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Abstract

Capacitively coupled plasma sources are widely used in various industrial ap-
plications, . Previous studies in planar CCP sources have investigated plasma
density and vibrational temperature , showing that electron density increases
monotonically with applied RF power and decreases with increasing pressure [1).
Similarly, vibrational temperature follows the same trend as electron density with
respect to applied power and increases with pressure [1)].
This study investigates a CCP source with cylindrical geometry (‘Chartreuse’).

In the neck of the source, electron density increases monotonically with applied
power up to 245 W, beyond which a distinct knee is observed in the data. In the
downstream region, electron density follows a linear increase with power, con-
sistent with previous findings. Measurements of the n. are acquired from 15cm
into the downstream region, where a substrate would be located, and at the source
downstream boundary. T, is acquired in the source viewing along the boundary
of the closed end of the cylinder. T, is very high (7000 — 9000K) as expected,
suggesting that the high-VHF CCP is preferentially coupling power into the No
vibrational modes.
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Nomenclature

Ne Electron Number Density
n; Ton Number Density

N Nuetrals Number Density
T, Electron Temperature

T; Ton Temperature

T, Nuetrals Temperature

ALD Atomic Layer Deposition

CCP  Capacitively Coupled Plasma

Ev Electron Volts

ICP  Inductively Coupled Plasma
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PSTLD Power Splitting Transmission Line Device
RF Radio Frequency
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1 Background and Theory

This thesis concerns itself with discussion of plasma physics and the development
of the sources used to generate plasmas in laboratory and material processing
conditions. The plasmas discussed throughout this document are low pressure
weakly ionised, highly non equilibrium they are generated using a very high
frequency (VHF) of 162Mhz delivered to the plasma by a multi-tile electrode
configuration. To provide a foundational understanding for the later sections of
this thesis, we begin with a brief examination of the field of plasma physics.

1.1 Basic Plasma Science

Starting with a weakly ionised gas with an ionisation fraction of 1%, composed
of three main particles, electrons, ions, and neutral atoms with number densities
denoted by n.,n;, and n,, respectively. As the gas is weakly ionised it is mainly
constituted by the neutral species. The particles are free to move with kinetic
energy (temperature) measured in eV denoted as, T,,T; and T,,. The electron
temperature can be assumed to be much greater than that of the neutrals and
ions. Put simply the electrons and ions in a low pressure weakly ionised plasma
are said to not be in thermodynamic equilibrium with the other particles [2].

T.>>1T, =T,

As the particles move freely in the chamber energy is transferred between
them via collision processes. The primary collision processes involve electron
ion/neutral collisions [2].

e Excitation A +e~ — A* + e~

Combination A+B+e” —— AB+ e~

Dissociation AB+e™ —> A+ B +e”

Tonisation A + e~ —— AT 4+ 2e”

Neutralisation AT + e~ — A

e Charge transfer A" + B — A + BT

As previously mentioned the ionisation fraction is ~ 1% this enables the as-
sumption that n. &~ n; and given an electron temperature of 1 —1.5e¢V ionisation
collisions happen infrequently. In order to explain the apparent discrepancy be-
tween energy of the electrons and the ionisation energy we assume the electron
energy follows the Maxwell Boltzmann energy distribution. Where E is the
energy of the particle and k; is the Boltzmann constant.

E
f(E)= const.exp—kb—T (1.1)



Following this equation it can be shown that a small fraction of the electrons
are at energies high enough to ionise the species in the gas.
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Figure 1.1: Electron Energy Distribution Function for electrons of a given
energy E, The red circled areas indicate the electrons with sufficient energy to
excite or ionize the plasma species.

1.1.1 Plasma Sheath

In the plasma chamber the plasma is assumed to be in a steady state configu-
ration, the properties of the plasma are therefore constant. As a result the flux
of positively and negatively charged particles out of the plasma are equal .

It has previously been assumed that the particles in the plasma are homo-
geneously distributed, and the electrons having a greater thermal velocity than
the ions. This causes the low energy electrons to become trapped inside the
bulk plasma. As a result, electrons near the edge of the plasma will be lost to
the surroundings first. This sets up a charge imbalance on the edge, leading
to an electric field that accelerates the positively charged ions located at the
edge of the plasma out to the surface. The sheath occurs naturally in a plasma
in contact with a surface and works to ensure that quasi-neutrality across the
bulk plasma is maintained. It can be thought of as a boundary layer that forms
between the plasma and any surface that comes in contact with it .
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Figure 1.2: Potential difference across a sheath versus distance from an infinite
plane in contact with the bulk plasma [2].

In order to develop a model for sheath formation the following assumption
must be made, there are no collisions in the sheath, meaning there are no new
particles produced and no collision processes occurring [3]. This assumption
explains why the sheath appears as a dark border between the bulk plasma and
the wall of the chamber.

Consider an infinite plane in contact with the plasma, the distance from the
bulk plasma to the plane is denoted by x. The number of electrons (n,) with
enough energy to overcome the sheath potential (V) can be found using the
Maxwell-Boltzmann equation, equation |1.2

’ _ _6VS
n,(Vs) = neexp < kTe> (1.2)

The plasma is assumed to be quasi-nuetral equation where the flux
of positive ions (I'y) is given by the natural random flux onto the boundary,
equation [T.4] where € is the sound speed for the ions.

r,=T_ (1.3)

The flux of negative species (I'_) is also expressed by equation but on
the boundary this is reduced due to the sheath potential at boundary given by

equation [T-5}

1

1
Ir,=TI.= ZnEeXp (— k"_; ) (1.5)



Now using equation [1.2] and enforcing the condition of quai-neutrality we
arrive at equation [L.6]

eVs |\ —
Ne €XP (— sz) Ce =
= G (1.6)
4 4

Assuming n, = n; equation [1.6| simplifies to equation

y, = Boley, <c> (1.7)

2e Ce

This V, works to maintain the plasma as it traps the electrons in the bulk
preventing them escaping and ensuring they continue to take part in the neces-
sary collision processes to generate plasma, as long as enough current is input
to the plasma to maintain the necessary ionisation fraction.

1.1.2 Plasma Shielding and The Debye Length

Plasmas are said to be quasi-neutral; this means that macroscopically a plasma
has no charge as the total number of negative and positive particles are equal.
But what if a test charge is placed into the bulk plasma? The test charge here
is assumed to be negative, immediately upon the placement of the charge in the
bulk plasma the electrons will begin to be accelerated away from the test charge.
Electrons continue to accelerate away from the test charge until such time that
the charge imbalance caused by introducing the test charge is counteracted.
Therefore, charges that are sufficiently far away will not feel the effects of this
perturbation, it is said that through the process of counteracting this charge
imbalance the other particles far enough away are shielded from the electric
field of the test charge |2]. The area over which this affect is most significant is
called the Debye length (Ap).

It is possible to determine the Debye Length in any plasma quite easily
starting from Poisson equation[l.8|and with the assumption of only single ionised
ions. This derivation is outlined below.

2
av__»r (1.8)
dxz? €0

As p is just the net plasma charge we are able to rewrite equation [1.§] in
terms of the number densities of the ions and electrons.

% e
W = —;(nl _ne(l')) (19)
The electron density is given by the Maxwell Boltzmann distribution, equa-
tion Where AV (x) is the potential difference as a result of inputting the

test charge, this potential depends on the distance x.

ne(r) eAV (z)
Ne P k‘bT

(1.10)



Using equation substituting into equation for n.(x) and using the
assumption that n. = n; we get, equations and

eV e <ni+neexp (_M(w))) (1.11)

dax? €0 kT
d?V en; eAV
- = 1-— — 1.12
dz? € ( P ( kyT. >> ( )
We simplify equation by assuming that AV << KT, .
d*v e’n;
— = AV 1.13
@ = oToe Y @ (1.13)
The solution of the above differential equation is known [3] and is
x
AV (z) = AVpexp () (1.14)
AD

Where Ap is the Debye Length given by

kbj e€0
Ap =1/ 1.15
p Nee2 ( )

The Debye Length gives information of how fast the potential perturbation
is resolved in a plasma.

1.1.3 High VHF Chemistry

Most RF plasma sources operate at 13.56MHz, this number is not chosen for
any purely physical significance [3].The international communication authorities
chose this value so as not to interfere with any other communication devices [3].
As a result of this restriction, plasma systems typically use the harmonics of
this initial value. The frequency chosen to be used by the source discussed in
this thesis is 162MHz which is the 12" harmonic of 13.56Mhz.

It is found that when higher frequencies are used there are numerous benefits
for industrial applications, such as thin film depositions [4]. This is due to higher
generation of radicals in the plasma and a lower ion bombardment energy [4].

As discussed in section the potential difference across the sheath accel-
erates ions to the substrate. As the sheath is largely electron free a suitable
model for the sheath is that of a vacuum capacitor equation [1.16]

_ oA

C, (1.16)

As the sheath can be understood as a capacitor in vacuum the impedence
of it is found by equation this relation describes the effect of driving fre-
quency on the impedance. From this, with the assumption of fixed power, as
the frequency increases the potential decreases (equatio and the current
in the sheath increases. This current drives electrons out of the sheath at the
RF-frequency used.



1
Zs=— ;w=2rnf (1.17)

1
V, o 7 (1.18)

Therefore it can be concluded that as the applied frequency increases the
potential across the sheath decreases, and as a result the ions from a VHF
plasma do not gain as much kinetic energy by crossing the sheath and therefore
lessen the damage to the substrate.

A problem does occur in plasmas operated at VHF. As the deposition onto
the substrate becomes less uniform as a result of it forming a non-uniform
plasma due to increased standing weave affects . The method that is used
to counteract these non-uniform affects is to construct a multi-tile push pull
electrode. This will be further discussed in section

Previously in section [I.I] the EEDF was assumed to be Maxwellian, figure
But it is found that at higher frequencies the EEDF changes to become
Bi-Maxwellian figure . This change in the EEDF leads to an increase in
the electron temperature. It allows a higher proportion of the electrons in the
plasma to gain the necessary energy to ionise but not disassociate the species
in the plasma.

EEDF

PR |

1
0 5 10 15 20 25
Electron Energy [eV]

Figure 1.3: EEDF for high frequency plasmas, there is a distinct hot tail
as compared to a standard maxwellian function allowing higher proportion of
electrons to have sufficient energy to cause an ionisation event.



1.2 Plasma Sources

Following the discussion of the basic theory of plasma, section we will now
concern ourselves with the sources used to generate plasmas in a laboratory
environment. There are two broad categories of plasma sources, these are In-
ductively Coupled Plasmas, herein referred to as ICP, and Capacitively Coupled
Plasmas, herein referred to as CCP.

1.2.1 Inductively Coupled Plasmas

Inductively coupled plasmas are generated by passing an alternating current
through a wire. This current varies with time, inducing a magnetic field [6].
This magnetic field has some flux dependent on the position from the centre of
the coil in the planar case. It is known from Faraday-Lenz’s law of induction
that if the flux varies with time it produces a force given by equation [I.19) where
¢ is the flux of this magnetic field.

do
U=—-—— 1.19
o (1.19)
From this force the electric field generated can be found using equation [1.20
U
= 1.20
27r ( )

This magnetic field gives energy to the electrons as discussed in section [I.1}
There are two main configurations of ICP sources, planar and cylindrical [7].

IS IILTIA T

Inductive

Figure 1.4: Diagram depicting a cylindrical configuration for an ICP source,
the wire powered with RF is wound around the source region creating the plasma
that falls down into the diffusion region and onto the substrate below. 6]
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Figure 1.5: Diagram depicting the configuration of a planar ICP source (a) @]
and the magnetic and electric field lines generated by the motion of current in
the wire loop (b)

As will be discussed in section 2.1l the source that this thesis concerns itself
with will be more similar to the cylindrical configuration figure As with
all plasmas sources ICP systems typically operate at 13.56MHz, cylindrical ICP
sources have been shown to have an EEDF similar to that of a Bi-Maxwellian .
As discussed in section the CCP plasma source at 162MHz has been shown
to demonstrate similar characteristics.

1.2.2 Capacitively Coupled Plasmas

The most common arrangement of a CCP source is the planar configuration.
This configuration typically consists of two parallel plates one connected to RF
power the other grounded , figure[I.6] Gas is fed in the space between the plates,
an RF signal is applied and if the voltage between the two plates is sufficiently
high breakdown of the gas will occur forming a plasma.

RF Power Out ™
¢RF Power In
¢ Current Path .L
.l S
) -
A 4 y

Figure 1.6: Simple planar CCP source configuration. Detailing the paths that
currents take through the plasma and the chamber [2]



CCP sources are used in a variety of industrial applications, industry has
consistently pushed to increase the area of the substrates to further optimise
their processes. Problems occur at high frequency, these problems were previ-
ously compensated by adjusting power and geometry. But as the demands of
industry increase this is no longer a feasible method of compensating.

The method of compensation used in the plasma source developed in this
thesis is by the use of a multi-tile electrode. This configuration allows the issues
of non-uniformity to be counteracted. A modified set up of a CCP source is
shown in figure The benefit of a multi-tile system lies in the ability to have
the size of the electrodes to be approximately equal to the % of the supplied
RF power, as well as the ability to have adjacent electrodes to be 180° out of
phase. This causes the current in the plasma bulk to be a net zero and as a
result this negates the non-uniformities that occur over large areas at VHF as
the electrode tile array scaled up.

()

-Ex
e - e
— —

Plasma

Ground

Figure 1.7: Schematic of a standard planar configuration multi-tile push pull
CCP source.

1.3 Molecular Spectroscopy

Molecules can only occupy discrete energy levels. The energy of a molecule
can only be changed by a definite amount of energy. The energy of a molecule
can be stored in its electronic states (E,), its rotational and vibrational states
(Er,E,). The transition energies of these states are quite different:

AFE. >> AE, >> AE,

As a molecule can store its energy in any of the three ways described above
the total energy of a molecule is given by equation [1.21

Er=E.,+E,+ E, (1.21)

The energy levels in a molecule are described by the quantum mechanical
anharmonic oscillator, figure it is found through the Schréodinger equations
that there are finite vibrational energy levels that if the energy of the molecule
exceeds, it will disassociate, but also the spacing of the energy levels decreases
as the energy increases [9].

10
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Figure 1.8: Diagram of two electronic energy levels of a molecule, with the
vibrational and rotational levels indicated in the lower state. [@

As each state of the molecule has a well-defined and discrete energy described
by equation [1.21] it can be concluded that each transition from a higher energy
state to a lower energy state has its own specific frequency and wavelength
given by equation It has been well established in the literature that each
molecule has its own set of allowed transitions 7 and allowed transitions
are derived by the conservation of angular momentum before and after the
transition. The molecules can then be identified from the emission spectra
recorded. Electronic state transitions such as the transition shown in figure
have an energy of a few electron-volts (eV) and it can be shown using equation
that this results in transitions from the visible to ultraviolet regions of the
electromagnetic spectrum.

2mwhe
A

The energy spacings of vibrational and rotational levels are much smaller
than those of the electronic transitions, and therefore the pure rotational and
vibrational transition spectra are found in the infrared region of the electromag-
netic spectrum. As this work concerns itself only with the spectra of well known
transitions, such as for molecular nitrogen, spectra will not be calculated but the
measured spectra will be compared with the literature to support identification
of the transitions.

Transitions from the upper electronic state and back to the lower electronic
state can have different vibrational and rotational states. When this occurs
other peaks will be present in the measured spectra. If the molecule is sufficiently
small and simple, and if the spectrometer used is of good quality it is possible

AE:EQ—Elszw:

(1.22)
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to resolve these other peaks figure [L.9b. If the molecule is large it has a large
moment of inertia which causes the peaks to be too close together and therefore
are unable to be resolved figure[I.9k. Nitrogen is a linear diatomic molecule and
as such its emission spectra is expected to have a similar structure to figure [I.9]

(@) (b} (e)

Figure 1.9: Example spectra for (a) atomic, (b) small polyatomic molecules,
and large polyatomic molecules [9]

In this work we concern ourselves with calculating the vibrational temper-
ature of the molecules created in the downstream plasma chamber. To do this
the emission spectra is recorded and the transitions are labelled. To find the
vibrational temperature the Franck-Condon principle is applied. The Franck-
Condon principle states that ‘because the nuclei are so much more massive than
the electrons, an electronic transition takes place very much faster than the nu-
clei can respond’ [10]. The quantum mechanical description states that during
a transition the nuclei retain their initial dynamic state. In quantum mechanics
the dynamical state is described by the objects wavefunction. A more useful way
of stating the Franck-Condon principle is to say that the electron position does
not change during the transition. The molecule starts in the lowest vibrational
state of its ground state, therefore to find the state to which the transition takes
place, we look for the position at which the excited wavefunction most resembles
the initial wavefunction as seen in figure It can be seen in figure that
the excited state has many more peaks than the ground state. This allows for
other transitions from the excited electronic state back to the electronic ground
state but with higher vibrational energy. These transitions occur but with a
lower relative intensity to the transition indicated in figure [[.I0] It is possible
using a molecules Franck-Condon factors to find the relative populations of the
various vibrational states and from this it is possible to calculate the initial
vibrational temperature of the molecule.

12
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Figure 1.10: Diagram of the Franck-Condon principle with the position of
highest probability designated by a black dot ﬂgﬂ

The calculation of the vibrational temperature is also based on the relation

[11],
I(Cv =B,V ) =c¢(\) - [No(C, )] - A(C, v — B, V") /A (1.23)

Where I(C,v" — B,v") is the measured intensity of the emission. ¢()) is the
spectrometer response for the wavelength, [N (C, )] is the density of nitrogen
molecules in the C state, and A(C, vo— B,l/”) is the spontaneous emission
probability.

~ 1x10t
~ 3.57-S5—-0.03
For small vibrational numbers this relation follows a boltzman distribution

and using equation [1.24] the vibrational temperature is able to be calculated.
Where S is the absolute value of the slope of the Boltzman graph .

T,[K] (1.24)
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2 Apparatus and Instrumentation

2.1 Chamber Design

Now that appropriate knowledge of the field of plasma physics and the sources
used to generate plasmas has been gathered, it is now time to begin discussion
of the design of the chamber used in this thesis. The design process for the
chamber characterised in this thesis went through various iteration, below is a
discussion of the final design of the CCP source.

2.1.1 Overview

Figure 2.1: Cross-section of the overall chamber. (A) The gas line feeding N
into chamber, (B) Alumina tube inside of which is low pressure gas and where
the plasma is generated, (C) Four of the 8 copper electrodes each electrode pin
is offset by 30° they are in a push pull configuration, (D) The arrow indicates
the direction that the PSTLD is inputted from, and (E) This area is the lower
chamber where the plasma diffueses into from the alumina pipe.

14



The design of the chamber is for a downstream plasma source. A downstream
plasma source is one in which the plasma is generated in a chamber above
where the substrate is located. Figure [2.I] shows the area in which the plasma
is generated before entering the treatment chamber.

The plasma is generated in the central tube which is made of alumina and
inside of which is operated at process pressure. The gas is fed in through the
top and falls vertically down into the treatment chamber below.

The outer larger tube is used to support the upper plate structure as well
as to act as an electromagnetic shielding. The shielding is necessary to prevent
RF power at 162MHz from radiating into the lab and interfering with other
equipment. Just off the shielding there is a cut out with a tube attached, this
is to support the PSTLD at an appropriate height to ensure the connections to
the electrodes which can be seen as the rectangles attached to the central tube
in figure

15



2.1.2 Top and Bottom Base Plates

The upper and lower baseplates are near copies of one another, there are only
two specific differences between them. The upper plate shown in figure 2.2} has
two small holes in the top, the central hole is to allow a gas line and Mass Flow
Controller (MFC) to be fitted, the secondary hole is to allow a sapphire glass
plane to be placed over allowing spectra of the plasma to be measured. Sapphire
glass was chosen as it is transparent in the required wavelength range [12].

There is a steplike structure in the middle of the top plate, this allows the
alumina tube to be fitted into place. The outer step operates as a slot for the
O-ring to be placed into. The placement of the O-ring here allows for it to
affectively seal the tube but also to ensure that it does not become exposed
to the plasma and become damaged as a result of exposure. This lip must be
finished in a specific way so as to not have any marks left from the construction.
This is required as if there are machining marks the O-ring will be damaged
and will not seal effectively.

Top Base Plate

—___ N

=l o

Top Face Plate

Figure 2.2: Section View Schematic of the Top baseplate and faceplate. The
grey lined areas indicate cut outs that have been threaded. In the top baseplate
this threading is for the gas line feed to ensure it seals tightly to the plate, for
the faceplate the threading is to allow the tightening of the O-ring. Beside the
gas feed there is a hole to allow OES measurements to be taken. On the step
the surface is finished to allow an O-ring to slot in with no damage. The same
surface finish is utilised for the top section of the face plate that slots into the

gap.

The lower baseplate, figure [2.3] has the same step like structure in the centre,
but here there is no bottom section for the face of the alumina tube to sit on.
Instead after the step that operates as the slot for the O-ring it drops down
into the chamber where the plasma will be transferred into. The alumina tube
is therefore supported only by the two O-rings on both ends. This set up
has the benefit that as the plasma drops from the generation chamber into

16



the downstream chamber it has no interaction with the aluminium walls of
the chamber. The alumina is situated low enough into its slot that it extends
approximately 1mm into the downstream chamber.

Bottom Face Plate

—

Bottom Base Plate

Figure 2.3: Section View of Bottom baseplate and faceplate. The grey lined
areas indicate areas cut outs that have been threaded. The step surface of the
faceplate and baseplate are finished to an O-ring suitable finish.

The top baseplate is secured to the shielding shown in figure by holes
drilled into the top face of the shielding and the outer lip that is used to centre
the top baseplate onto the shielding. The bottom baseplate is not attached to
the shielding but is instead attached to the lower chamber by holes drilled into
the outer lip and the top face of the lower chamber.

2.1.3 O-ring and Sealing Structure

The O-ring material and the geometry are of vital importance in the design of
vacuum systems. As such significant consideration was put into the dimensions
of the O-ring slot and the O-ring itself. The O-ring is positioned so that it can
seal and effectively allow a vacuum to be generated but far enough away that
the plasma does not hit it reducing the damage and wear on it. The material
chosen for the O-rings used to seal the alumina tube is Fluoroelastomer (FKM),
this material was chosen due to its high resistance to temperature changes, and
chemical exposure [13].

For an O-ring to seal properly the total volume of it must be approximately
85% of the volume of the slot that it will be compressed by, this is reffered to as
the housing volume. To ensure the O-rings sealed as desired an online calculator
was used [|14]. It was found that the O-ring must be 65mm in diameter with
a cross section of 5mm. The slot that it will be compressed by must have an
outside diameter if 77mm, inside diameter of 65mm.

As can be seen in figures [2.2] and [2.3] the design of the two faceplates are the
same except for the holes used to attach the plates to the respective baseplates.
The top baseplate has threaded holes to allow the tightening of the seal from
the outside as when the shielding is in place there is no acess to the bolts from
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underneath. The bottom face plate is not threaded as this face plate must be
attached prior to the securing of the shielding. This is because the compression
of the O-ring is used to secure the alumina into place above the lower chamber.

2.1.4 Electrode Tiles

The electrodes are constructed of copper this is due to coppers high electrical
conductivity. The electrodes are located adjacent to the outside of the alumina

tube, figure

Figure 2.4: The above schematic shows a top down view of the alumina tube.
The electrodes are secured on the outside in a push pull configuration. Each
adjacent electrode is 180° out of phase with its neighbour. There are 4 more
electrodes approximately 20mm below the 4 shown here with opposite phases
to the electrode above.

The electrode tiles are curved to match the curvature of the alumina tube to
ensure the maximum and consistent capacitive displacement from tile to plasma.
Each electrode has a section of copper bar extending from it, this bar is offset by
30° from normal. The bar is tapered down at the end to 6mm to allow securing
of the PSTLD wires to each electrode.
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2.2 Power Splitting Transmission Line Device (PSTLD)

The Power Splitting Transmission Line Device (PSTLD) is shown in figure
it is made of two concentric metal cylinders that form a coaxial transmission
line that is terminated at the end by an electric short. Multiple coupling loops
are inserted in the space between the cylinders forming two twisted pair of push
pull outputs.

The RF current is driven along the central conductor and back out along the
outer conductor that is connected to ground. A short is induced at the end of
the PSTLD this defines the length of the standing wave propagating along the
two cylinders. These two standing waves, one on the inner conductor and the
other on the outer conductor are 180° and constructively interfere to produce a
magnetic field in the PSTLD. This magnetic field is intersected by the placement
of coupling loops allowing power to be inductively driven by Faradays law of
induction.

Dielectric former

Coupling loop

Output ports

Coax innerf/outer conductor

Coax 'Short' with radial slots
Figure 2.5: Cross section of the PSTLD showing the coupling loops in a

dielectric former, the two conduction tubes and the twisted pairs that carry the
push pull RF power to the electrodes. 2]
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2.3 Hairpin Probe

In order to measure the plasma density in both the neck of the source and in
the downstream chamber, labelled (B) and (E) respectively in figure

Ceror\r.\l m

/
- AQraldite

Coox loop
Coble Antennc,

Figure 2.6: CAD and schematic of the hairpin probe, showing the shorted end
of the coaxial cable and the hairpin, image courtesy of Shane McGuinness

A hairpin probe, figure is a pair of parallel wires in a transmission
line,shorted on one end and open at the other. The hairpin is a small metal
wire bent in a ‘U’ shape that is postioned at the end of the probe. The hairpin
will resonate when a signal with frequency equal to one quarter the wavelength
is applied to the shorted end of the probe. This resonance creates an electro-
magnetic wave that induces a time varying magnetic field. This time varying
electromagnetic field has a given frequency, in GHz, that is measured on an
oscilloscope. The resonance frequency of the hairpin is given by equation [2.1]
where € is the permittivity of the medium surrounding the hairpin. This fre-
quency will change as the permittivity of the medium surrounding the hairpin
changes. The permittivity of plasma is given by equation where w,, is the
plasma frequency and w; is the input frequency .

C
-Gz (2.1)
2
6 =1- % (2.2)

In order to calculate the plasma density of the two areas of interest the vac-
uum frequency was measured (wp), and the frequency was also measured when
plasma was present in the chamber (wy,). The plasma and vacuum frequency are
used to calculate the plasma density using equation . ne is in 10*°/cm?
and w is in GHz.

OJ2 — w%
Ne = I;)T (23)



2.4 Optical Emission Spectrometer

Figure 2.7: The light enters the spectrometer from the fibre optic (1), it reflects
off the collimating lens (4) onto the diffraction grating (5), the diffracted light
hits the focusing mirror (6) and is focused onto the detector (8) by the focusing

lens (7) [16]

The region in which the emission spectrum for the No second positive system
is found to be in the 360-380nm range .We used an OceanOptics Flame-T
special edition special edition spectrometer with collection from 300-500nm and
0.1nm resolution .To measure the emitted light from the chamber a fibre
optic cable was chosen, the chosen cable operates in the ultra violet to visible
regions of the electromagnetic spectrum this ensured that all the possible
transitions from the plasma were able to be recorded.
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3 Experimental Method

Gas Feed

RF
Fibre Optic % Power
= — I
Match
box
Spectro L1
; meter '—‘;EE_I
Oscilloscope
— r—]
| Hairpin ._T_i_
Probe i i Turbo
Ll
Oscillator —"-:[ T M:l:::-:.;’lar

Figure 3.1: View of the CCP Source and the experimental configuration with
hairpin probe and optical detection system. The solid and dotted orientation of
the hairpin probe illustrate the two positions used in the experiment, the dotted
shows the position for the upstream plasma densities, the solid line shows the
position for the downstream plasma densities. Not included in this view is a
view port in the front of the chamber and a pressure gauge on the opposite side
of the bottom chamber, image is not to scale.

3.1 System Configuration

The system shown above in figure has a vacuum base pressure of

6.7 x 10~7 Torr. Nitrogen is admitted into the chamber controlled by an MFC
at a rate of 80 sccm, the pressure is increased in steps of 10 mTorr via a voltage
set point controller for the MFC from 15 — 75 mTorr.

The chamber dimensions are, the alumina pipe has an inner diameter is
55mm and a length of 260mm with a volume of 0.06L, the electrodes are 65mm
in radius and seperated by approximately 10mm in theta, as shown in figure
The diffusion chamber, is 180mm diamaeter and 200mm high and has a
volume of 6L. The total volume of the source region and the diffusion chamber
is 6.06L.

3.2 Plasma Density

The vacuum resonance for measurements at the neck of the source (B) in figure
was 2.542 GHz, and 2.486GHz in the lower position (E) in figure

The two hairpin probes used are a straight hairpin probe positioned 10cm
below the source exit at approximately the location of a wafer to be processed.
The second probe is an L-shaped probe positioned at the neck of the source.
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The first hairpin probe was inserted into the centre of the bottom chamber.
The vacuum resonance frequency is measured by pulling a vacuum and having
no plasma in the chamber. This frequency is measures off the oscilloscope as a
peak seen in figure [3:2l When the plasma is struck this peak shifts position on
the oscilloscope, this new frequency was recorded and the density was found by
using equation [2.:3] This was done for powers from 140 — 175W and pressures
from 15 — 75mTorr.

The probe was removed from the chamber and was replaced with a hairpin
probe with a 90° bend to allow measurements at the the neck of the source to
be gathered. The values for the upper plasma densities were calculated using
the same method as above for the same power and pressure regions.

The hairpin probe was removed after the measurements for the plasma den-
sity were recorded.

The hairpin probes used in the course of this thesis were constructed by
Shane McGuinness.

Run g [ | — Trig'd

Al 2.10mV
@: -10.7mV

Save

to Ref4
Save

to Refd
5.00mV$2-M1.00ms A Chl S 3.76 V]
} S00mvVQ 194 S00mV % {
Refd) 5.00mV  1.00ms @+v 9.94000ms
Ref1 (Off) Ref2 (Off) Ref3 (Off) Refd (On)
19-Mar-24 S-Sep-23 28-Mar-23 29-Mar-24
06:25:13  10:28:56  12:50:36 12:08:50

Figure 3.2: An example of the oscilloscope reading in a plasma, the white peak
labelled A is the vacuum frequency, the blue peak labelled B is the frequency
in the plasma at the pressure and power chosen.
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3.3 Molecular Spectroscopy

The vibrational Temperature in the plasma were found via OES. A Flame spec-
trometer was used with a fibre optic as shown in figure [3.I] The spectra was
captured using quick view on the OceanView software. The integration time for
pressures 15 — 65mTorr for applied powers 175 — 455W was 100ms for 75mTorr
and powers above 420W the spectrometer became saturated and the integration
time was changed to 78us.

Using a python script developed parallel to this experiment by a fellow stu-
dent, Shane McGuinness. That reads in the spectral data text file from the
OceanView software and using equation the vibrational temperatures for
pressures of 15 — 75mTorr and powers of 140 — 455W were calculated.

The spectral region of interest is the second positive system of the nitrogen
spectra, this is the area that shows the C - B electronic transitions of the nitrogen
atom. The measured peaks here correspond to a Av of 2.

3.4 Error Analysis

To estimate the error in the experiment, for each method the middle value
of pressure and power was chosen (45mTorr 315W).The measurements at this
pressure and power value were repeated 10 times, to repeat the measurements
the plasma was turned off, the gas set point was set to zero, the pressure in the
chamber was allowed to return to low pressure (< 1 x 107°), the gas flow was
then set to give the desired pressure, the plasma was struck and the measurement
was the taken. This process was employed for the calculation of the error for
the densities and the OES measurements, and the standard deviation of these
measurements was calculated and used as the error for the purposes of this
experiment.
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4 Results and Analysis

4.1 Downstream Plasma Density

To investigate the downstream plasma densities a straight armed hairpin probe
was inserted into the plasma as shown in figure[3.1] The vacuum resonance was
found to be 2.486GHz.

The densities were calculated by measuring the new resonance frequency
in the plasma and inserting into equation [2.3] The measured densities are
tabulated in table and graphed in figure

Figure shows pressure versus the applied RF power. The graph has a
linear fit to each pressure. It can therefore be concluded that for the downstream
regime of the CCP source in this experiment that the density increases linearly
with applied RF power, and decreases with pressure.

Downstream Electron Density vs Applied RF Power
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Figure 4.1: Graph of plasma densities in the downstream region of the CCP
source. At low pressure and high power the density reaches a maximum and
decreases as pressure increases. The results above have an error of 1.2x 108 /em?,
calculated as the first o from the middle data point (45mT 315W).

As pressure increases in the chamber, the mean free path of the electrons in
the plasma decreases causing more frequent collisions. This causes the plasma
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to be confined into the area in which it is generated, making it harder to for the
plasma to diffuse down to the hairpin probe. The lower densities seen at higher
pressure may also be due to higher recombination rates at higher pressures as
this leads to less free electrons, and as the hairpin probe measures the electron
density this may also contribute to the lower densities in the bottom chamber.

Table 4.1: Downstream electron densities versus power and pressure, densities
are in units of 10%/cm3. The results below have an error of 1.2 x 108/cm?,
calculated as the first o from the middle data point (45mT 315W)

- mTorr |40 | 95 | 35 | 45 | 55 | 65 | 75
140 2.0 | 0.61 | 0.06 | 0.18 | 0.18 | 0.49 | 0.36
175 276 | 1.67 | 0.37 | 0.49 | 0.43 | 0.55 | 0.55
210 363 | 1.29 | 0.43 | 0.68 | 0.68 | 0.68 | 0.68
245 3.87 | 1.66 | 0.80 | 0.74 | 0.80 | 0.80 | 0.80
280 455 | 2.09 | 1.23 | 0.86 | 0.92 | 0.86 | 0.86
315 467 | 2.46 | 1.35 | 1.04 | 0.98 | 0.92 | 0.92
350 523 | 270 | 1.41 | 1.23 | 1.23 | 1.04 | 0.98
385 541 | 3.07 | 1.60 | 1.35 | 1.41 | 1.17 | 1.11
420 541 | 320 | 1.72 | 1.47 | 1.4 | 1.29 | 1.17
455 566 | 3.32 | 1.84 | 1.60 | 1.66 | 1.41 | 1.23
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4.2 Upper Plasma Density at Throat of Source

To measure the electron density in the upper region the straight arm hairpin
probe was replaced by a hairpin probe with a 90° bend allowing the hairpin
to be located just inside the mouth of the alumina tube where the plasma is
generated as seen in figure[3.1] The vacuum resonance frequency was measured
to be 2.542GHz.

The plasma frequency was measured by finding the peak postion after the
plasma has been struck and using equation [2:3] These values are tabulated in
table and graphed in figure

Upper Source Electron Densities vs Power for Pressures from 15 - 75 mTor
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Figure 4.2: Graphed densities for the upper region of the CCP source, there
is a distinct linear relationship until 245W where a knee forms. The lines are to
aid the eye in following the data.

For pressures greater than 15mTorr there is a distinct linear regions up to
245W, after which point all pressure have a knee and and all end up to very
similar density values regardless of pressure. Further investigation is needed
to understand the processes that may lead to the formation of this knee at
higher powers. The knee does indicate a transition within the plasma from one
dominant process to another. It may be due to imperfect placement of the
electrodes and therefore innefficient coupling of power into the plasma from the
RF source.
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Table 4.2: Upper region electron densities versus power and pressure, densities
are in units of 10'°/cm3.

W mTorr 9o 1 o5 | 35 | 45 | 55 | 65 | 75
140 853 | 059 | 0.6 | 059 | 059 | 0.5 | 0.44
175 0.63 | 0.65 | 0.69 | 0.69 | 0.69 | 0.61 | 0.56
210 0.67 | 0.88 | 1.04 | 0.86 | 0.83 | 0.69 | 0.66
245 122 [ 117 | 1.15 | 1.13 | 1.14 | 0.84 | 0.77
280 126 | 1.18 | 1.18 | 1.18 | 1.14 | 1.06 | 1.00
315 1.26 | 1.20 | 1.20 | 1.21 | 1.17 | 1.12 | 1.06
350 126 | 1.23 | 1.22 | 1.21 | 1.20 | 1.14 | 1.10
385 126 | 1.24 | 1.23 | 1.23 | 1.21 | 1.16 | 1.12
420 128 [ 1.27 | 1.24 | 1.24 | 1.21 | 1.17 | 1.14
455 128 | 1.27 | 1.24 | 1.24 | 1.22 | 1.20 | 1.16

In the upper region the densities are two orders of magnitude larger than the
downstream region. This confirms the expected result of excellent gas activation
in the multi-tile high-VHF set up. This result along with the high vibrational
temperatures seen in the source support the results found in previous works.
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4.3 Optical Emission Spectroscopy

OES was used to characterise the vibrational temperature of the CCP source.
The spectra was taken looking down from the top of the chamber, figure 3T} us-
ing the flame spectrometer. The spectrometer was calibrated against a black
body spectrum to correct for differing response rates from the equipment.

When viewing the downstream only, there is insufficient emission seen to
yield meaningful results. Noting the very low density (figure densities in
the 108 /cm?) this is not surprising.

In the source spectral data was captured for all pressures and powers as
stated in section [3| The integration time used was 100ms, but at 7bmTorr and
for powers above 420W this integration time caused the flame spectrometer to
become oversaturated and the integration time was changed to 78us

To calculate the vibrational temperature, transitions in the second positive
region of the nitrogen spectra were chosen, this area of the spectrum covers wave-
lengths from 360 — 385nm. Figure [£.3] shows the recorded spectra for 15mTorr
at 315W. This region of the spectra shows vibrational state changes of —2, the
transitions were compared to literature values and were labelled accordingly [1].

Extracted Vibrational Peaks for the N2 Second Positive System Region
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Figure 4.3: Spectra of second positive system of Nitrogen, with a Av of —2.
The transitions from v”to v/ labelled in red.

In order to calculate the vibrational temperature the spectral data from
figure [.3| was input into a python script that creates a Boltzman graph using the
relationship described in equation [[.23}figure [1.4] this was done for all pressures
and applied power values. The 2 — 4 and 1 — 3 transitions are typically where
metastable cooling has been observed, their position very close to the fit line
indicates that in the source investigated this is not a very strong path way for
energy to be stored in the plasma.
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Boltzmann Plot for Vibrational Temperature (N2 SPS Av = -2), 45mT 315W

061 @ Data
—— Linear Fit: Tvib = 6889 K, R2=1.00
0.4 -

0.2 A

0.0

INCAL e fA o)

—0.2 1

—0.4 4

—0.6

T T T T T T T
—-0.7 —0.6 —0.5 —0.4 —0.3 —0.2 —0.1 0.0
Ey —Ep (V)

Figure 4.4: Boltzman Graph for 45mT 315W used to calculate the vibrational
temperature.

Table 4.3: Data for the vibrational temperature vs applied RF power and
pressure. The below data an error of £900K calculated as the first o for the
middle value (45mT 315W)

- mTorr |15 | 95 | 35 | 45 | 55 | 65 | 75
175 6400 | 7000 | 6600 | 6900 | 6400 | 6300 | 6400
210 7000 | 7800 | 7500 | 6900 | 6600 | 6500 | 6400
245 7400 | 7300 | 7300 | 6800 | 6900 | 6300 | 6400
280 7300 | 7500 | 7600 | 7100 | 6600 | 6600 | 6600
315 7700 | 7300 | 7200 | 6900 | 6800 | 6800 | 6600
350 7800 | 7600 | 7700 | 7100 | 7100 | 6400 | 6500
385 7200 | 7700 | 8400 | 7100 | 6900 | 7000 | 6400
420 7500 | 7900 | 7300 | 7300 | 7100 | 6300 | 6300
455 8000 | 8700 | 7600 | 7200 | 7000 | 7800 | 6600
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Vibrational Temperature vs Power
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Figure 4.5: Above is the vibrational temperature taken from the top of the
chamber using OES. At low pressure the data is noisy but at mid to high
pressure there is a distinct trend of increasing temperature as power increases
and decreases as pressure increases. The results above have an error of £900K,
calculated as the 1o from repeats at the middle data point (45mT 315W), the
lines are to aid the eye in following the data.

The slope of each Boltzmann graph was calculated with a linear fit and these
slopes were used to calculate the vibrational temperature using equation [1.24]
The calculated vibrational temperatures are shown in table[4.3] and are graphed
in figure 4.5

The low pressure region (15 — 35mTorr) has significant variance in the tem-
perature with power, the calculated error for the vibrational temperatures is
+900K, figure [L.5] the values for these pressure regimes are within 1o of the
repeats of the middle data point.

In general, at lower pressure there is found to be higher vibrational temper-
atures. As the RF power is increased the vibrational temperature also increases
although the effect is small particularly considering the measured uncertainty
of £900K.

As the pressure increased towards the high pressure region (> 35mTorr)
there is significantly less variance in the recorded temperature values, and there
is a clear trend of increasing vibrational temperature with power, and decreasing
vibrational temperature as pressure increases. This drop in temperature as
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pressure increases may be caused by collisional effects in the plasma at this
higher pressure regime. As the species in the plasma collide more often due
to a decreases mean free path they may transfer there energy from vibrational
modes to translational modes, resulting in a lower vibrational temperature.

From the values calculated in this work it can be concluded for the high
pressure region, that as pressure increases in a downstream CCP source of cylin-
drical geometry the vibrational temperature decreases, further work is required
to accurately characterise the low pressure region.
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5 Conclusion and Further Work

5.1 Conclusion

The aim of this project was to design, construct and characterise a multi-tile
high VHF downstream CCP source in cylindrical geometry. This project has
demonstrated the efficacy of this design philosophy for future plasma source
construction for high VHF'. The results from the hairpin probe show very clearly
that in the lower chamber the densities are consistent with the expected values
for a downstream plasma with the expected linear relationship between the
power and plasma densities. At low power the densities in the upper region of
the source follows the expected linear relationship but has been shown to deviate
from this relationship with a distinct knee forming for all pressures above 245W.
It is also seen that the upper region has a density higher than the downstream
region by two orders of magnitude, this difference is of significant interest for
further study as the upper region was measured just inside the mouth of the
alumina pipe approximately 10cm higher than the downstream measurements.

The vibrational temperatures were observed in the upper region, the tem-
peratures observed were within the expected temperature ranges from pervious
work for multi-tile high VHF sources. The position of the measurements in
previous studies were perpendicular to the electrodes but in this study the tem-
peratures were measured via OES parallel to the electrodes. There is significant
noise in the data from the lower pressure values, but values follow the expected
linear increase in vibrational temperature against power. The temperature val-
ues are all within 1.50 suggesting the results are significant.

Finally we have demonstrated the effectiveness of the multi-tile design of
high-VHF CCP sources, the source tube used in the construction of this project
was unsuitable for use in the current ICP ALD system. The densities achieved
as well as the vibrational temperature are very good compared to the ICP source
currently in use in the NRF, *Chartreuse’ is able to work even with a dirtier
source tube demonstrating the robustness of the design.

5.2 Further Work

There is still significant work to be carried out to fully understand the source in
this study. The knee that appears in the upper region is not able to be satisfac-
torily explained as of now, it therefore is still an area in which the project can
progress, it would also be of interest to invesitgate the densities fully within the
plasma bulk to investigate the processes that occur in each section of the plasma
source. This study only investigated a pure nitrogen plasma, in modern sources
in research and in industry there is growing interesnt in gas mixtures. The next
step for the project would be to characterise the source for 95% nitrogen and
5% argon or oxygen. These gasses are of interest as oxygen has been observed
to suppress certain spectral lines and may then change the densities measured
as well as the vibrational temperatures in the chamber. Finally this source has
been designed to be used for atomic layer deposition, so the next steps would
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be to change the bottom chamber to allow the insertion of a substrate and to
measure the ability of the plasma to effectively be used for ALD.
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