTorr case. As was done before,
the emission intensities was normalised by the maximum emission intensity of the
xenon line, and the argon lines were divided by eight. It can be seen from the
graphs th at all the emission lines contain peak features in the ignition stages of
the active glow phase.
For the 30% duty cycle case, all three emission lines exhibit peak features
during the early stage of active glow phase. These peaks are relatively broad
compared to the peaks detected in the early phase of the active glow in the
pulsed CCP study, figure 3.7 [p 78].The peaks begin at times ranging from 20 to
50 fis. The emission lines from Ar, Kr and Xe tend to a constant value around
125, 145 and 170 fis respectively.
For the 50% duty cycle case, these emission lines show a similar trend to
those measured for the 30% duty cycle case. The emission lines also exhibit
broad peaks, starting also from 20 up to 40 fis. The emission intensities reach a
constant value around 140 fis for all these emission lines.
It can be seen from figure 4.12 (c), for the 90% duty cycle case, th at the
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Figure 4.12: Spectral and time resolved emission for 100 mTorr A r/K r/X e plasma
operated at 1 kHz pulse frequency with 30% (a), 50% (b) and 90% duty cycles.
emission lines show a similar profile as the previous cases, but with more similarly
timed peak increases.

For this case, these peaks start at times in the 25 to

30 fis range. All the emission lines seem to reach a steady value around 150 /is.
Figure 4.13 shows the ratio of the emission lines of Xe with respect to Ar for
the two pressures 20 and 100 mTorr, for these plasmas with 1 kHz pulse frequency
with 30%, 50% and 90% duty cycles. The general profile of K r/A r emission lines
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Figure 4.13: Ratio of the Xe emission lines w.r.t Ar (Xe/Ar) for (a) 20 mTorr
and (b) 100 mTorr plasma with 1 kHz pulse frequency and 30%, 50% and 90%
duty cycles.

ratio is similar to those presented in figure 4.13 and are not shown here to simplify
the presentation of the data.
Figure 4.13 (a) shows the X e/A r ratio for the 20 mTorr plasma. The ratios
seem to rapidly decrease for all duty cycles during the ignition phase and reach a
similar value after ~

1 00

fis. An overshoot of the ratios can be seen at t = 320, 520

and 920 fis indicating the beginning of the afterglow phase for the 30%, 50%
and 90% duty cycles respectively. The ratio overshoot at the beginning of the
afterglow indicates the rapid cooling down of electron temperature at this phase.
Figure 4.13 (b) shows the ratio for the 100 mTorr plasma. The ratios seem
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to rapidly decrease for all duty cycles during the ignition phase and reach a
similar value after ~ 240 fis. An overshoot of the ratios is seen at the end of
each duty cycle at t — 320, 520 and 920 fis for 30%, 50% and 90% duty cycles
respectively. The general profile of these ratios is similar to the ratios measured
for the 20 mTorr plasma, figure 4.13 (a).
The spectrally resolved emission shows no distinct features during the ignition
phase of the 20 mTorr case and a similar profile to th at of the total measured
emission. The spectrally resolved emission showed broad peaks for all the duty
cycles in the 100 mTorr case, which have a similar profile to the measured total
emission.
The results can be interpreted as follows. The ignition of the plasma occurs
on a time scale of few microseconds, not tens of microseconds. The ignition
of the plasma contributes to the emission in these peaks but is not the only
factor. Another factor could be th at these broad emission peaks are due to a
non-Maxwellian EEDF during the early active glow stages. The shape of the
EEDFs is decided by the balance between the energy gains of electrons at various
energies from the electromagnetic fields and their energy space diffusion. The
energy space diffusion is inefficient since the dominant collisions are the electronneutral collisions at high pressures. The frequency of electron-electron collisions
and electron mean free path decrease with higher pressures, especially when the
electron density is low during the early ignition phase. However, as the density of
electrons builds up the frequency of electron-electron collisions increases, resulting
in an efficient thermalisation of the electrons. The increase in electron-electron
collisions changes the EEDF into a Maxwellian-like distribution. The apparent
time scale for this change is 50, 40 and 30 fis for the 30%, 50% and 90% duty
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cycles respectively. The decrease in these time scales is due to the increase in
the electron density at the end of the afterglow phase as the duty cycle increases.
Similar time scales to such changes were reported previously by Ashida et al.
[1995].
In summary, spectrally resolved emission measurements were performed for
a plasma operated at two pressures with different duty cycles. Differences in
the ignition phase were studied for different duty cycles and two different pres
sures. Spatiotemporal charge density measurements were performed to support
this analysis and study. The results of these measurements are presented in the
following section.

4 .2 .3

S p a tio te m p o r a l charge d e n sity m ea su rem en ts

A planar Langmuir probe was used to perform spatiotemporal measurements of
the positive ion current for the same plasma conditions th at were presented in
section 4.2.2. Hence, measurements were made in an A r/K r/X e plasma operated
at two pressures: 20 and 100 mTorr, with 1 kHz pulse frequency and 30%, 50%
and 90% duty cycles. The positive ion current was measured on the azimuthal
axis of the discharge using a planar Langmuir probe, with the probe potential
set at —50 V to collect only positive ions and repel the energetic electrons. The
probe was positioned at five positions on the azimuthal axis: +10, +5, 0, -5 and
-10 cm. The zero centimeter position is at the centre of the coil region, and the
positive direction is upwards from the centre in the direction of the gas inlet.
Figure 4.14 shows the collected current along the azimuthal axis of the dis
charge as a function of time with respect to the input pulses. The vertical axis
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represents the position of the planar Langmuir probe on the azimuthal axis. The
zero position on the vertical axis is close to the center of the coil. The current is
normalised to the maximum value collected. All the planar Langmuir probe mea
surements in the following sections are presented in this particular style.
Figure 4.14 (a) shows the spatiotemporal positive ion current measured for
20 mTorr discharges operated with a 30% duty cycle. As can be seen from the
graph, the maximum positive current is collected at the center of the discharge
(distance = 0 cm) around t = 170 fis, I+ax — 50.1 mA. The maximum current
collected in this case is the highest compared to the peak of the currents measured
for the 50% and 90% duty cycle cases. A small positive current was collected after
300 fis, when the discharge power is turned off. This is interpreted as being due
to the ambipolar diffusion of positive ions.
Figure 4.14 (b) shows the spatiotemporal positive ion current measured for the
same 20 mTorr pressure but with duty cycle of 50%. In this graph, the measured
current is normalised to the maximum positive current measured for the 30%
duty cycle. It can be seen th at the maximum positive current is collected at the
center of the discharge around t = 160 fis, I+ax = 47.2 mA.
Figure 4.14 (c) shows the spatiotemporal positive ion current measured for
the 90% duty cycle case. Once again, the measured current is normalised to the
maximum positive current measured for the 30% duty cycle. It can be seen th at
the maximum positive current is collected at the center of the discharge around
t = 150 fis, /+ ax = 37.8 mA. As mentioned earlier, the positive current collected
after t = 500 fis can be attributed to the ambipolar diffusion of positive ions.
Figure 4.15 shows the positive ion current collected on the azimuthal axis for
the same plasma conditions except for pressure, which was set to 100 mTorr. For
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the 30% duty cycle case, shown in part (a), the maximum collected current is
collected at the center of the discharge at t = 160 fis, I+ax = 69.51 mA.
For the 50% duty cycle, shown in part (b), the maximum collected current is
collected at the center of the discharge at t = 160 fis, 7+ax = 71.4 mA.
Finally, for the 90% duty cycle case, shown in (c), the maximum collected
current is collected at the center of the discharge at t = 160 fis, I+ax — 66.52 mA.
These measurements show th at the collected current reaches a maximum value
after 160 fis for all cases. These measurements give the profile of the temporal
evolution of the positive ions on the azimuthal axis of the discharge.
To extract the ion density from these measurements, it is necessary to know
the ion mass distribution, which is difficult to know exactly in the A r/K r/X e gas
mixture. However, it is possible to estimate a reasonable density by assuming
th at Xe+ is the dominant ion constituting approximately 90% of the ion mass
distribution. The ionization threshold energy is 12.129, 13.999 and 15.759 eV for
Xe+, Kr+ and Ar+ respectively [NIST Atomic Spectra Database].
The maximum ion density can be estimated using assumptions stated earlier
and applying the ion saturation current equation (2.6) and calculating the Bohm
speed using equation (2.7) [p. 52]. The maximum ion density can be estimated
using IXe+ max = 0.97+ax and 7+ax - Iis = - e n suBA where 7+ax is the maximum
positive collected current, ns ion density, uB Bohm speed and A the collection
area. The electron tem perature can be estimated from the X e/A r emission line
ratios when steady state conditions are achieved for each of the duty cycles in
order to calculate the Bohm speed. The planar Langmuir probe is a disk with
diameter D =

6

mm, and hence the area of the probe is A =

The existence

of a sheath around the probe increases the effective collection area, especially in
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the ion saturation region. Typically, the effective collection area becomes the sum
of the physical area of the probe and the extra area created by the sheath.
Therefore, the effective collection area becomes A ej j = 7r(^ + 3Xd )2. The
effect of the sheath becomes minimal as the plasm a density increases and the
electron tem perature decreases. The plasm a density and electron tem perature
m easurem ents in section 4.1.1 and 4.1.2 suggested high plasm a densities (ne >
1018 m -3 ) and low electron tem perature (Te ~ 1.6 eV). Therefore, we can conclude
th a t the effect of the sheath around the probe can been neglected when estim ating
the positive ion densities for these cases.
The electron tem perature was estim ated from the spectroscopy m easurem ents
to be 1.6 eV and 1.2 eV for the 20 and 100 mTorr discharges respectively. These
electron tem peratures are attained throughout the active glow phase when the
ratio of the X e/A r emission lines reaches a steady value. The Bohm speeds cal
culated for these electron tem peratures are 1085 and 940 m /s for the 20 and
100 mTorr discharges respectively. The ion density can be estim ated using as
sum ptions mentioned earlier and these electron tem perature and Bohm speeds.
Two values of the positive current for each set of operational conditions were used
to estim ate the ion density during the active glow phase. These two current were
the m aximum and m inimum collected currents during the active glow phase after
the ignition of the plasma. Table 4.1 gives the set of estim ated ion densities for
all the operational conditions of interest. The values of the current used for these
calculations were extracted from the center of the discharge, i.e. the center of the
coil (d=0 cm).
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Figure 4.14: Spatiotem poral positive current collected by planar Langmuir
probe for 20 mTorr A r/K r/X e plasm a operated at 1 kHz pulse frequency with
30% (a), 50% (b) and 90% duty cycles. The values are normalised to 50.1 mA,
which is the highest positive current m easured for the 30% duty cycle case.

Plasm a behavior fo r pulsed operation

135

1.1
0.98
0.88
0.78
0.69
0.59
0.49
0.39
0.29
0.20
0.098
0.0

100

150

200

250

:

t i m e / ^is

(a) 30% duty cycle

4^
>
3

tim e / u s

(b) 50% duty cycle

0.98

+----

4^

100

200

300

400

500

tim e /

600

700

800

900

us

(c) 90% duty cycle
Figure 4.15: Spatiotem poral positive current collected by planar Langmuir
probe for 100 mTorr A r/K r/X e plasm a operated at 1 kHz pulse frequency with
30% (a), 50% (b) and 90% duty cycles. The values are normalised to 71.4 mA,
which is the highest positive current m easured for the 50% duty cycle case.
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Table 4.1: This table provides the estimated maximum and minimum ion densities
attained during the active glow phase for each of the operational conditions.

p j mTorr
20

100

dc
30%
50%
90%
30%
50%
90%

A r/K r/X e plasma, / = 1 kHz
/m A n'inax/m 3
Jmax/™A
34.92
45.09
5.17 x 101 8
31.41
42.53
4.87 x 101 8
34.03
25.47
3.9 x 101 8
62.56
8.28 x 1 0 1 8
61.47
64.26
57.69
8.50 x 101 8
59.87
54.54
7.92 x 101 8

^mrn/m 3
4 x 101 8
3.6 x 101 8
2.92 x 101 8
8.13 x 101 8
7.63 x 101 8
7.22 x 101 8

Table 4.1 includes the calculated ion densities for the 20 and 100 mTorr
A r/K r/X e discharges and the different duty cycles. It can be seen from these
values th at the plasma density is relatively high for all the operational condi
tions. This also suggests th a t our discharges, under these pulse conditions, are
operated in the H-mode. It is worth noting th at the ion density was calculated
from the measured ion current under the assumption th at Xe+ constitutes 90%
of the ion species. Even if the Xe+ was chosen to have different percentages, such
as 75% or 80%, the measured densities would still be relatively high. However,
the measured ion current is in fact high regardless of what ion and percentage
was chosen to calculate the density. These ion densities were calculated to give a
better feel for the characteristics of the PL80.

4.3

C onclusions

The characterisation of the PL80 ICP source was performed in continuous and
pulsed operational conditions. The plasma properties were measured in the coil
region of the PL80 ICP source for pure argon and A r/K r/X e plasmas. Opti
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cal emission spectroscopy and charge density measurements were performed to
measure the various plasma properties.
In continuous mode, plasma density was measured using a hairpin probe for
various pressure and input powers. Ion densities were also measured using a
planar Langmuir probe for the same operational conditions. These measurements
showed th at the plasma density was high, n e >

1 0 17

m -3, for low input powers and

increased as the pressure increased which suggests th at the plasma is operating
in the H-mode in all the studied cases.
Optical emission spectroscopy was performed for a range of operational con
ditions. The electron tem perature was estimated from the X e/A r ratio using
the simple model described in chapter 3. Relatively low electron temperatures
were deduced for the operational conditions on the assumption of Maxwellian-like
EEDFs.
In pulsed mode, a similar set of measurements was performed. The ignition
phase was probed using a combination of the OES and density measurements.
Ion density measurements were performed using a planar Langmuir probe. The
hairpin probe was not used for electron density measurements, due to the tech
nical problems encountered in the high density source. Hence, the ion density
measurements gave the density during the active glow phase only. A new hairpin
probe design is being considered to enable the measurement of electron density
during the afterglow phase.
Total emission from the plasma was measured for a variety of pulse condi
tions. Spectrally resolved measurements were performed for two pressures,

20

and 100 mTorr as these pressures had the most distinct features in the early ac
tive glow phase, and several pulse conditions. No obvious transient stages from
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E- to H-mode were observed from these measurements which suggests th at the
rise of the plasma density is very rapid.
In summary, measurements in continuous and pulsed modes were successfully
performed. Plasma density and electron tem perature ranges where extracted
from these measurements. These values produced a good understanding of the
operating conditions of this ICP plasma source, in conditions similar to those
expected to be useful for neutral beam etching. The effect of the neutral beam
etching setup on these plasma properties will be studied in the following chapter.

Chapter 5
N eutral beam etching
The previous chapters have presented the pulse tailoring technique and its effect
on plasma properties. This chapter describes research in which pulsed plasmas
and pulse tailoring techniques are used to carry out neutral beam etching (NBE).
The current status of NBE research was presented in section 1.4. This chap
ter includes a detailed description of the modifications performed on the PL80
ICP source to transform it into a NBE source. Results of preliminary NBE are
presented and challenges facing this research are discussed.
This chapter is divided as follows. Section 5.1 contains a detailed description
of the development of the NBE set up. Section 5.2 includes a set of optical and
electrical measurements to gauge the effect of the NBE adapter on the plasma
properties. Section 5.3 contains measurements of the extracted beam energy and
the neutralisation efficiency of the NBE adapter. Section 5.4 includes the prelim
inary NBE results and etch rate measurements. Finally, section 5.5 contains the
conclusions of these preliminary experiments.
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T he OU N B E source

The PL80 ICP source is an industrial etching tool and has been described in
detail in section 2.2. This industrial etching tool was modified from a typical
RIE tool into a NBE tool. The advantage of this is th at it meant our NBE source
was based on an industrially-relevant apparatus. The disadvantage was th at the
industrial tool was not configured for easy diagnostic access.
Figure 5.1 is a schematic representation of the Open University NBE source.
The plasma volume is confined in the ceramic tube close to the powered coil, while
a perforated graphite plate separates the plasma from the wafer and creates a
pressure difference between the two regions. The first region is the plasma source
region, which was kept typically at a pressure of a few mTorr up to a 100 mTorr.
The second region, the processing region where the wafer resides, was kept at
a lower pressure - typically 0.3 mTorr. Low pressure in the processing region
is necessary to ensure th at the extracted energetic neutrals undergo minimal
collisions, if any, with background gas particles before reaching the wafer. If the
pressure in the processing region is high, the extracted beam will undergo frequent
collisions with background gas species, decreasing its energy and directionality.
Therefore, keeping the processing region at a low pressure compared to the plasma
region is essential.
The extraction and neutralisation adapter consists of a perforated graphite
plate, two ceramic pieces, a cylinder and a disk, and electrical connections. The
adapter was designed to hold the graphite extraction plates, for ion extraction and
neutralisation, and to separate the plasma source from the processing chamber
whilst providing the pressure difference required for NBE.
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Figure 5.1: A cross-section schematic representation of the OU NBE plasm a
source.
The adapter consists of a ceramic tube and a ceramic disk, indicated by the
green colour in figure 5.1. The ceramic tube separates the carbon plate from
the metallic grounded surfaces in the chamber, preventing any arcing. Also, this
tube contains four orifices with diam eter of 5 mm each. These orifices aid the gas
and radicals in the plasm a region to diffuse towards the processing chamber and
vacuum pump.
Figure 5.2 shows an image of the ceramic holder which is attached to the
ICP source inside the PL80. This setup minimises the risk of arcing between the
graphite plate and surrounding grounded surfaces especially when it is biased with
a few hundred volts. A metallic strip m ounted on the lower side of the ceramic
disk, shown in figure 5.2, provides electrical contact between the graphite plate
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.connects

Figure 5.2: An image of the NBE setup inside the PL80 attached to the
ICP source. It shows a graphite extractor and the electrical connection used
to bias it.
and an external voltage source.
The operating pressure of the plasm a source normally ranges from 10 to
100 mTorr, while the processing chamber resides at a pressure varying from 0.1 to
5 mTorr. The extraction grid is situated 10 cm beneath the centre of the coil, and
has a 6 cm diam eter. The thickness of the extraction carbon plate is 1 cm. In our
early tests, it was difficult to run different discharges, especially SF6 discharges,
w ith gas flow rates above a few seem when the NBE adapter was put in the
chamber. The effective pum p rate of the source chamber was generally affected
by the neutraliser. Therefore four holes, with 5

111111

diam eters, were drilled in

the ceramic tube, indicated in green in figure 5.1. This higher gas flow enabled
discharge operation with about 15 seem gas flow while still keeping a reasonable
pressure difference between the plasm a and processing regions. The ceramic disk,
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(b)

Figure 5.3: (a) perforated graphite plate with 1 mm hole diameter and is used
for extraction and neutralisation of ion beams, (b) graphite plate with a metallic
mesh having 1 mm hole diameter. The metallic mesh is 0.8 mm thick and is to
extract ion beams only.
figure 5.2, was used to ensure th at diffused species from the plasma did not reach
the wafer easily.
A second modification of the chamber was the introduction of an additional
metal plate, made of perforated aluminium, in the region above the plasma. This
plate acted as an additional electrode and allowed us to control the potential of
the plasma region independently from the graphite plate. Although this enabled
much greater control of the extraction process, the presence of the plate blocks
diagnostic access to the source plasma.
Several carbon plates with different hole diameters and aspect ratios were
tested as neutralisers. The perforated plate shown in figure 5.3 (a) was used
for most of the experiments and measurements. There are 224 drilled holes in
this plate, each with a 1 mm diameter. The total perforated area is equivalent to
Ah = 176 mm2, where A h is total drilled area. The area of the hole graphite plate
is equivalent to A q = 2820 mm2. Therefore, ^

= 6.3% of the entire graphite
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plate is perforated. Future experiments are planned for perforated plates with
larger total drilled area, however for the experiments presented in this chapter
6.3% is the transparency area of the graphite palate used for extraction and
neutralisation of energetic ions.
A metallic perforated plate, of 0.8 mm thickness, containing ~ 150 drilled
holes, with

1

mm diameter, was used to extract energetic ions without neutrali

sation. This plate, positioned over a correspondingly shaped hole in the carbon
plate, allows ions to be extracted with minimal contact with surrounding surfaces.
The perforated area of the metallic plate is equivalent to A m = 120 mm2, which
gives

= 4.3%.

This particular extractor allowed us to extract ion beams whose IED F 1 we
could then measure. These IEDF were used as one estimation of the energy
distribution of neutrals extracted when the carbon neutraliser plate was used.
An RFEA 2 was used to measure the IEDF of the extracted species when the
plasma was operated in pulsed and continuous mode. The RFEA was positioned
on the lower electrode where the wafer normally resides.
A series of optical and electrical measurements were performed to measure
the plasma properties when the NBE adapter was installed in the PL80. The
plasma properties were then compared to those presented in the chapter 4 which
were measured without the NBE adapter in the chamber. These measurements
are presented in the following section.
Ron energy distribution function

2Retarding field energy analyser, manufactured by Impedans

C h aracterisation o f the p la sm a p ro p erties w ith the N B E a d a p ter

5.2

145

C haracterisation o f th e plasm a properties
w ith th e N B E adapter

The main aim of this research is to perform neutral beam etching by extract
ing and neutralising negative ions generated in pulsed discharges operated with
electronegative gases. There are several methods and approaches to generate
negative ions, as described in section 1.4 [p.

2 1

]. Our approach depends on gen

erating negative ions in the afterglow phase of pulsed discharges. The electron
temperature decreases drastically in the first few microsecond of the afterglow
phase, as was seen in the previous chapters, making the conditions favorable for
dissociative electron attachm ent processes. These processes increase the density
of negative ions in the afterglow phase. Therefore, our discharges were operated
in pulsed mode throughout most of the experiments presented in this chapter.
However, some initial measurements were made with the discharge in continuous
mode, in order to gauge the effect of the NBE adapter on the plasma properties.
Argon discharges were used to perform plasma studies and characterise the
plasma source. Discharges operated in SFg gas were used to carry out neutral
beam etching. Other plasma chemistries have been used to perform neutral beam
etching, as was discussed in section 1.4. However, SF 6 gas is used instead of other
gases, such as chlorine or bromine based gases, because it is more user friendly
and conforms to the health and safety regulations of the current set up. It is also
a standard etching gas and allows us to characterise the NBE tool.
This section contains a study of the effect of the NBE adapter on the plasma
properties. The studies were performed using a combination of optical and electri
cal measurement techniques. Total light emission from the plasma was measured
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for a range of conditions. The simple OES technique, presented in section 3.3.2,
with electrical measurements, was used to gauge the effect of the NBE adapter on
the plasma properties for specific conditions. These measurements are presented
below.

5.2.1

S p ec tra lly reso lv ed m ea su rem en ts

In initial studies, the discharge was operated in pure argon with 11 < p <
80 mTorr with total gas flow of ranging from

8

up to 34 seem with 1, 2.5 and 5 kHz

pulse frequencies with duty cycles ranging from 25% up to 90%. Traces of Kr and
Xe gases were added when spectrally resolved measurements were performed to
estimate the electron temperature. The plasma emission is relatively straightfor
ward to measure and strongly depends on the electron properties. A photodiode
was used to measure the plasma emission for a range of conditions when the
NBE adapter was included in the PL80, while spectrally resolved measurements
were performed for a selected set of conditions.

5.2.1.1

T otal plasm a em ission m easurem ents

Plasma emission was measured for the same operational conditions presented in
section 4.2.1 in order to compare the effect of the NBE adapter on the electron
properties. The discharge was operated in pure argon at 20, 40 and 80 mTorr
with 1 < / < 5 kHz pulse frequencies and duty cycles ranging from 30% up to
90%.
Figure 5.4 shows the measured plasma emission when the NBE adapter was
in place for a 20 mTorr argon discharge operated with 1 kHz pulse frequency
and several different duty cycles. It can be seen from this figure th a t the plasma
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Figure 5.4: Total plasma light emission measured for 20 mTorr argon discharge
operated at / = 1 kHZ with 30%, 50%, 70% and 90% duty cycles when the
NBE adapter was in the PL80.
emission profile changes relatively little compared to the measurements without
the NBE adapter, shown in figure 4.7 [p. 119]. The measurements in figure 5.4 are
normalised with respect to the maximum measured value. In fact, the absolute
measured values are slightly less than those presented in figure 4.7 by a factor of
~ 10%. However, the profiles show relatively little change when the traces are
normalised to the maximum measured value. This suggests th at the NBE adapter
has a relatively small effect on the plasma emission.
Similar plasma emission measurements were performed for the other pulse
conditions and gas pressures. These measurements exhibited the same behavior
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as the case presented in figure 5.4 with intensities being 10% less than those
measured without the NBE adapter and similar profiles when the measurements
are normalised. These measurements have not been presented as they all show
the same effect of the NBE adapter on the plasma emission.
Spectrally resolved emission measurements were performed to estimate the
electron temperature change when NBE adapter was mounted in the PL80 for
the same operating conditions used in this section.

5.2.1.2

E lectron tem p eratu re estim ation

The addition of small traces of Xe and Kr gases is required to perform spec
trally resolved emission measurements. The electron tem perature can then be
estimated from the ratio of measured emission lines (Xe/Ar) using the simple
model presented in section 3.3.2.2 [p. 81]. This model is suitable for discharges
in steady state conditions, not during transient conditions. Also, the plasma
emission measurements, in the previous section when the plasma was operated
in pulsed mode, showed th at the NBE adapter has very little influence on the
measured plasma emission. Therefore, the discharge was operated in continuous
mode to perform these measurements with 25 < P < 400 W input power and
maintained at p = 40 mTorr with a total gas flow of 15 seem using A r/K r/X e
gas mixture with 8 :1 : 1 ratio.
Figure 5.5 shows the ratio of the measured Xe emission line to th a t of Ar
and the estimated electron tem perature for a 40 mTorr A r/K r/X e plasma as a
function of the input power. Similar measurements were performed for discharges
operated at 20 and 80 mTorr. These measurements showed similar behavior of
the electron temperature as th at showed in the 40 mTorr case. The p = 40 mTorr
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Figure 5.5: (a) X e/A r emission ratio measured for a 40 mTorr A r/K r/X e dis
charge with 25 < P < 400 W input power, (b) the estimated electron tem
perature from the Xe/A r emission ratios for the same operational conditions.
The squares (with NBE in the legend) represent the measurements performed
with the NBE adapter, while the circles represent the measurements without the
NBE adapter.
measurements were selected as a wide range of parameters were covered and all
showed similar behavior.
It can be seen from figure 5.5 th at the electron temperature decreases by
~ 0.1 eV throughout the entire input power range when the NBE adapter is
added in the PL80. Also, the plasma emission measurements of pulsed discharges
showed a decrease of about 10% in the total measured light when the NBE adapter
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was used. Hence, it can be assumed th a t the NBE adapter has the same effect
on the discharge when it is operated in both pulsed and continuous modes.
A nother set of spectrally resolved m easurem ents was carried out for a dis
charge operated in an S F e /A r/K r/X e gas m ixture with a 20 seem total gas flow
and 5:3:1:1 ratio. The discharge was operated in pulsed mode w ith / = 1 kHz and
50% duty cycle and m aintained a t 20, 40, 60 and 80 mTorr. The emission from
Xe and Ar was m easured only at the end of the active glow phase (t — 490 /zs),
when steady state conditions were achieved. The simple model was used to es
tim ate the electron tem peratures for the different operational pressures. This
m easurem ent was performed to estim ate the electron tem perature range during
the neutral beam etching process, when access to the plasm a is severely limited.
Figure 5.6 shows the ratio of the m easured Xe and Ar emission lines and
the estim ated electron tem perature for a 20 < p < 80 mTorr SF6/A r/K r/X e
discharge operated with / = 1 kHz and 50% duty cycle and Pav = 330 W. The
emission m easurem ents were performed at the end of the active glow phase when
steady state conditions are achieved. It can be seen from these m easurem ents th a t
the electron tem perature tends to a value of 1.9 eV. Also, Te slightly decreases
as the pressure increases. The estim ated electron tem peratures are higher than
those m easured for discharges operated in inert gases, as expected.
In summary, the NBE adapter has relatively small effect on the plasm a emis
sion and hence the electron tem perature.

Charge density m easurem ents were

performed to compare with these optical m easurements. These measurem ents
are presented in the following section.
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Figure 5.6: (a) X e/A r emission ratio measured for a 20 < p < 80 mTorr
SF 6 /A r/K r/X e discharge with Pav = 330 W input power, (b) the estimated
electron temperature from the X e/A r emission ratios for the same operational
conditions.

5 .2 .2

C h arge sp ec ies d e n sity m ea su rem en ts

As presented in the previous section, several optical measurements showed little
effect of the NBE adapter on the source plasma parameters. Electron and ion
density measurement for continuous and pulsed discharges were performed to
compare with these findings. First, electron density was measured using a hairpin
probe for argon discharges operated at different pressures and input powers in
continuous mode when the NBE adapter was mounted in the PL80. Positive ion
current was then measured using a planar Langmuir probe for discharges operated
in pulsed mode using SF 6 gas, also with the NBE adapter in the PL80.
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Figure 5.7: Electron density measurements at 10 cm above the coil region for
argon discharges operated at 11 < p < 60 mTorr with 25 < P < 100 W with the
NBE adapter mounted in the PL80.
The NBE adapter was installed in the PL80 and a hairpin probe was intro
duced into the system from the top access port, as shown by the blue arrow in
figure 4.1 [p. 106]. The hairpin probe was located 10 cm above the centre of the
coil region. Argon gas was used to generate discharges at pressures of

1 1

,

2 0

, 40

and 60 mTorr with total gas flows of 8 , 13, 23 and 34 seem, respectively, with
input power 25 < P < 100 W. This measurement was performed as an initial
test of the effect of the NBE adapter on the plasma density.
Figure 5.7 shows the electron density measurements for different argon pres
sure and input powers under the conditions described above. Similar measure
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ments were performed for the same operational conditions without the NBE adapter
in the PL80, shown in figure 4.2 [p. 107]. It can be seen from the comparison
between the measured plasma density in both figure 4.2 and 5.7 th at there is
almost no effect of the NBE adapter on the plasma density. A simple comparison
of pulsed Ar discharge was not made, as these are not used for NBE. Instead,
positive ion current measurements of pulsed SF 6 discharges were performed using
a planar Langmuir probe.
A planar Langmuir probe was used to perform spatiotemporal ion density
measurements for pulsed SF 6 discharges. The discharges were maintained at a
pressure of 30 mTorr with a total gas flow of 5 seem and pulse frequencies of 1 and
2 kHz with 30%, 50% and 60% duty cycles. The gas pressure in the plasma region
was equal to 19 mTorr when the input power was switched off and 30 mTorr
when the input power was on. This pressure increase could be related to an
increase in the gas temperatureor to fragmentation/dissociation processes of the
SF 6 molecule when the discharge is on. The bias of the planar Langmuir probe was
maintained at -50 V throughout these measurements in order to measure the
positive ion current, using the same techniques as the measurements presented in
figure 4.14 and 4.15.
Figure 5.8 shows the spatio-temporal measured positive ion current for SFg dis
charges operated at a pressure of 30 mTorr, in the plasma region, with f = 1 kHz
and 50% duty cycle, / = 2 kHz and 60% duty cycle and 30% duty cycle. The
positive ion current was measured along the axis of the discharge, representing
the relative distance from the center of the coil region, which is represented by
the zero position on the scale.
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Figure 5.8: Spatiotem poral positive current collected by planar Langmuir
probe for 30 m Torr SF6 plasm a operated at 1 kHz pulse frequency w ith 50%
duty cycle (a), 2 kHz 60% (b) and 30% duty cycles. The values are normalised
to highest positive current measured for each case.
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It can be seen th at the highest measured current is at the center of the dis
charges in all the cases presented in figure 5.8. The maximum measured current
is 8 .6 , 8.9 and 5.8 mA for the cases presented in figure 5.8 (a), (b) and (c) re
spectively. These measured currents are approximately one order of magnitude
smaller than those measured at similar conditions in pure argon discharges, as
expected for a molecular discharge.
The maximum ion density of the measured cases can be estimated by the
assumption th at 90% of the positive ion species is SF^ [Kokkoris et al.]. The
electron temperature for these operational conditions is estimated to be 1.6 eV,
from the OES measurements presented in the previous section. Therefore the
Bohm speed for the SFg" ions is calculated to be ~ 1100 m s-1. The maximum ion
density can be calculated using I SF+ = 0.9/ + , where I SF+ is the estimated current
due to the dominant positive ion and I + is the total measured positive ion current.
The estimated maximum ion densities are 1.55 x 101 6 m~3, 1.6 x 101 6 m - 3 and
1.04 x 101 6 m - 3 for the cases presented in figure 5.8 (a), (b) and (c) respectively.
It can be seen th at the density is relatively high for these operational condi
tions. In fact, the cases presented in (a) and (b) have similar maximum estimated
positive ion densities. High plasma density and fast pulses are favorable to per
form neutral beam etching. Higher plasma density means higher dissociative
electron attachm ent in the afterglow, which results in more negative ions. Also,
faster input pulses mean th at the extraction graphite plate can be pulsed more
frequently. These two conditions should result in higher extracted fluxes.
Negative ions are neutralised relatively more efficiently than positive ions, as
mentioned in section 1.4, and the etch rate depends on the rate of species arriving
to the surface. Therefore, the set of conditions used in case (b) was chosen to
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be used as the standard operational conditions in the preliminary neutral beam
etching experiments, as it is crucial to have high negative ion densities in the
afterglow phase and increase the extracted beam fluxes to have faster etch rates.
However, it is very difficult to analyse or measure the energy of the extracted
neutral particles. Therefore, measurements using a metallic grid, figure 5.3 (b),
were used to extract ion beams without neutralising them. These preliminary
measurements are presented in the following section.

5.3

E xtracted beam energy m easurem ents

It is necessary to understand the effect of pulse tailoring on the plasma properties
in order to have a comprehensive control over these properties according to the
desired application, especially increasing the negative ion density for neutral beam
etching purposes. Another aspect to be probed is the properties of the extracted
species from the plasma source, in particular their relative energies.
So far, we have been measuring the plasma properties in the bulk plasma
region, and certain preferable conditions were selected to acquire a high density
plasma suitable for negative ion generation. However, we performed a set of mea
surements to assess the energy of the extracted species from the plasma source,
the degree of control th at we have over their energies and the neutralisation effi
ciency of our set up. These preliminary measurements were performed using the
perforated graphite plate, figure 5.3 (a), and the graphite plate th at contains a
stainless steel mesh, figure 5.3 (b). The first graphite plate has 1 mm diameter
holes drilled in it. This results in hollow cylinders with 10 mm length (equal to
the thickness of the graphite plate) and 1 mm diameters. The extracted ions
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are neutralised due to surface grazing collisions in these cylinders. Hence, this
graphite plate is used to extract and neutralise ions from the plasma and will
be referred to as the neutraliser. The second plate, which contains the metallic
mesh, is used to extract ions only without neutralisation and will be referred
to as the extractor. These two graphite plates were used with a retarding field
energy analyser (RFEA) to measure the total collected ion flux and ion energy
distribution function (IEDF).
Ideally, these plates and the RFEA would be used to measure fluxes and
IEDFs of negative ions. However, surface charging issues and other challenges
made it difficult to measure negative ions extracted from the plasma. For this
reason, the properties of positive ion beams were measured to assess the control
over the ion energy and neutralisation efficiency in our set up.
In order to measure the energy of extracted positive ion beams, the extractor
plate was mounted in the NBE adapter. An argon discharge was operated at
a pressure of ~ 20 mTorr with 13 seem total gas flow and P = 200 W. The
discharge was not pulsed as these experiments only require a source of ions. The
top aluminium perforated electrode, section 5.1, was introduced into the plasma
region and was grounded, providing a stable ground potential in the plasma
source. The extractor was negatively biased with —300 < V < —50 V. The
lower table which holds the RFEA was biased synchronously with the extractor
to create a field-free region between the extraction point and detection area.
Figure 5.9 shows the measured IEDF for a 20 mTorr argon discharge for
different biasing voltages applied to the extractor and lower table. It can be seen
from this graph th at the ion energy is proportional to the applied potential on the
extractor. Also, it can be seen th at the ion flux increases with applied potential
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Figure 5.9: IEDF measured for different negative biasing voltages of the extrac
tion grid.
(the area of the IEDF represents the ion flux).
The IEDF was also measured for similar operational conditions and biasing
voltages when the neutraliser was installed in the NBE adapter. These measure
ments are shown in figure 5.10. It can be seen from this graphs the ion energies
exhibit a similar dependence on the applied bias as the case when the extractor is
used, figure 5.9. However, the relative areas of the IEDFs are smaller from those
measured when the extractor was used instead of the neutraliser, especially for
low bias voltages. This suggests th a t the flux of charged species, positive ions in
this case, is lower when the neutraliser is installed in the system.
The discharge conditions were kept the same throughout these experiments.
The ion fluxes were measured using the RFEA for both cases when the extractor
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Figure 5.10: IEDF measured for different negative biasing voltages of the neu
traliser. The black solid line shows the measured IEDF when no biasing was
applied to both the neutraliser and lower table.
and neutraliser were installed in the NBE adapter. Figure 5.11 shows a compari
son between the measured ion fluxes as a function of the biasing voltages for the
extractor and neutraliser. It can be seen from this graph th at the measured flux
is higher when the extractor is used. Also, both fluxes increase as a function of
the applied bias.
It is assumed th at the maximum extracted ion flux is th at measured when the
extractor is used, as minimal neutralisation, if any, is expected in this case due
the very small thickness of the mesh.
The neutralisation efficiency of the setup can be estimated from these mea
surements. The maximum ion flux is expected to be measured when the extractor
is used. Therefore, T =

where T is the neutralisation efficiency and <hjv and
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Figure 5.11: This graph shows the measured ion flux from the extractor (blue
disks) and neutraliser (red squares) as a function of biasing potential for a
20 mTorr argon discharge operated at 200 W input power.
&e are the measured fluxes from the neutraliser and extractor respectively. Fig
ure 5.12 shows the neutralisation efficiency as a function of the bias voltage on the
graphite plates. It can be seen from this graph the neutralisation efficiency de
creases as the biasing potential increase, and the highest neutralisation efficiency
is around 95% for the lowest biasing potential.
The neutralisation efficiency is in agreement with the flux measurements. The
ion flux increases as the biasing potential increases which suggests th a t higher
ion density arrives at the collection area. This increase in the measured flux,
in the case of the neutraliser, could be related to the behavior of the sheath in
front of the orifices. If the sheath has a curved profile in front of these orifices
of the neutraliser, the extracted ions are more likely to collide with the graphite

E xtracted beam energy m easu rem en ts

161

1.0

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

bias /V
Figure 5.12: This graph shows the neutralisation efficiency, F =
of the biasing potential.

as a function

inner walls of the graphite cylinders as they migrate from the sheath towards the
processing region. As the applied potential increases, the sheath should become
more parallel to the graphite plate. When this occurs, the ions will propagate
in a direction perpendicular to the graphite plate and parallel with the direction
of the drilled cylinders, which decreases the probability of ions colliding with the
graphite surface and decreases the neutralisation efficiency while the collected
ion flux increases.

This could be a possible explanation of why the ion flux

increases and neutralisation decreases as the biasing potential increases. A second
possibility is th a t the ions spend more time in the neutraliser holes when they
have low energy, and hence there is more time for the ions to collect an electron
from the graphite in a neutralisation process.
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In summary, the effect of the NBE adapter on plasma parameters was studied
by performing a set of electrical and optical measurements. The properties of the
extracted ion/neutral beams were studied as a function of the potential applied
to the extraction/neutraliser plates. The neutralisation efficiency was calculated
for a simple argon plasma.
For neutral beam etching, a sufficient particle flux should reach the substrate
surfaces with enough energy to provoke etching. Therefore, a bias potential just
high enough to extract energetic particles and sufficient flux to carry out neutral
beam etching is required. The results presented in this section were used to select
a set of plasma parameter and biasing potential to perform preliminary neutral
beam etching experiments. This is presented in the following section.

5.4

P relim inary N B E results

In the previous sections, plasma parameters and ion beam properties were mea
sured for a range of conditions. Ion density measurements performed for SF 6 dis
charges showed th at relatively high plasma density is achieved for a pulse fre
quency of 2 kHz and 60% duty cycle. RFEA measurements showed th at the
extracted ion energy can be controlled via biasing the neutraliser plate and the
neutralisation efficiency decreases as the biasing potential increases. For positive
ion neutralisation and a bias potential of -200 V, a neutralisation efficiency of
60% is expected. However, neutralisation efficiency should be relatively higher
for negative ions compared with positive ions. Therefore, if a biasing potential
of 200 V was selected to extract negative ions, a neutralisation efficiency higher
th at 60% is expected, with the extracted beams having sufficiently high energies

P relim in a ry N B E results

163

to perform etching.
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Figure 5.13: This figure shows the typical plasma conditions used to perform
neutral beam etching. The biasing of the neutraliser was pulsed 20 [is after the
input power was switched off with a maximum voltage of 300 V for a duration of
150 [is. This figure also shows the positive ion density current measured using a
planar Langmuir probe, and the emission profile of the Ar line during the active
glow of the discharge.

From these plasma characterisation and beam measurements, a set of standard
operational conditions was used to perform neutral beam etching. This set of
conditions is as follows: SFg gas flow of 5 seem, p = 30 mTorr in the plasma
region, p = 0.3 mTorr in the processing region, / = 2 kHz with 60% duty cycle,
Pav = 330 W. The neutraliser was biased in the afterglow phase of the discharge
with a maximum potential of 300 V, and the duration of bias was equal to 150 [is.
Figure 5.13 shows the plasma operational conditions used to perform neutral
beam etching. The discharge was maintained at a pressure of 30 mTorr using
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SF6 gas and traces of Ar to measure the emission profile during the active glow.
A planar Langmuir probe was used to measure the positive ion current measured
in the discharge during the active glow phase. The graphite plate was biased
with a delay of 20 [is in the afterglow for a duration of 150 yxs, with a maximum
voltage of 300 V. The biasing of the graphite was intentionally delayed to allow
electrons to cool down and undergo dissociative electron attachm ent to generate
negative ions.
A blank poly-silicon wafer and a patterned wafer were used to perform the
prelim inary neutral beam etching experiments.

The blank wafers were made

from a 200 nm thick layer of poly-silicon covering a 400 nm silicon oxide layer,
which was deposited on an 800 [im thick recycled silicon substrate. These blank
wafers were used to perform several tests, including putting the wafers at different
positions with respect to the orifices of the neutraliser. As the thickness of the
poly-Si layer changed, the index of refraction changed, creating a colour gradient
which was used as crude indicator of etching. The poly-Si and SiC>2 have a pink
and dark blue colours respectively.
Figure 5.14 shows three poly-Si samples subjected to the standard neutral
beam etching conditions. It can be seen from sample (1), which was subjected
to ten m inutes of standard neutral beam etching, th a t the 200 nm of poly-Si is
completely etched, since the SiO -2 layer can be seen by the naked eye (dark blue
colour). Also, the p attern of the drilled orifices in the neutraliser, figure 5.3 (a),
is transferred onto the sample. Sample (2) was exposed to 5 min of neutral beam
etching. Evidence of some etching can be seen by the change of the colour in
the area subjected to the extracted beams. Sample (3) was exposed also for 10
minutes to the same neutral beam etching conditions w ithout neutraliser bias.
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mask
Figure 5.14: Three poly-Si blank tiles subject to standard neutral beam etching
conditions. Samples (1) and (2) were exposed to 10 and 5 m inutes of neutral beam
etching respectively. Sample (3) was subjected to the same plasm a conditions for
10 m inutes but w ithout any biasing on the neutraliser. A hard mask was used to
cover some p art of the samples which was exposed to the extracted beam.
This sample barely shows an change in colour which suggests the etching rate
was very low compared to when the neutraliser was biased.
In a separate experiment, a poly-Si tile was positioned 5 cm away from the
central axis of the neutraliser on the lower table whilst the plasm a was operated at
the standard conditions. The purpose of this experiment was to gauge if there was
any etching due to species diffusing from the ceramic cylinder in the NBE adapter.
The tile exhibited no colour change, which suggests th a t the etching th a t occurs
in the processing chamber is due to species traversing the neutraliser.
A test patterned silicon wafer was used to assess the etch rate and direction
ality of the neutral beam etching. This patterned sample was supplied by our
industrial collaborators, Oxford Instrum ents (O IPT). An SEM 1 was used to im
age the etched features of the patterned samples. Figure 5.15 shows an image of
the test p attern wafer taken by a SEM. This image shows the different patterns
S c an n in g electron microscope
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Figure 5.15: An image of the patterned wafer. This image was taken by a SEM
and shows the different line ratios and dimensions of the patterns.

Tiles of this test wafer were exposed to the standard neutral beam etching
conditions for 5, 10, 15 and 20 minutes. Various SEM images were taken for
these samples and are presented in figure 5.16. It can be seen th at while there is
clear evidence th at the neutral beam is etching the surface, the etch is isotropic.
Undercut of the resist can be clearly seen. Image (c) shows a lateral etch of
141.5 nm and a depth of 435.9 nm.
Isotropic etching of silicon by fluorine-containing plasmas is a known pro
cess [Verdonck et al, 2004]. Studies have shown th at under-etching of the silicon
layer increases in the presence of ion bombardment, indicating th a t fluorine sur
face transport is important for these processes. These studies have concluded th at
part of the energy of the incoming ions is transferred to the fluorine compounds,
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which are on the horizontal surfaces and th at ion bombardment enhances the
fluorine surface transport [Verdonck et al, 2004].
In our neutral beam etching, we assume the energy of ions is relatively close
to th at of the applied potential on the neutraliser. Also, we assume th at the
ions lose a small fraction of their energy through charge exchange surface grazing
collisions. We estimated the neutralisation of positive ions close to 60% in a pure
argon discharge. The neutralisation efficiency of negative ions is relatively higher
than th at of positive ions, but the negative ion density is generally lower which
results in a lower extracted flux of neutrals. The energy of the extracted beam
is assumed to be of few hundred eV, which is still reactively high. However, the
flux of particles is less, as in these cases negative ion are being extracted and neu
tralised, which decreases the etch rate. Nevertheless, with all these estimations,
the silicon lateral etching could be explained due to mechanisms dominated by
fluorine surface transport similar to th at reported by Verdonck et al. [2004].
Fluorine radicals are highly reactive even at room temperature. One possi
ble way to decrease the side etch due to surface transport would be to decrease
the tem perature of the sample to micro Kelvin temperatures using cryogenic
cooling. Another approach would be to use plasma chemistries th at create a
passivation layer on the sidewalls of the etched trenches. Fluorocarbon-based
chemistries could be used, but would generate a risk of forming thin coatings
on the graphite neutraliser, which would decrease the efficiency of neutralisa
tion. Other chemistries involve adding oxygen to the SF 6 discharges to create an
Si0 2 passivation layer on the sidewalls of the trenches. A potential problem is
that oxygen might etch the graphite, but if introduced in small traces and the
measurements were performed rapidly, this side effect can be avoided.
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Hence, another set of samples from the same patterned wafer were exposed
to otherwise standard neutral beam etching conditions, with

1

seem of oxygen

added to the discharge. The addition of oxygen increased the pressure in the
plasma chamber from 30 up to 40 mTorr,whilst the pressure was 0.9 mTorr in
the processing region. Tiles of the patterned samples were exposed to neutral
beam etching under this set of conditions for 5, 10, 15 and 20 min.
images for these experiments are shown in

The SEM

figure 5.17.

It can be seen from the SEM images in figure 5.17 th at the silicon lateral
etching was suppressed by the addition of oxygen for samples etched for 5 and
10 min. The samples shown in images (a) and (b) seem to have been anisotropically etched, which suggests th at the addition of oxygen gas has helped the
directionality of the etch by perhaps forming a thin passivation layer on the side
walls of the trenches. However, image (c) shows th at lateral etching can still be
observed after prolonged etching. Nevertheless, the side etch is relatively less
than th a t shown in the figure 5.16 (c).
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Figure 5.16: SEM images of patterned tiles exposed to our standard NBE op
erating conditions in pure SF 6 plasma for 5 minutes (a), 10 minutes (b) and
15 minutes (c). Image (c) shows lateral etch 141.5 nm and 435.9 nm etch depth.
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Figure 5.17: SEM images of patterned tiles exposed to our standard NBE oper
ating conditions in SF 6 / 0 2 plasma with 8:2 ratio for 5 minutes (a), 10 minutes
(b) and 2 0 minutes (c).
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Figure 5.18: The etch rates were estimated from the SEM measurements to be
30 nm /m in and 26nm/min for SF6 NBE (black squares) and SF6/0 2 NBE (red
disks).
The etch rates can be estimated for the SFg and SF 6 /O 2 neutral beam etch
ing from the SEM measurements of the etched depth for different time expo
sure. These measurements are presented in figure 5.18. It can be seen from this
graph th at the etch rate is estimated to be 30 nm /m in for neutral beam etching
performed in pure SF6 discharge and 26 nm /m in when oxygen is added to the
discharge.
This is a low etch rate compared with standard silicon etching techniques, for
which rates of 1 fim per minute and above can be achieved. However, our devel
opment of NBE is aimed at next stage wafers, containing fine features and thin
layers. While some increase in the NBE etch rate is desirable, this preliminary
result, with an unoptimised system, is a promising first result. Other chemistries
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and plasma operational conditions are planned to be used in experiments in the
near future, as this research is still ongoing in our group.

5.5

C onclusions

A setup for neutral beam etching was designed and and successfully tested in the
PL80 plasma source to perform neutral beam etching.
The effect on plasma properties of adding the NBE adapter was studied using
various optical emission and electrical measurements. No significant effect was
observed.
In a second preliminary experiment, a series of measurements was carried out
to test the dependence of the extracted beam on the extraction potential. The
results showed th a t the beam energy could be controlled.
Finally, a set of standard plasma operating conditions was used to test neu
tral beam etching with two plasma chemistries, SF6 and S F e /0 2. The plasma
operating conditions were selected based on the plasma density measurements
and extracted beam measurements th at resulted in relatively high neutralisation
efficiency and high ion energies. SEM imaging was used to perform etch rate
measurements and determine the etch properties of these two chemistries.
The preliminary neutral beam etching results appear to be promising. These
measurements show the first anisotropic neutral beam etch reported by our group.
This is ongoing research in our group, and plans to improve the NBE adapter
design are being made. Further optimisation of the discharge conditions is ex
pected to lead to improved NBE results, as well as better understanding of the
key issues th at determine etch quality.

C hapter 6
D evelopm ent of a novel wafer
probe for in-situ m easurem ents
The previous chapter focused on neutral beam etching, which is a possible solution
to one of the problems of etching devices with very fine features. Another problem
th at arises due to the increased number of devices in a single chip is the resistivecapacitive (R C ) delay between interconnects. For example, aluminium has been
replaced with copper, which has higher conductivity; though th at has has required
new technologies for its patterning as it is not readily patterned and etched in
silicon compatible processing. This chapter focuses on another aspect of this
problem.
This metal replacement required a change in the integration sequence, from
metal patterning followed by dielectric filling, to dielectric patterning followed by
copper filling. To reduce the R C delays one can introduce dielectric materials
with low permittivities instead of the traditional material silicon dioxide, Si0 2 1.
1Si02 has a /-c-value of 4.2
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These new dielectrics are known as low-k materials with k-values as low as 2,
almost half th a t of SKD2 . Plasma processing for

Io w - k, materials

has proved to be

challenging for many reasons, some of which are discussed in this chapter. The
research described in this chapter focuses on the development of a novel method
to monitor, in real time and in-situ, the changes induced in low-k thin films due
to plasma exposure. The diagnostic method is relevant to the pulsed plasma
theme of the rest of the thesis because the fundamental principle of operation is a
pulsed mode th at shares a certain amount with the pulsing of plasmas described
in Chapters 3 —5.
The chapter is divided as follows. Section 6.1 contains background information
about low-Ac dielectrics and includes the challenges and motivations behind this
research. Section 6.2 consists of two parts; the first describes the design of the
wafer probe, and the second introduces the analytical model which was developed
to extract plasma parameters and film characteristics from experimental data.
Section 6.3 contains a series of experiments performed to benchmark the wafer
probe design, the experimental apparatus and the analytical model used in this
research. Section 6.4 covers some of the results obtained for different dielectric
materials, mainly Si0 2 and 1o w - ac, using the wafer probe. Finally, section 6.5
highlights the milestones achieved and possible extensions to this work.

6.1

Background and m otivation

The introduction of new materials to IC fabrication is driven mostly by the neces
sity to decrease R C delay and power consumption in circuits with nanometre scale
components. This drive has led to the replacement of aluminium with copper as
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Figure 6.1: This figure shows the different types of low-ft matrix materials and
their skeleton ft-value (K^) [Baklanov et al., 2013].
the metallic conductor and the replacement of the conventional inter-metal dielec
tric, SiC>2 , with new materials th at have smaller permitivities. Those materials
with low dielectric constants are known as low

- f t

materials. Using low-ft materials

in the integration process introduces new challenges due to the sensitivity of this
material to plasma exposure.
Low-ft materials typically use a honeycomb structure to try to approach the
ideal vacuum dielectric (ft =

1

), hence they are low mass density materials. Many

low-ft materials are composed of SiCU molecular units in an open cage structure
with additional methyl groups (-CH3) th at form a lining cover of the pores. Other
low-ft materials are based on organic polymers, known as organosilicate glasses
(OSG or SiOCH). Figure

6 .1

shows some different types of low-ft materials and

their different ft-values [Baklanov et al., 2013].
The porosity of the structure of these low-ft materials and their low density
make them sensitive to plasma exposure.

As the porosity of these materials

increases, their ft-value decreases and their sensitivity to plasma exposure in
creases [Verdonck et al, 2013]. Densification and carbon removal are examples
of the changes th at low-ft materials undergo when exposed to plasmas. How
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ever, the removal of the methyl group from the linings of the pores is the most
devastating effect. The methyl group on these linings give the low-ft material a
hydrophobic nature. The removal of this methyl group changes the hydrophobic
nature of the low-ft into a hydrophilic one. Water (H2 O) has a low frequency
ft-value of 80 [Baklanov et al., 2013]. The adsorption of H20 into the porous
structure of the low-ft increases the ft-value way beyond th at of SiCU, making the
material useless as an inter-metal dielectric.
Surface analysis techniques such as SEM1, TEM 2, SIMS3 and AFM 4 have
been extensively used to analyse and characterise the plasma-induced damage on
low-ft materials [Baklanov et al., 2013; Verdonck et al., 2013]. Also, FTIR 5 has
been used to study changes in the composition of low-ft materials after plasma
exposure [Baklanov et al, 2013; Verdonck et al, 2013]. Simulations have also
been used to study the effect of plasma induced damage by radicals and VUV
photons [Shoeb et al, 2012]. However, it is still unclear at which stage of plasma
exposure the low-ft material undergoes the transformation from hydrophobic to
hydrophillic, especially in complicated device integration processes. Most of the
surface analysis techniques mentioned earlier are ex-situ and require the samples
to be transferred to a separate chamber to be analysed, which adds another
difficulty in determining where and when the water adsorption takes place. There
is a great need for a real time in-situ monitoring technique.
In this chapter, we present a novel technique, based on the concept of the
ion flux probe, to monitor changes in film properties induced by plasma exposure
1Scanning Electron Microscope
2Transmission Electron Microscopy
3Secondary Ion Mass Spectroscopy
4Atomic Force Microscopy
5Fourier Transform Infra Red Spectroscopy
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in-situ in real time. This technique is referred to as the wafer probe technique.
Using a low- k, film, with known thickness and dielectric constant, we aim to track
the evolution of the resistivity and capacitance as a function of plasm a exposure
time. The perm ittivity can then be deduced by using a simple parallel plane
capacitor model.
There are two m ajor aims for this study. The first aim is to assess the usage
of a wafer tile to extract information about the plasma, ion flux and electron
tem perature, as well as the evolution of the film properties as a function of plasm a
exposure time. This has the long term aim of using the whole wafer as a probing
instrum ent. The second aim is to attem p t to find when water adsorption onto the
surface takes place. W ater adsorption could take place in the plasm a chamber,
when the sample is exposed to air, or in both situations.

6.2

P robe design &; analytical m odel

A new probe was designed to address the aims of this research. In this chapter
this probe is referred to as the wafer probe. It uses the same methodology as th a t
of the ion flux probe, presented in section 2.4.2.2 |p. 53]. The difference between
the wafer probe and a conventional ion flux probe is th a t the wafer probe uses a
tile from a multi-layer wafer as the probing surface instead of using a section of
an existing boundary m aterial.

6 .2 .1

P r o b e d e sig n

The design of the probe is relatively simple and the external circuit used for the
m easurem ents is the same as th a t for a standard ion flux probe. The probe tile
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Figure 6.2: A schematic representation showing the position of the wafer probe
(in blue) in the PL80 plasma source and the external circuit used for the measure
ments. Vx indicates where the potential between the plasma-side of the capacitor
and ground/bias is measured.
is mounted in a ceramic sample holder and is connected to an external circuit.
The external electrical circuit is mainly composed of a voltage source, an external
capacitor, and an acquisition card or oscilloscope.
Figure 6.2 shows the position of the wafer probe in the PL80 system and a
simplified circuit diagram used in the measurements. The wafer probe is called
so not only because it uses a tile of wafer as the probing surface but also because
it produces in almost real time in-situ information of the changes in the dielectric
properties induced by plasma exposure. In this technique, an external pulsed bias
source (RF or DC) is used to charge the external capacitor. A 16-bit acquisition
card or an oscilloscope is used to measure the biasing of the capacitor during the
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Figure 6.3: A schematic drawing of the cross-section of the wafer probe showing
its various components - the sample holder thickness and the multi-layer tile. The
vertical scale is not linear so th a t thinner layers can be more easily seen.
charging and discharging phases, indicated by Vx in figure 6.2. The m easurem ents
were performed in the PL80 system where the plasm a was generated mostly using
the ICP source, and the table supporting the probe was used as a CCP source in
other experiments.
Figure 6.3 shows in detail the different parts of the wafer probe th a t is located
in the plasm a chamber. It is composed of a ceramic disk which holds the tile.
This ceramic disk includes a metallic square frame concealed from the plasm a
but in contact with a conducting layer in the tile, as can be seen in the figure.
Figure 6.3 shows a cross-section of the wafer probe and shows the ceramic
holder (light blue) and the metallic frame (grey) which constitutes the electrical
connection between the tile and the external circuit. The tiles are based on a
silicon substrate (black), a conducting layer typically made of titanium nitride
TiN (gold), the dielectric thin film (magenta) and an external isolating dielectric
(red) th a t centers the wafer tile in the ceramic frame. The isolating dielectric,
made from P T F E , is used to isolate the tile from being grounded or biased if the
lower electrode was excited externally.
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Figure 6.4: The measured voltage (a) and current (b) over one pulse cycle. The
black voltage trace in (a) is the applied potential to the probe. (I) and (II)
indicate the the charging and discharging phase of the capacitor.
Initial tests were done with a tile of bare aluminium in the ceramic holder.
In this configuration the wafer probe functions as a conventional ion flux probe
for preliminary tests and measurements. Following this, a multi-layer wafer tile
with a titanium nitride (TiN) metallic layer exposed to the plasma was used to
perform detailed measurements. Silicon dioxide and two types of 1o w - k materials
were used as the thin film dielectric for these experiments.
During the experiments, data measured from the wafer probe is viewed in the
form of current as a function of biasing voltage. However, the data are measured
as a function of time. Figure 6.4 shows the measured experimental voltage and
current traces as a function of time. Figure 6.4 (a) shows two traces; the applied
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potential pulse (black solid line) and measured potential (blue solid line). The red
dotted line separates the charging (I) and discharging (II) phases of the capacitor.
Figure 6.4 (b) shows the derived experimental current as a function of time. The
charging of the capacitor results from the electron flux arriving at the surface of
the probe. The discharging occurs mainly due to the positive ion flux. These two
phases are described in more detail in section 2.4.2.2 [p. 53].
The experiments were carried out in the Plasma Laboratory at the Open
University, while most of the data analysis and ex-situ measurements were carried
out with collaborators at IMEC in Belgium. An analytical model was used to
analyse the data and extract information about the charged species arriving to the
surface of the probe and the changes, if any, of the dielectric properties induced
by plasma exposure. This model is presented below.

6 .2 .2

A n a ly tic a l m o d el

The analytical model is the same as th at used for the typical ion flux probe
measurements [Booth et al., 2000; Samara et a/., 2012a]. Figure 6.5 shows the
two circuits th at are used in the analytical model. The first circuit, figure 6.5
(a), is used when there is no thin film or dielectric covering the metallic layer.
The second circuit, figure 6.5 (b), is used when there is a thin film covering the
probing surface. The set of equations used in the numerical modelling are:

(6 .1)

( 6 .2 )

Probe design & an alytical m odel

182

■ions
A
electrons
^electrons

(a)

(b)

Figure 6.5: (a) is a circuit diagram for a wafer probe without any film covering
the surface area, and (b) the circuit diagram in the case of a thin film covering the
probing surface. C5 is the external capacitance, Vx the measured voltage, Rfiim
and Cfiim the film resistivity and capacitance respectively, and Va is the applied
potential.

Iprobe = /o[l - s(Vlj:r,t,, - Vf) - eXp(Vpr~°T V l)\

V p ro b e

—^'<x“t" V b "HV f n m

(6.3)

(6.4)

where Va, Vb and Vx are the applied potential, potential drop across the capaci
tor and the the measured potential respectively. Vfum, R fum and Cfum are the
potential drop across the film, resistance and capacitance of the film. Cb the
external known capacitance and s is a sheath correction factor.
In the system above, Vx is the potential measured by a high impedance voltage
probe connected to the acquisition card (represented by an arrow in figure 6 .5 )
and R x is the total resistance of the voltage probe. The other variables correspond
to the elements shown in figure 6.5.
A probe consisting of an aluminium or metalised wafer tile with no thin film
(i.e. the metallic layer was exposed directly to the plasma) was used to extract the
plasma properties (n* and Te) to characterise plasma conditions. These extracted
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parameters were then used in the model directly when a sample with a thin film
was exposed to the same plasma conditions. This allowed us to minimise the
number of fitting parameters used to extract film properties and their evolution,
if any, as a function of plasma exposure time. Actually, rii and Te can still be
obtained even in the case where there is a film covering the probing surface area
without previous knowledge of these parameters. However, separately measuring
rii and Te increases the data processing speed.

6.3

B enchm arking th e wafer probe

The ion flux probe is a well established diagnostic technique and is described by a
robust analytical model [Booth et al, 1999, 2000; Samara et al., 2012a]. However,
our approach depends on using a multi-layer wafer tile held in a ceramics sample
holder as the probing surface, as shown earlier in figure 6.3. The aluminium
piece and multi-layer wafer tiles will be referred to as the Al and TiN probes,
respectively. The benchmarking of the analytical model and comparison of these
two different probe materials are presented in the following sections.

6 .3 .1

A n a ly tic a l m o d e l vs. m ea su rem en ts

The model benchmarking can be divided into two parts. The first is the simple
ion flux probe without any films, figure 6.5 (a), and the second includes a dummy
load with parallel R and C mimicking the existence of a film, figure 6.5 (b). Al and
TiN probes were subjected to an argon plasma to perform these measurements.
The measurements presented in this section were obtained for a 50 mTorr argon
plasma operated at P = 330 W with 20 seem gas flow.
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Figure 6 .6 : This figure shows a typical measured (solid black) I-V characteristic
of an Al probe and the fitted curve (dashed red) from the model.
Figure

6 .6

shows the measured and fitted I-V curves obtained from an Al

probe. The black solid line shows the measured I-V curve and the red dashed
line shows the fitted curve. The simple analytical circuit presented in figure 6.5
(a) was used to perform this fitting. It can be seen th at a very good agreement
between measured and fitted curves is achieved for the case of the Al probe.
The plasma properties extracted from this example are as follows: Te = 1.4 eV,
rii — 4.8 x 101 2 cm - 3 and ion flux $ =

8 .8

x 101 7 cm- 2 s-1. The ion density and

flux measurements will be presented in units of cm 3 instead of m 3 in this chapter
for convenience.
The same arrangement was used to measure various plasma parameters for
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different operating conditions. The measured ion flux and electron temperature
were compared with those obtained using an independent ion flux probe that
was inserted horizontally, perpendicular to the azimuthal axis of the plasma and
parallelto the wafer

probe surface. The independent ion fluxprobe was about

3 cm away from the azimuthal axis and 2 cm above the waferprobe’ssurface.
Measurements obtained using the Al probe were found to be in good agreement
with the independent ion flux probe measurements.
The second test is to mimic a thin film on the probe surface by connecting
a dummy load in series with the probe. The dummy load consists of a parallel
R and C with known values. Convenient values of R and C have to be chosen,
as the purpose of these numerical modelling and measurements is to characterise
film properties. Calculating the theoretical R and C values of a thin film, lowfi; or Si0 2 dielectric, of known thickness and permittivity is relatively simple. The
following parallel plate model equations:

C = T

<6'5>

R = jf

(6 .6 )

and

can be used to calculate the expected values for a thin film, where A and d are
the area and depth (thickness) of the sample and e and p are the permittivity
and resistivity of the dielectric. For example, for the case of a 200 nm thick Si0 2 ,
er = 4.2 and p = 101 2 fhn, layer with A = 2.56 cm2, the calculated capacitance
value was C ~ 47 nF and resistance R ~ 780 kQ.
A series of measurements with 47 < C < 470 nF and R = 220 k£1 and different
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Figure 6.7: shows several I-V curves of a TiN probe with different capacitors
exposed to the same plasma conditions. Dummy loads (R & C) were connected
in parallel to mimic a thin film. The blue and red solid lines are the measured
and modelled I-V characteristics respectively. The fit curve (dashed pink) is the
measured I-V characteristic without any dummy loads and was used to extract
the plasma properties.
plasma conditions were conducted. The capacitance has a far greater effect on
the I- V characteristics than the resistance. Therefore, one resistor with different
capacitors was used for these measurements.
Figure 6.7 shows I-V curves for three different capacitors and the same resistor
measured under the same plasma conditions. The pink dotted line is the IV measured curve for these plasma conditions without any resistors or capacitors
connected to it. The plasma properties extracted from this measurement were
used as the input for the fitting process for the other cases th at included R
and C. The blue and red lines in the graph are the measured and fitted I-

B enchm arkin g the w afer probe

187

V curves respectively. It can be seen th at very good agreement between the
measurements and the modelling is achieved. The loop a t —2 < V r < 1 0 , on
the far right of the graph, depends on the R C values of the film and the electron
temperature. The orientation of this hysteresis loop is anticlockwise. The smaller
the capacitance the narrower and smaller the loop is. The value of the resistor
affects the dimensions of the loop only, while the capacitance affects the loop as
well as the region before the floating potential when electrons start to arrive to
the surface of the probe.
Excellent agreement between the model and measured data was achieved for
both cases, a metallic probe (Al or TiN) and a ‘fake film’ covering the probe.
This indicates th at the method developed here for the analysing the probe data
is valid, and gives confidence th at this approach can be used for other probe
materials.

6 .3 .2

A l Vs T iN p ro b e m ea su rem en ts

An argon discharge was operated at 20 < p < 100 mtorr and 50 < P < 300 W
with 20 seem total gas flow. The Al probe was used to measure several I-V curves
for different plasma conditions and the analytical model was used to extract the
plasma parameters.

Figure

6 .8

shows the measured ion density and electron

temperature for a range of argon plasmas. These measured values are consistent
with density measured using a planar Langmuir probe for similar conditions,
presented in figure 4.14 (c) [p. 134].

The ion density is calculated from the

collected ion flux when the ion mass is known, and hence the Bohm speed can be
calculated.

188

B enchm arkin g the w afer probe

....... I -

-------- 1-------- --------- 1---------1---------1---------1---------1---------1---------1---------1---------1--------

■
•
a

2 0 mTorr
5 0 mTorr
100 mTorr

•

r.........i --------’......

i

i —

i --------«“

f

2 .5 -

B

■
■

2.0 -

■
•

■

#

•
A

▲

''

0)

#

•

l.O -

A

■

A
H

•

▲
1 .0 -

■
•
"
■

A

0 .5 -

A

A

1

■

20 mTorr

•

5 0 mTorr
100 mTorr

a

!
'
■

0 .0 -

150

200

150

200

Power / W

Power / W

(a)

(b)

Figure 6 .8 : (a) ion density and (b) electron tem perature measurements for 20, 50
and 100 mTorr argon plasmas for 50 < P < 300 W, using an Al probe. The ion
density is presented in cm - 3 for convenience.
Figure

6 .8

(a) shows the ion density increasing as a function of the input

power. The electron temperature, figure

6 .8

(b), exhibits a weak dependence on

the input power, as expected, and is higher for lower pressures, as was estimated
from the OES measurements presented in figure 4.6 [p 115].
The ion densities obtained from the Al and TiN probe measurements were
compared for discharges maintained at 50 and 100 mTorr with 50 < P < 300 W,
since the ion density is relatively similar for 20 and 50 mTorr cases (figure 6 .8 ).
Figure 6.9 shows a comparison of the ion density measured for 50 and 100 mTorr
argon plasmas using two different probe surfaces. The data shows little difference
between the densities measured using these two probes. The ion density measured
by both probes seems to be close for P < 250 W. The ion density measured by the
TiN probe is slightly larger than th a t measured by the Al probe for P = 300 W.
These relatively small differences could be due to slightly different plasma condi
tions, or the materials constituting the probe surface. Slightly different plasma
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Figure 6.9: Comparison of the ion density measured by the Al (closed squares)
and TiN (open circles) probes for a 50 and 100 mTorr Ar plasmas with 50 < P <
300 W.
conditions could occur if the PL80 was not evacuated to the same base pressure
before conducting these measurements. Also, the measured I-V characteristic
curves from the TiN probes showed an excellent fit to the extracted I-V curves
from the model, similar to figure 6 .6 .
Some processes in ULSI circuit manufacturing require high energy ions which
can be achieved by a capacitively coupled electrode operated in contact with
the plasma. The lower electrode, or table, in the PL80 can be used as an RF
electrode. However, the wafer probe resides on this table. Some experiments were
conducted to verify if the probe works when the table beneath it is biased by an
RF input power.
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Figure 6.10: Measured and fitted I-V curves from a TiN wafer probe when the
system was run in CCP mode, i.e. the table was biased, of a 50 mTorr Ar plasma
P c cp = 100 W .

For this study, an argon discharge was operated at 50 mTorr with an input
power of 100 W in capacitively coupled mode. In this case the table was the only
source of RF input. Figure 6.10 shows the measured (blue) and fitted (green)
I-V traces for this discharge. The theocratical curve fits the experimental data
excellently. The plasma properties extracted from this measurement are Te =
2.63 eV, $ = 7 x 101 6 cm“ 3 s _ 1 and rii = 2.77 x 101 1 cm-3 .
Other experiments with 50 mTorr argon plasma operated only in CCP mode
for 40 < P < 300 W were conducted, and similarly clear data was extracted from
the wafer probe. The wafer probe was also used to extract plasma properties
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when the discharge was operated in both ICP and CCP modes, i.e. RF power
was fed independently to both the coil and table. However, the measured data
had some periodic oscillation in the voltage which required some filtering or dig
ital smoothing. The oscillations in the measured voltage could be attributed to
different RF phases between the CCP and ICP, which on this occasion could not
be synchronised or phase locked. Nevertheless, plasma parameters were success
fully extracted from these measurements.
In summary, measurements with Al and TiN probes gave good fits and com
parable data. The wafer probe detected a small hysteresis loop at the beginning
of the Al probe measurement th at vanished after few seconds of plasma expo
sure. This hysteresis loop is caused by the existence of a native AI2 O 3 layer on
the Al tile. This highlights the power of the method, since native AI2 O 3 is quite
thin, a few nanometers at maximum. The analytical model was found to fit the
measured data of the clean probes, i.e. no film, and in the case of a fake film, i.e.
external parallel R and C. The wafer probe could function properly even when
the table beneath it was operating as the electrode for a CCP source.
This series of measurements shows th at the wafer probe could be used for ac
curate and reliable measurements. Hence, this gives confidence th at tiles covered
with different dielectric materials could be used in order to assess plasma induced
damage to the film materials.

6.4

W afer probe results w ith dielectric films

The study was carried out on Ar, H2 and O 2 plasmas operated at 50 mTorr.
Hydrogen plasmas with pressures lower than 50 mTorr could not be sustained,
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Figure 6 . 1 1 : Ion flux measurements using a TiN probe for 50 mTorr Ar, H 2 and
0 2 plasmas for 100 < P < 500 W.
due insufficient pumping capability, and higher pressures produced lower plasma
densities in the diffused plasma region where the wafer probe resides.
One of the aims of this research is to assess plasma-induced damage on thin
film properties. Therefore, similar ion flux from different plasmas is necessary to
compare the effect of different plasma chemistries on thin film properties. A TiN
probe was used to measure the ion fluxes of Ar, H 2 and 0 2 plasmas operated at
50 mTorr for different input powers.
Figure 6.11 shows the measured ion flux for different discharges operated at
50 mTorr. The lowest ion flux was measured for the oxygen plasma, even for
higher powers, compared with argon or hydrogen plasmas. Similar ion fluxes
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Table 6.1: Plasma parameters measured by a TiN probe for different discharges
and operational conditions.
Plasma properties for p = 50 mTorr.
Gas P / W $ / 1 0 17cm 2s 1 T e / e V
100
1.25
1.80
Ar
330
8.82
1.38
500
26.5
1 .1 1
100
1.85
4.43
330
6.60
3.20
h2
500
11.67
3.23
100
1 .0
2.32
2.13
1.77
o2 330
500
4.33
1.75

from argon and hydrogen were obtained for an input power of 330 W.
A summary of the plasma parameters measured for different discharges is
given in table 6.1. The standard operating conditions were set to be p = 50 mTorr
and P = 330 W for hydrogen, oxygen and argon discharges for all the results
presented in the following section, unless stated otherwise.
Low-ft materials are very sensitive to plasmas and have a complex structure,
as mentioned in section 6.1. Therefore, initial wafer probe measurements were
carried out on samples with different film thicknesses of S i0 2. These experiments
aimed to test the analytical model when a real film is covering the wafer probe,
using a relatively simple dielectric with well known properties th at are resilient
to certain plasma chemistry. The results and measurements of these experiments
are presented in the following section.
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Figure 6.12: 2D colour m ap for the m easured I - V characteristic of a 100 nm
Si0 2 coated tile exposed to an argon plasm a operated with the standard condi
tions. The x-axis is the tim e axis (in seconds), y-axis is the voltage (in volts) and
the m easured current is represented by the colour scale (in mA).

6 .4 .1

S ilic o n d io x id e d ie le c tr ic s

Different tiles coated with silicon dioxide having 100, 200 and 400 nm him thick
nesses were exposed to various plasm a conditions to test the analytical model
when a real him covered the probe surface. These tiles were exposed to Ar, H2,
0 2 and even SF6 plasmas whilst the I - V characteristics were being recorded.
Silicon dioxide should not be etched, nor its properties changed as function of
exposure tim e to these plasm a chemistries. Figure 6.12 shows a 2D colour m ap
for I - V curves measured as a function of plasm a exposure time. These measure
m ents were recorded in real time. If any changes in the plasm a condition or him
properties were to happen, they would have been seen on this 2D map. Different
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S i0 2 coated tiles were exposed for longer times (up to

10

195

minutes) to different

plasma chemistries without any changes in the film properties or occurrence of
plasma instabilities. I-V

2

D maps were recorded for these different chemistries

and conditions, and the output was similar to th at presented in figure 6.12. The
importance of these measurements is th at they verify the stability of the discharge
and the reproducibility of these measurements.
In the next stage of this experiment, S i0 2 coated tiles with different film thick
nesses were exposed to an argon plasma. Figure 6.13 shows the measured (black
squares) and fitted (red disks) I-V curves from an argon plasma for S i0 2 coated
tiles with (a) 100, (b) 200 and (c) 400 nm film thicknesses. The fitted and mea
sured I-V curves are distinctly different from each other in certain areas. The
largest differences between the measured and fitted I-V curves are for the 100 nm
S i0 2 coated tile, figure 6.13 (a). The differences between the measured and fitted
curves decrease as the thickness of the S i0 2 films increases.
The plasma properties, n* and Te, measured by a TiN probe were used to fit
these curves whilst varying the R and C values to match the hysteresis loop. The
I-V curves presented in figure 6.13 have the best R and C values th at are close
to the ones calculated from equation (6 .6 ) and (6.5).
The I-V curves have two main regions, as shown in figure 6.4. These two
regions are due to the charging and discharging of the capacitors. The charging
of the capacitors is the outcome of the electron flux arriving to the surface of
the tile, while the discharging phase is due to the ion flux impinging on the
probe’s surface. However, a third intermediate region could be introduced in
the I-V curves. This third region is the intermediate region where the surface
potential tends to the floating position. These three regions can be clearly seen
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Figure 6.13: I-V curves from the wafer probe measurements (black squares) and
fitted data (red disks) from the simulation for Si0 2 thin films with (a) 1 0 0 , (b)
200 and (c) 400 nm thicknesses.
on the I-V curves in figure 6.13.
In figure 6.13 (a) these three regions can be discerned as the first region
—40 < V < —2 2 , the second region

— 10

< V < 16 and the third intermediate

region for —22 < V < —10. The first region depends on the ion flux, i.e. the
linear part —40 < V < —28, while the knee-like feature, —26 < V < —2 2 ,
depends on both the electron temperature and ion flux. The second region, the
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Table 6 .2 : R C values for different S i0 2 film thicknesses.
Method
Modelled

Thickness / nm

R/kQ

10 0

10 0 0

2 0 0

2 0 0 0

400

1 0 0 0 0

10 0

Calculated

20 0

400

390.6
781.2
1562.5

C / nF
90
55
25
95.2
47.6
23.8

hysteresis loop —10 < V < 16, strongly depends on the R C characteristics of the
thin film and electron temperature. This region is a result of the electron flux
collected during the charging phase. The third transient region, —22 < V < —10,
depends on the electron temperature and capacitance of the thin film. The third
region is referred to as a transient stage because the electron flux starts to increase
compared with the ion flux in this region, before the two fluxes equilibrate.
Figures 6.13 (b) and (c) also have these clear three regions. However, as
mentioned earlier, the model curves tend to become more comparable with the
measured data as the thickness of the films increases. There are still some dif
ferences between the measured and fitted curves, but they are by far in better
agreement with each other compared with the 100 nm case. However, the fitted
curves follow a similar general trend as th at measured by the wafer probe for all
film thicknesses.
Table

6 .2

lists the R C values extracted from the analytical model for the I-

V curves presented in figure 6.13 and the values calculated using equations (6.5)
and (6 .6 ).
So far the plasma properties, n* and Te, were used to fit the data from the
model in figure 6.13. This technique could be referred to as an ion flux fitting
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Figure 6.14: This is the same measured data presented in figure 6.13 (a), but the
electron flux fitting was used instead of the ion flux fitting technique. This figure
shows the experimental data (blue curve), modelled output (red curve) and the
data from a TiN probe (dashed pink curve).
approach. As can be seen from these graphs, there is a clear mismatch between
the measured and fitted curves, especially for thin Si0 2 films. However, another
fitting technique could be used where the electron flux sensitive region could be
fitted. This could be achieved by matching the hysteresis loops of the measured
and fitted data. However, this technique increases the fitting parameters and
decreases the integrity of the output. The electron flux fitting technique was
implemented for the measured data presented in figure 6.13 (a) in order to assess
if it would result in a better fit.
Figure 6.14 shows I-V curves for a

10 0

nm SiC>2 coated tile exposed to an
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argon plasma. The solid blue line is the measured data, the red solid line is the
output of the simulation and the dashed pink line is the I-V of a TiN probe
exposed to the same plasma conditions. A very good agreement between the
model and the measured data is realised on the hysteresis loop, 0 < V < 10 as
this was the purpose of electron flux fit, while these curves greatly diverge from
each other for —35 < V < 0. The differences between these two curves are clear
and larger than those reported in figure 6.13 (a). R = 120 kfl and C = 250 nF
are the R C values extracted from the simulation to produce this hysteresis loop
fitting. The resistivity is three times less than the calculated value and one order
of magnitude less than th at extracted from the ion flux fitting method. However
as mentioned previously, the resistivity has a smaller effect on the I-V curves,
compared to th a t of the capacitance, and its effect is localised to the hysteresis
loop. The capacitance, on the other hand, has an effect on the transient region
in the I-V curves as well as the hysteresis loop. The extracted C value from the
electron flux fitting process is about 2.78 times larger than th at extracted from
the ion flux fitting technique and calculated values (table

. ). Hence, it seems

6 2

th at the electron flux fitting is not appropriate. This could probably be related
to the perturbation of the plasma caused by the collection of the electron flux
during this phase.
The wafer probe measurements and the I-V curves extracted from the analyt
ical model qualitatively agree and are comparable. Quantitative measurements
of R and C values of Si0 2 dielectrics could be achieved for relatively thick films
>

2 0 0

nm.

Differences between fitted and measured I-V curves were obvious, especially
with the relatively thin 100 nm films. These differences could be attributed to
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several factors. For instance, plasma-surface interactions or photoconductivity 1
may cause breakdown in thin films. The plasma-surface interactions could be due
to an effect of electrons charging the Si0 2 surface or certain non-linear behavior of
the sheath during the transient region. Thin SiC>2 films could become conductive
and their resistivity decrease dramatically if they undergo a breakdown due to a
photoconductivity phenomena. The breakdown of dielectrics is easier for thinner
films. These phenomena are not included in the analytical model.
A better model, which takes into account some of these phenomena, should be
devised after assessing the most probable cause of the deviation between the fitted
and measured data. Several different experiments could be devised to explore the
possible phenomena causing these differences. However, even with these difference
it is still possible to use the wafer probe to qualitatively monitor changes in film
properties in-situ in real time. Low-ft films are highly sensitive to plasmas; the
wafer probe is used to qualitatively monitor the changes in low- k thin films as
they are exposed to different plasmas.

6 .4 .2

L ow - k; d ielectrics

Tiles coated with a well-characterised dielectric, Si0 2 , were used in the previous
section to assess the wafer probe. Interestingly, differences between the wellestablished analytical model and measured data were detected for several film
thicknesses. This analytical model has been used for plasma measurements in
depositing/etching environments and reported to extract film properties [Booth
et al, 2000; Samara et al, 2012a]. These differences at the moment limit the
1Photoconductivity is an optical and electrical phenomenon in which a material becomes
more electrically conductive due to the absorption of electromagnetic radiation which raises
electrons across the band gap.
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usage of the analytical model to only extract plasma properties and qualitative
changes in thin film properties.
Tiles coated with low-fi; dielectrics of thickness 50, 100 and 150 nm were ex
posed to argon and hydrogen plasmas. Two types of low- k, dielectrics, referred to
as HiE and LK with ^-values of 2.5 and 3 respectively, were used in this research.
The HiE dielectric is more porous and less dense than the LK. The LK dielectric
is used as a protecting layer (~ 20 nm) for the HiE in some cases [Verdonck et al.,
2013].
There hve been vastly contradicting reports of the effect of hydrogen plasma
on low-fi; dielectrics.

Some authors reported no effect on low- k, films, others

showed hydrogen plasma processing enhances low- k, film properties and others
have reported severe film damage [Baklanov et al, 2013]. Oxygen based plasmas
on the other hand cause undesirable chemical modification to low-fi; dielectrics,
such as the removal of the methyl group, figure 6.1. Therefore, in this study
low- k, coated tiles are treated with argon and hydrogen plasmas.
Firstly, a TiN probe was used to measure plasma parameters and monitor any
changes in the hydrogen plasma. Other plasmas were already known to be highly
stable and reproducible, as indicated by figure 6 .1 2 . A similar measurement was
carried out for a 50 mTorr hydrogen plasma operated at 330 W. The I-V curves
were recorded as a function of time to monitor plasma behavior. Figure 6.15
shows a 2D colour map of the measured I-V as a function of plasma exposure
time. The vertical axis is the voltage axis (V), the horizontal is the time axis (s)
and the measured current is presented by a colour scale (mA).
The primary goal of this research is to monitor plasma-induced damage on
low-fi; dielectrics. Another aim is to assess, if possible, at what stage does the

Wafer probe results with dielectric film s

202

VI - 2D in tim e, I (mA)

Figure 6.15: 2D colour m ap of I - V as a function of tim e for a 50 mTorr 330 W
hydrogen plasma. The x-axis is the time access, the y-axis is the voltage axis,
and the measured current is represented by the colour scale (in mA).
adsorption of water on low-n films take place. Therefore, in the following section
the effect of argon and hydrogen plasm a on low-« dielectrics will be examined.

6 .4 . 2 . 1

Low - k

ex p o sed to A r a n d H 2 p lasm as

Low-k coated tiles were exposed to argon and hydrogen plasmas, and the evolu
tion of the I - V characteristics as a function of plasm a exposure tim e was recorded.
A tile coated with 100 nm of LK

Io w - k

dielectric was exposed to a 50 mTorr

argon plasm a operated at 200 W. An identical tile was exposed to a 50 mTorr
hydrogen plasm a operated at 330 W. The I - V curves for each case were m easured
after two seconds of plasm a exposure time. Figure 6.16 shows the m easured IV curves from a 100 nm low-n coated tiles exposed to hydrogen (in red) and argon
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Figure 6.16: I -V characteristic measured from a tile coated with 100 nm LK
dielectric after two seconds of exposure time to 200 W Ar (blue curve) and 330 W
H2 plasma (red curve), both discharges maintained at p = 50 mTorr.
(in blue) plasmas. The hysteresis loops are similar in both cases. These loops
depend mostly on the R C properties of the thin films. However, the similarity
also suggests th at almost no changes occurred in the film properties after two
seconds of exposure to hydrogen or argon plasmas.
These two tiles were exposed to these plasmas for ten minutes while the IV characteristics were being recorded continuously. Figure 6.17 shows the initial
I-V curve (in blue) measured after two seconds of Ar plasma exposure and the
final measured I -V curve (in green) at the end of the experiments, after ten
minutes of Ar plasma exposure. There are clear differences between the overall
profiles of these two curves. The small change in the hysteresis loop suggests
th at the R C properties of the low-n film did not significantly change due to ten

204

W afer probe results w ith d ielectric film s

0.2

0.15

end

0.1

t

beginning

0.05

o

-0.05

- 0.1

-50

-40

-30

-20

-10

0

10

Voltage /V

Figure 6.17: Evolution of I-V characteristic measured by a tile coated with
1 0 0 nm of low-ac dielectric exposed to Ar plasma for two seconds (blue curve)
and after ten minutes (green curve).
minutes of argon plasma exposure. However, the hysteresis loop seems to attain
a form similar to th at of a SiC>2 dielectric, figure 6.13. One possible explanation
could be related to the formation of a thin protective layer, with exposure to
ion bombardment leading to the densification of a top thin layer of the lowac

dielectric [Baklanov et al., 2013; Verdonck et al., 2011]. Relatively small changes

occur to the R C properties of the low-/c dielectric as this protective layer forms,
which in turn prohibit any further changes in the film properties.
Figure 6.18, on the other hand, shows the I-V curves measured after two
seconds (blue curve) and ten minutes (green curve) of exposure to a hydrogen
plasma. In this case, there are clear changes in the hysteresis loop between the
beginning and end of hydrogen plasma exposure. The changes in the hysteresis
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Figure 6.18: Evolution of I -V characteristic measured by a tile coated with
1 0 0 nm of I o w - k ; dielectric exposed to hydrogen plasma for two seconds (blue
curve) and after ten minutes (green curve).
loop are more evident than th at of the film exposed to argon plasma.

This

change suggests th a t the R C properties of the low-k, dielectric have been modified.
These changes could be induced by hydrogen replacing the methyl groups in the
honeycombed structure, forming Si—H bonds or breakage of Si—O—Si into Si—H
and Si—OH, forming hydrophilic groups [Baklanov et al., 2013].
Figure 6.1 8 shows two I-V curves measured at the beginning and end of the ex
periment, where a 1ow -k coated tile was exposed to hydrogen plasma. Figure 6 .1 9
shows the temporal evolution of the I -V curves for two minutes, acquired using a
fast acquisition card. The changes in the measured current are due to the changes
in the R C properties of the

\o w - k

film. The plasma properties are stable during

these measurements, as shown in figure

6

.1 2 . The low-k properties are clearly
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Figure 6.19: 2D m ap of I -V evolution of 1o w - k exposed to H2 plasm a for two
minutes. The m easured current is represented by the colour scale.
changing as the film is exposed to the hydrogen plasma, which is clear from the
changes in the colour gradient of the I - V curves. The d a ta acquisition sta rts be
fore the plasm a was ignited, and the ignition of the plasm a is evident for t < 10 s
in figure 6.19. Changes in film properties can be qualitatively recorded in this
way. However, further experiments in-situ and ex-situ are required to determ ine
the nature of the actual changes.
Tiles with different \ow- k types and thicknesses were exposed to similar plasm a
conditions. These samples exhibited the same behavior when exposed to argon
and hydrogen plasmas. M easured I -V characteristics were compared to the out
put of the analytical model when the ion flux fitting m ethod was used.

The

measured and fitted curves deviated from each other, similar to the S i0 2 cases
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presented previously in figure 6 .1 3 . The measured and fitted curves tend to a
similar profile as the thickness of the 1ow- ac material increased (up to 150 nm).
The low-At material has a more complex structure and plasma-surface interaction
than the S i0 2, therefore, the analytical model was not used to extract R C values
for the low-At films at this stage of the research.
Next, different plasma chemistries and experimental procedures were per
formed to qualitatively measure the changes in low-/t properties when exposed to
air after plasma treatment. Also, the low-At coated tiles were exposed to fluorine
rich plasmas while I-V characteristic data was being measured. The results of
these experiment are presented in the following section.

6.4.2.2

Low - ac qualitative m easurem ents

Water adsorbed in the pores of Iow- ac dielectrics is one of the main challenges
th at limit the wide use of these materials at the moment in ULSI circuits. One of
the aims of this research is to determine when the water adsorption takes place.
Low-ac dielectrics are hydrophobic by nature; however, this nature changes when
exposed to copper reducing plasmas, such as those using hydrogen.
In order to assess the water adsorption effect, 1ow- ac coated tiles were treated
with hydrogen plasmas for intervals of ten minutes, after which they were exposed
to the lab atmosphere for ten minutes. The samples were then plasma treated
for another ten minutes.

This procedure was carried out for various plasma

conditions and low-/c thicknesses. Measurements for standard plasma operating
conditions are reported in this section, where p = 50 mTorr and P = 330 W.
Figure
ac

6 .2 0

shows the measured I -V characteristics for a

100

nm thick low-

coated tile. The dark and light blue I-V curves were measured at the beginning
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Figure 6.20: I-V curves from a Iow- ac dielectric coated tile exposed to hydrogen
plasma for an interval of ten minutes. The dark blue I-V curve is measured at the
beginning of the experiment and the light blue I-V curve is measured at the end
of the first ten minute treatm ent. The sample is treated with hydrogen plasma
for another ten minutes after being exposed to the lab atmosphere. The dark
red and orange I-V curves are measured at the beginning and end of the second
treatm ent interval, respectively.
and end of the first hydrogen plasma treatm ent interval, respectively. The sample
was exposed to the lab atmosphere for ten minutes before being treated again
with hydrogen plasma. The dark red and orange I-V curves were measured at
the beginning and end of the second treatm ent interval, respectively.
Figure 6.20 shows a clear change in the hysteresis loop between the beginning
and end of the first plasma treatm ent (dark and light blue curves). These changes
could be related to plasma-induced changes of the low- k, dielectric properties.
However, the loop does not seem to be different after the sample was exposed
to the lab atmosphere for ten minutes (dark red curve). The dimensions of the
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hysteresis loop undergo a slight change after another ten minutes of hydrogen
plasma treatm ent (orange curve).
Relative changes in the film properties can be measured using this technique.
However, ex-situ and surface analysis measurements must be performed to deter
mine the physical or chemical changes th at the film undergoes after these plasma
treatments. Nevertheless, if water was adsorbed on the low-ft film, the capac
itance/resistance would have dramatically increased. This increase would have
caused the dimensions of the hysteresis loop to increase, which is not the case in
these measurements.
Similar experiments with different thicknesses of low-ft dielectrics were per
formed and showed the same behaviour.

Samples treated with argon plasma

showed even less change, which could be related to the densification of the top
layer of the dielectric. In a sense, it seems th a t hydrogen is a ‘softer’ plasma
which causes mild changes to the low-ft properties.
The low-ft sample th at was treated in hydrogen plasma, figure 6.20, was ex
posed to the lab atmosphere for eight consecutive weeks before being treated again
with the same hydrogen plasma conditions. Figure

6 .2 1

shows the I -V curves

measured for ten minutes plasma treatm ent referred to as the third plasma run.
The dark blue and green lines in figure 6.21 are the dark blue and light red IV curves, respectively, of the sample presented in figure 6.20, which represent
the initial and final measured I-V curves of the sample presented in figure 6.20.
The red and light blue curves are the measured I-V curves at the beginning and
end of the third plasma treatm ent. The hysteresis loop seems to be different at
the beginning of the third plasma treatm ent (red and light blue curves) and also
different from the initial measured hysteresis loop (dark blue). This could be re-
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Figure 6.21: L o w - k coated tile exposed to hydrogen plasma for an interval of ten
minutes after being exposed to the lab atmosphere for eight weeks. This is the
same sample th at was treated in figure 6 .2 0 .
lated to a number of factors; possibly adsorption of water and/or other molecules
on the 1ow- k films. However, after ten minutes of hydrogen plasma treatm ent the
hysteresis loop seems to attain similar dimensions as when it was treated for the
second time with hydrogen plasma, i.e. light blue and green curves.
Finally, the wafer probe was used to monitor the effect of an etching plasma on
a 1ow- k coated tile. A tile coated with 150 nm of HiE 1ow- k dielectric was exposed
to an A r/S F 6 plasma with a 9:1 flow ratio operated at 50 mTorr with P = 3 3 0 W.
The wafer probe was used to record the evolution of the film properties as a
function of plasma exposure time.
Figure

6 .2 2

shows measured I -V curves from this tile. The blue I-V curve
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Figure 6.22: The evolution of the HiE 150 nm film I-V characteristic as a function
of A r/S F 6 plasma exposure time. The signal/noise ratio is relatively low as the
total collected current was low under these operating conditions. Even so, evident
changes in the film properties can be seen from these measurements.
indicates the beginning of the experiment, and the existence of the film is evident
from the hysteresis loop. The evolution of the I-V curve is plotted in two minutes
time steps. The hysteresis loop seems to gradually shrink, which suggests th at the
HiE low-ft film is being etched. After ten minutes the thin film is almost etched
completely and the I-V curve (mustard) starts to resemble th at of a metallic
probe, since a TiN layer exists beneath the low-ft film, as shown in figure 6.3.
These preliminary experiments have showed th at the wafer probe can be used
to extract plasma properties as well as relative changes in film properties, even
during highly reactive and etching conditions.

C onclusions
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C onclusions

The main aim in this chapter was to monitor in real time in-situ plasma-induced
changes on thin film properties, and the effect of water adsorption on film prop
erties. The latter is still unclear at this stage of the research and further exper
iments are necessary to resolve this matter. Further experiments are proposed
to introduce water molecules and/or other species in a controlled fashion on the
low-ft films in the PL80 system. These experiments will enable us to study the
effect of the introduced molecules without exposing the sample to the lab atmo
sphere. However, the wafer probe successfully used multi-layer tiles to measure
plasma properties and monitor in real time in-situ plasma-induced changes of the
dielectric properties.
TiN probe measurements with an external R C circuit, mimicking thin films,
gave I-V curves which could be well fitted, giving almost exact R and C values
for the resistors and capacitors connected to the circuit.
For S i0 2 coated tiles, the response is not quite like the ideal test using an
external R C circuit. It seems th at electron and ion fluxes do not obey the same
dynamics and cannot be fitted together. This requires further clarification and
more insight into the exact charging mechanisms, which requires optimisation
of the model. One possible approach is to use dielectrics sandwiched between
two thin metallic layers. The aim of this is to shield the dielectric from direct
plasma exposure and transform the tile into a capacitor. This could lead to
better understanding of the charging and discharging phases and hence to a better
model.
For low-ft coated tiles, measurements with Ar and H 2 discharges were per
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formed. The hysteresis loops measured from different conditions of Ar and H 2
plasmas were very similar, which indicates th a t this part is relatively independent
of the plasma conditions. This hysteresis loop is directly linked to the properties
of the dielectric, S i0 2 or low-ft, exposed to the plasma.
Hydrogen plasma treatm ent of low-ft dielectrics seems to have a gentler effect
than argon. This could be related to the densification process th at occurs when
the low-ft dielectrics are treated with an argon discharge.
Temporally resolved measurements showed relative changes in low-ft film prop
erties when exposed to argon or hydrogen plasmas. Also, low-ft film time resolved
etching was observed for an A r/S F 6 discharge.

Chapter 7
Conclusions &; future work
7.1

Sum m ary Sz conclusions

The objective of this investigation is to explore the use of pulse methods to control
and monitor the properties of low pressure electrical discharges for the purpose
of optimising such plasmas for neutral beam etching (NBE). The protocol that
is envisaged involves a first step in which the etching gas is fragmented by hot
electrons followed by a cooling and electron phase during which negative ions
are formed. Extraction, acceleration and neutralisation of these negative ions is
facilitated during the afterglow period whereas the fragmentation processes occur
primarily in the active plasma. The discharges were operated in two systems: a
research reactor and an industrial etching tool.
C h a p te r 3 describes a detailed study of plasma properties, in particular elec
tron dynamics, measured in a pulsed capacitively coupled plasma source. The
electron dynamics were studied for a range of pulse tailoring conditions with
particular emphasis on the early ignition stages. A simple optical emission spec
troscopy technique was developed in order to probe the highly transient ignition
phases. This study showed the effect of pulse tailoring on the plasma proper
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ties, in particular EEDFs, for different waveform inputs. It was shown th at the
EEDF could be controlled by using different input waveforms without greatly
effecting other plasma properties, such as the electron density. Controlling the
EEDF will enable fine tuning of certain plasma chemistries through the enhance
ment of some reactions and suppression of others.
C h a p te r 4 describes optical and electrical measurements performed over a
wide range of operational conditions to characterise an inductively coupled source
when operated in continuous and pulsed modes. Electron densities were mea
sured using hairpin probes and spatio-temporal ion density measurements were
performed using a planar Langmuir probe. The simple optical emission spec
troscopy technique was used to estimate electron temperature from plasmas op
erated in continuous mode and to study the ignition phase of pulsed discharges.
Density measurements suggested th at the plasma is nearly always operating in
the H-mode, i.e. high plasma density. The OES measurements suggested th at
the plasma almost instantaneously ignites in the H-mode for the operational con
ditions th at were studied.
C h a p te r 5 contains the description of the OU NBE apparatus and the various
measurements th a t were performed to assess the effectiveness of NBE applied in
this way. Initial measurements showed th at the NBE adapter almost had no
effect on the plasma properties, such as electron tem perature and density. Also,
the extracted beam energies were controlled up to a few hundred electronvolts,
while other groups have reported only a few electron volts. A standard set of
plasma conditions was selected based on the diagnostics performed for a range of
operating conditions. Preliminary neutral beam etching results showed an etch
rate of 30 nm /m in when pure SF 6 is used within the discharge when operated
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with square wave modulation at 2 kHz. Under these conditions there is also
significant lateral etching observed. It was concluded th at the lateral etch was
most likely due to fluorine surface transport. The addition of small traces of
oxygen gas significantly reduced the lateral etching.
C h a p te r

6

introduces a novel pulsed measurement technique using an in-situ

wafer probe. Plasma properties were successfully measured using a tile from a
multi-layer wafer. An analytical model was used to extract plasma properties
and dielectric properties. It was found th at this measuring technique and model
can be used to qualitatively monitor plasma induced changes on the dielectric
properties in-situ and in real time. Exact quantitative fits could not be obtained
due to the model lacking necessary plasma-surface interactions. Future research
should solve this problem.

7.2

Future work suggestions

Optical emission spectroscopy: this technique gives high time resolved access to
transient phases in pulsed discharges and could be expanded to further interpret
the plasma behaviour. Also, the simple OES model used in pulsed CCP could be
enhanced by including a variety of non-Maxwellian EEDFs.
Collisional radiative models (CRM) are more complex models th at used spec
trally resolved emission measurements to extract plasma properties of discharges
operated in steady state conditions. A hybrid transient kinetic model in combina
tion with CRM could be used to further analyse the pulsed behavior of discharges
using the simple OES presented in this research.
Neutral beam etching: preliminary NBE results, presented in chapter 5, are
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encouraging and highlight various opportunities for enhancing the method in
terms of effectiveness, anisotropy, selectivity and diverse applications. There are
two ways to achieve these opportunities. First, a systematic study of the etch
output while probing the space parameter of the pulsed discharge and extrac
tion protocol. This can be achieved by pulse tailoring the discharge in order
to optimise the plasma chemistry, as the effectiveness of pulse tailoring on the
EEDF was showed in chapters 3 and 4, to achieve conditions more suitable for
the extraction of negative ions during the afterglow. Enhancing the conditions
for negative ion formation in the afterglow can increase the etch rates of this tech
nique. The second approach is studying the extracted species in the processing
region by using a quadrupole mass spectrometer. This will give direct insight on
the types of extracted species and what possible etch/depostion processes might
take place, besides analysing the energy of the extracted species. This point is
of grave importance as the charged species can be measured relatively easy in
the discharge, while it is very difficult to acquire information about the extracted
neutral species in the processing region. Further enhancements on the apparatus
could be achieved by adding magnetics to cool down electrons, possibly enhancing
the production of negative ions, and to filter out any electrons from the extrac
tion region, or controlling the tem perature of the substrates to few tens of Kelvins
limiting the flouring surface transport and its reactivity.
Atomic layer etching (ALE) is an area which could benefit from NBE. Typical
ALE techniques depend on chemically enhancing the selective etching of a layer
by decreasing its activation energies by using a passivation layer. This passivation
layer can be formed by introducing a precursor in the system or alternating gas
mixtures whilst operating the discharge. However, this can be avoided by using
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a single gas mixture in the plasma and applying NBE. The etching selectivity
of these atomic layers depend on the energy threshold differences between the
different layers. The energy of the extracted beam can be tailored and fine tuned
in accordance with the etch requirements without changing the gas mixtures or
introducing any precursors into the system to achieve ALE.
Wafer probe: finally, the wafer probe technique described in chapter

6

could

be significantly improved by improving the analytic model. Inclusion of plasmasurface interactions in the model would significantly help the effectiveness of this
technique. Additionally, tiles with dielectrics sandwiched between metallic layers
can be used to further comprehend those interactions and improve this analytical
models. Also, the wafer probe could be used to perform measurements during
neutral beam etching. This would give a sense of the extracted/diffused charges
and allow to monitor the changes in the dielectric properties of thin films in
almost real time. The changes in the dielectric properties can be monitored only
if enough charged species arrive to the wafer probe surface. This technique could
be used to assess the neutralisation efficiency as well.
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