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ABSTRACT

The past few decades have witnessed significant advancements in the field of Capacitively
Coupled Radio-Frequency (CCRF) discharges due to wide range of applications in plasma
processing industries, particularly in reactive ion etching. The process engineers are con-
stantly envisioning various ways to tailor the performance of commercial CCRF sources
and ways to externally control/quantify the plasma properties in these plasma reactors.
The role of an external magnetic field to control the plasma properties is relatively a new
concept; and is yet to be adequately explored. Additionally robust non-invasive diagnos-
tic techniques are relentlessly researched and developed to efficiently monitor the plasma
processes. These techniques are meant to not only monitor/control the plasma processing
but are also driven towards reducing the plasma processing costs. The thesis is primarily
motivated towards investigating the effect of external magnetic field on the performance
of CCRF discharges; and inferring its characteristics by means of non-invasive electri-
cal/impedance measurements that are external to the plasma environment. Two important
aspects that has emerged from this study is the phenomena of electron series resonance
(ESR) in magnetized plasma and magnetically enhanced power mode transitions (PMT)
which apparently causes a shift in power coupling channels to the electron heating in the
bulk from ion heating in the sheaths. These phenomena have been observed through detail
analysis of calibrated RF power measurements in the devices. Additionally the role of ion
mass on the nature of sheaths at the RF driven electrodes has been studied. The externally
measured impedance measurements of the CCRF plasma source are also supported by
direct measurements of plasma properties inside the bulk plasma with the help of a newly
developed hybrid probe system comprising of an emissive and a double probe. The above
mentioned results have been comprehended in two experimental systems with different

electrode geometries and B-Field orientations each with different motivations;

1. Parallel plate setup: The parallel plate electrode configuration is devoted towards

understanding the effect of transverse B-field on an industry relevant electrode con-



figuration in which flat substrates lying on the electrodes becomes part of the dis-
charge circuit as well as the fundamental aspects of non-local heating in capacitive

sheaths induced by the crossed electric and magnetic fields.

2. Cylindrical CCRF plasma setup: This has been developed with the objective to
create an elongated plasma column. The role of axial B-field in a system with
azimuthally closed E x B drift to sustain a long/uniform plasma column has been
comprehended. Long plasma column in an axial magnetic field has been aimed for

multi-disciplinary physics experiments in linear plasma device.

In conclusion, this experimental investigation backed up with theoretical models; reveals
the intrinsic effects of introducing a B-Field in a CCRF plasma discharge. Moreover, this
research also provides certain inputs to designers of magnetized plasma systems for the

effective range of B-field to influence the plasma dynamics.
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Chapter 1

Introduction

In the past few decades, plasma processing technologies are rapidly evolving to meet the
growing requirement from the industries involved in manufacturing of solar photo-voltaic
cells to bio-medical applications like plasma treatment of surgical equipments and food
grains by low temperature plasmas. Capacitive Coupled Radio-Frequency (CCRF) dis-
charges are extensively used in such processes. The CCRF plasma has also significance
in laboratory plasma experiments which are generally operated at low working pressure
[1]. In multi-billion dollar semi-conductor industries, efficient plasma tools are in a high
demand for achieving greater production rate with very high precision. Independent con-
trolling of plasma parameters such as plasma density, electron temperature and substrate
voltage is a key requirement particularly in industrial processing application. Besides
fundamental understanding of a CCRF discharge can help in developing advanced plasma

reactors with reliable control and scalability.

In a CCREF discharge, the electrons respond instantaneously to the time varying RF elec-
tric field/potential inside the bulk plasma, whereas positive ions respond only to the time-
averaged DC potential inside the sheaths. Therefore, RF power is predominantly coupled
to the plasma electrons, whereas the positive ions gain energy inside the sheaths. The

sheath is a non-neutral region near the material surfaces having strong electric field. This
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electric field accelerates the positive ions from the sheath boundary towards the material
electrode and on impacting the electrode surface it results in the atomic scale modifica-
tion on the substrates. The CCRF discharge is therefore a very unique device for plasma
processing, since the substrate itself is the part of the discharge circuit. The applied RF
power is primarily coupled to the electrons inside the bulk and also under certain oper-
ating conditions a significant fraction of RF power can be coupled to the positive ions
in the sheaths. It has been reported that the dominant power coupling in a given CCRF
discharge can shift from electrons to positive ions as the RF power levels increases [2].
This shift in power coupling is directly linked to the change in electrical impedance of the
discharge circuit. The power/impedance measurements performed externally is therefore
helpful in quantifying the nature of the dominant power coupling mechanism taking place
within a given discharge setup. This insightful information is necessary for the design

optimization of a plasma reactor as well as for improving the discharge performance.

In CCREF plasma reactor, the plasma/process parameters are primarily controlled by vary-
ing the frequency and amplitude of the applied RF voltage and background pressure in the
discharge chamber. A number of familiar techniques have been adopted in a CCRF dis-
charge such as application of multiple RF frequency [3] and tailored voltage wave-form
[4] etc for controlling the plasma parameters independently. One such method could be
introduction of magnetic field to control the plasma parameter. Some of the effects of
magnetic field are well-known such as confinement of the particles to increase the dis-
charge efficiency; enhanced power deposition, introduction of different charge particle
drifts etc. However, application of an external magnetic field to control the plasma prop-
erties such as ion flux/energy or electron temperature 7, is relatively a new concept that
hasn’t been adequately explored. Recent works by You.et.al [5] [6] and Sharma et.al [7]
have proposed magnetic field based control of a CCRF plasma with some experimental
and simulation results. However, extensive experimental work on the magnetized CCRF
plasma discharge has not been performed to validate the effectiveness of B-field as a con-

trol mechanism.
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Electrical impedance measurement is a useful non-intrusive technique to characterize an
RF discharge. In this technique the external measurement of RF Voltage, Current and
Phase can provide useful information about the discharge properties. This technique is
routinely used in semiconductor industries for monitoring the plasma tool health, end
point detection and predicting process anomaly [8]. Electrical measurements with feed-
back techniques can be used for parametric changes during plasma processing [?]. The
non-invasive nature of this technique is particularly useful for application in magnetized

CCREF discharge.

This thesis is motivated towards comprehending the behavior of magnetized CCRF dis-
charge by means of inferring the electrical characteristics through non-invasive electrical

measurements. A brief overview of RF plasma is presented in the following section.

1.1 Plasma

1.1.1 Plasma State

The plasma is a state of matter which is simply an ionized gas comprising of electrons,
positive and/or negative ions, neutral atoms and molecules that becomes strongly electri-
cally conductive such that the long-range electric/magnetic forces dominates its behaviour
[10]. In presence of an external electric field, the motion of the charge particles consti-
tutes a net current flowing through the plasma. The internal currents can also generate
magnetic field, which can twist and turn the orbits/ trajectories of other charge parti-
cle. The plasma as a whole exhibits collective behaviour due to which the motion of the
charge particles inside the plasma is governed by long range electromagnetic forces due
to collection of other charge species present inside the plasma. Therefore, the plasma
self-organizes against externally imposed electric potential by shielding it over a tiny

distance as compared to the plasma dimension. Debye length, one of the characteristic

3
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length inside plasma; is the distance over which the potential due to thermal fluctuation
of charge species inside is screened. In plasma medium charge particles namely electrons
and positive ions are characterized by their natural frequency of oscillation/time scales
2
nie

2 .
Wpe = (525)!? — electron plasma frequency and w,; = (;:=)!/? — ion plasma frequency

which are dependent of their respective mass and plasma density.

1.1.2 Dielectric Property of Plasma

The plasma is a dispersive medium and hence, its response to a RF potential fluctuation
varies as a function of the frequency. This is due to the fact that the charge particles inside
plasma can be polarized as the charge particles namely electrons and ions react at a differ-
ent rate to the applied potential. Therefore the dynamics of charges inside plasma will be
dependent on the frequency of the applied field. The intrinsic electric field so generated
can counter the applied electric field. This behavior of plasma could be understood by

considering a dielectric constant of the plasma as a function of the frequency €,(w).

Consider a uniform plasma driven by a small RF electric field E.(f) = E.coswt =
ReE /. For a case of non-responsive ions (w,s > w,;); and assuming all quantities

have a sinusoidal variation; the force equation on electrons is written as [ 1 1];

Ou,
m 4 = —eE, — mvu, (1.1)

ot

where v is the electron collision frequency

Substituting E, = Ecoswt in Eq. 1.1 and solving for the velocity u,; we get

1 .
i =-——F, (12)
m(jw +v)

Now, the total current through a plasma dielectric is given from the maxwell’s equation;

4
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1.e.
OE,
ot

Jix =6 + J, (1.3)

%Ef corresponds to the displacement

Where, J, is due to motion of electrons; while ¢

current.

OE,

In the cold plasma approximation we have; J, = —enyii, and we also have = = Re JwE coswt
Therefore, the total J, is
Jix = jweE, — enyii, (1.4)
Substituting u, from Eq: 1.2 in Eq: 1.4 we get;
o G
Jix = jwe[l — —————] = jwe, E, (1.5)
w(w — jv)
Where; €, is the complex plasma dielectric given by;
W2
=gl - —F— 1.6
& = all = ] (1.6)

This equation could also be written in terms of the plasma conductivity as
J;x = (O-p + waO)Ex (17)

where RF conductivity of plasma is given as;

2
€W pe

(1.8)

o, = -
P jo+y

1.2 RF plasma discharges

Radio frequency plasmas are often created using generators operating at harmonics of

13.56 MHz, which are specially allocated RF frequency for scientific and industrial use.

5
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Figure 1.1: Types of RF discharges

For many industrially relevant plasma systems the 13.56 MHz drive frequency falls be-
tween the ion and electron plasma frequencies (w,; < w,r << w,.); hence the plasma
electrons can respond instantly to the RF potentials/fields, while the heavier positive ions
respond to the time averaged potentials, which are commonly referred to as the “DC po-

tentials”.

There are primarily three different categories in which the RF discharge can be classified;
a) Capacitive coupled b) Inductive coupled and c) Wave-heated type. In Capacitive RF
discharge; plasma is created by applying sinusoidal RF voltages across a set of electrodes
as shown in Fig 1.1a. In the inductive type, the plasma is created by a transformer ac-
tion. The RF power to the discharge is coupled through electromagnetic induction from
a closed loop coil/antenna separated from plasma by a dielectric as shown in Fig 1.1b.
In a wave heated plasma, the electro-magnetic waves are excited to deliver RF power by
closed looped antenna systems in presence of magnetic fields as seen in Fig 1.1c. The
different mechanism of creating discharges leads to unique characteristics of the plasma
and therefore each are used as per process requirements. The primary objective of the
present study is focused on the capacitively coupled RF plasmas; as it will be introduced

in detail in the next section.

1.2.1 Introduction to CCRF plasma discharges

Fig 1.2 shows a typical capacitively coupled plasma setup. The discharge is sustained

by passing RF current between the two electrodes inside a vacuum chamber. Conven-

6



Section:1.2 Chapter:1

tionally, one of the electrodes is kept grounded; while the RF power is provided to the
powered electrode. An impedance matching unit is required to achieve maximum transfer

condition to the plasma load.

Tune (T)
50Q
6 _}_( Plasma
b RF 7_75 d (L Gas Bulk
Source oad (L) Feed

Vacuum
Pump

Figure 1.2: Schematic of a typical capacitively coupled plasma system

As the positive ions and electrons respond at different time scales in plasma; it leads to
formation of plasma sheaths at both the electrodes to shield the excess loss of one type
of charge species over the other; The quasi-neutral plasma region is maintained between
the two sheaths at the opposing electrodes. The sheaths also shield the plasma from the
external RF potential on the electrodes. Consequently, the sheath width (/shielding) is a
function of the RF potential on the electrode that results in an oscillating sheath width s
(t) over an average DC value. Over the RF cycle; the sheath electric field is unidirectional
(pointing from plasma to electrodes) and hence a time averaged DC potential is developed
in the sheaths.

The sheath electric field repels the plasma electrons; while accelerates the positive ions
to the time averaged DC potentials developed in the sheaths. As mentioned earlier, the
accelerated positive ions bombarding the electrode/substrate is the basis of plasma pro-
cessing on the substrate. The discharge power (P;; = IﬁiSRdis; 1;;s- RF discharge current
and R;,- Total discharge Resistance) delivered to the capacitive discharge is dissipated in
primarily two independent modes a) electron heating mode in the bulk plasma and b) the
ion heating mode in the sheaths. Therefore, the total discharge resistance Rdis is made

up of different dissipative processes occurring in sheaths (R;,) and the bulk plasma (R))

7
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each adding up to the total power dissipation 1.e. R, = R, + Rg,. In the coming sections,
we will further refine the R, and Ry, to include distinct dissipative processes. The two

regions 1) RF sheaths and 2) Plasma Bulk are discussed separately in the later sections.

1.2.2 Sustenance of plasma in CCREF discharge

The primary mechanism for sustaining the discharge is through electron impact ionization
by the energetic electrons excited by the RF potential applied to the discharge plates.
For ionization of argon a 15.76 eV electron is needed. The ionization mean free path
A = ﬁ, where n,-neutral gas density and o ;- ionization cross-section determines the

length at which the probability of ionizing collision is maximum. Thus 4; is an important

parameter to understand the different heating mechanisms briefly discussed below;
1) Sheath/Stochastic heating (Collision-less)

In a low pressure CCRF discharge, A; the ionization mean free path is almost comparable
or even larger than the gap length - d (4; > d); As a result the ionizing collisions are rare
within the plasma bulk leading to minimal collisional heating by RF excited electrons
inside the plasma volume. Incidentally, it was found that the oscillating sheath plays a
major role in heating the plasma electrons locally near the discharge plates [ 2]; hence the
RF power is utilized in energizing the plasma electrons near the sheaths. These energetic
electrons can then help in sustaining the plasma. The interactions of electrons with the
oscillating RF sheath constitute a columbic collision; wherein the intense sheath electric
field interacts with the plasma electrons.The power coupled to electrons in this mode is
considered to be dissipated through a resistance Ry,,.. Although the electron interacts with

the sheaths in this mode, the power coupling helps sustain the plasma bulk.

The transfer of energy in this heating mode happens by accelerating the plasma electrons
during the expanding phase of RF sheath. During the shrinking or collapsing phase, no

energy being transferred from the RF to the electrons sheath. It has found with help of

8
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Kinetic simulations that overall effect of this mechanism leads to a net gain of energy
[13]. Simplest model to describe this mechanism is a hard wall model; which depicts
the mechanisms with a ball bouncing elastically between two rigid moving walls [1] [14]
[15]. Since, the electron interacts with the sheaths and not with particles in the plasma;
this collisional heating is also known as collision-less heating or stochastic heating due to

nature of interaction of electrons with sheaths.

Fully collision-less plasma models have been developed by Goedde et.al [12]; which
showed that plasma with only collision-less heating would have pD < 10 mtorr.cm for
a 13.56 MHz frequency discharge. Moreover, it is also known that the for operating
pressure below 20 Pa in etching plasma; collision-less heating is the dominant mechanism
for plasma sustenance [ 16]. Since in this study we operate the plasma at low pressures of
1.0 Pa (7.6 mTorr) and gap of 8.0 cm in parallel plate. It is considered to be the dominant

heating mechanism.

2) Ohmic heating — (@ mode) In the pressure regime where A; < d. The ionizing collisions
occur in the bulk plasma and are the primary source of plasma heating. This is the heating
mechanism seen in a DC discharge. This is called the ohmic heating as the collisional
heating is equivalent to a joule heating of a resistor />R to sustain the plasma discharge.
Since, the mechanism is dependent on the ionizing collisions occurring inside the bulk
plasma it is associated to the first townsends co-efficient (@« = 1/4;; the inverse of the
ionization mean free path) [ 1] and hence is also called @-mode of heating. Since, this is
a collisional power transfer to electrons in the bulk; the power dissipation in this mode is

through resistance R,,.

3) v mode — (Secondary electron driven) At even higher pressures A; is comparable to
the sheath width s ; when the RF power level is increased the time averaged DC voltage
across the sheaths also increases leading to a secondary breakdown in the sheaths. This
marks a transition from the « to the y — mode of power coupling. Not only positive ions

bombarding the electrode surface lead to secondary electron emission, but the ionization
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inside the sheath itself can create electrons within the sheaths, which can gain acceleration
in the sheath electric field and ionize the background gas while traversing through the bulk
plasma. This mechanism then becomes the primary power coupling mechanism.As this
process depends on second townsends co-efficient (y - number of secondary electrons
emitted from the electrode per positive ion bombardment) it is called y -mode of heating
[11]. The secondary electron emissions (y) are always present in CCRF plasma discharge;
even at low pressures. However their effect is only realized for higher pressure discharges;

since at lower pressures they are lost from the system without any ionizing collisions.

The shift from « to the Yy — mode can be visibly seen in the discharge as the plasma
suddenly intensifies and shrinks in area [!]. The shrinking occurs as the RF generator
cannot immediately supply the required current to sustain the higher current density across
the whole electrode. The discharge covers the whole electrode again as RF power is

increased further.

All the three modes discussed above couples RF power to sustain the plasma. The plasma
self-organizes creating electron temperature 7, a plasma potential V,, and a DC bias in
the sheaths V. such that the plasma is at steady-state. The ions are accelerated in the
time average DC (V) field in the sheaths and hence a time-independent constant ion flux
is lost from the plasma. Therefore, a part of power (Pj,, = I; fiuxVac) 1s dissipated by
the ions and delivered to the surface of electrodes. A resistor R; accounts for this power
dissipation such that P;,, = I; s/, Vac = Ijl.sRl-. Apart from the power coupling to ions in the
sheaths under the influence of V,; it is also possible for an electron to undergo a collision
inside the sheaths; which is also a power dissipative mode through dissipative resistor
R,mmsn- The electron collision inside the sheaths is typically ignored for low pressure
plasma discharge considering collision-less sheaths and hence this power dissipation may

also be ignored.

10
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1.2.3 RF Sheaths at electrodes

The non-neutral sheaths is region which offers significant impedance to the flow of RF
current through the bulk plasma. Electrons, the primarily conducting species in the plasma
move into/out-of sheath with the change in differential-voltage between electrode and
plasma. This lack of electrons in the sheaths leads to current continuity largely maintained
by the displacement current. The sheath therefore resembles a capacitor with one side at
the plasma potential and other side at the electrode potential. As seen before, a constant
ion flux leaves plasma through the sheaths which corresponds to the conduction current
in the sheaths; which is balanced by the loss of electrons from the plasma due to its
temperature 7,. This electron loss from the plasma appears for a very short period in an
RF cycle when the potential difference between the electrode and the plasma goes to zero.
The current continuity through the sheaths could be better understood from an electrical

analogy of the sheaths

Electrical analogy of the sheaths

As mentioned above, the dominant displacement current passes through the sheath ca-
pacitor Cy,; while the conduction current due to ion acceleration remains constant. This
electrical analogy resembles a capacitor in parallel with constant current source. The
sheath electric field repels the plasma electrons away from the electrode over most of
the RF cycle. However, to balance the constant loss of positive ions to the electrode, an
equivalent loss of electrons from the plasma must also take place. This is achieved by a
momentary loss of electrons; when the RF potential on the electrode reaches to the plasma
potential value i.e. Sheath vanishes. This mechanism is analogous to a forward bias diode
allowing current conduction to one direction alone. Therefore, the equivalent circuit of
two RF sheath is as shown in Fig 1.3. If the two electrodes are of same area, then the
CCREF discharge is of a symmetric type; the oscillations in RF sheath width s (t) at the
opposing electrodes are 180° out of phase. Hence, the combined sheath width of both the

electrodes is independent of time. Consequently, in the analogy; combined sheath capac-
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Figure 1.3: Electrical analogy for the sheath

itance of Cy;, = €A/2s is used. Moreover, as discussed in the previous section; there are
different power dissipative mechanisms in the sheaths; which correspond to a combined

sheath resistance of Ry, = R; + Ryoc + Ropm.sh

1.2.4 Plasma Bulk

The quasi-neutral region of the discharge can be defined as Plasma. The plasma electrons
constitute the RF current i.e. conduction current through the bulk plasma and dominates
over the displacement current passing through the vacuum capacitance Cy = €yA/d of the
plasma bulk. The dominant conduction current due to highly responsive electrons pro-
vides the Plasma heating via the electrons collision with the background neutrals. Plasma

bulk could also be understood in terms of its electrical equivalent circuit.

Electrical analogy of bulk plasma

Since the plasma is a complex plasma dielectric €,(f) which has been shown by Eq:1.6;

2

= e[l “pe 1.9
GP_EO[_a)(w——jv)] (1.9)

In a CCRF plasma w << w,, therefore from the Eq:1.9 the value of ¢, is negative. The

reactive impedance provided by the plasma dielectric is therefore inductive (+ve reac-

12
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tance). This result can be arrived from Eq:1.9 by considering the dielectric for a plasma
bulk of length d and cross-sectional area A; the plasma admittance Y, can be calculated
as follows [11];

1 1

Y = — = jiwCy+ —— 1.10
r=z, T TS0, + R, (1.10)

Where; Z, = bulk plasma impedance; Cy = gA/d is the vacuum capacitance for a slab
of length d and cross-sectional area A; L, = (upe‘ZCo‘1 is the bulk plasma inductance and

R, = v, L, is the bulk plasma resistance [16].

The resistor R, represents the collisional power dissipation by electrons in the plasma
bulk; while the L, is the inductance caused due to electron inertia i.e. for a fraction of a
time after the electric field direction has changed; the electron do not change its direction

causing an effect of self-inductance in the bulk plasma.

..........

Figure 1.4: Electrical analogy for the bulk plasma

By inspecting Eq:1.10 ; it can be concluded that the electrical analogy of the plasma bulk
is a vacuum capacitor Cy in parallel to plasma inductance L, and the plasma resistance R,
in series as seen in Fig 1.4. Since, in the bulk plasma the conduction current dominates
over the displacement current; the reactive impedance due to bulk plasma capacitor Cy
which appears in parallel to the plasma bulk can be ignored. Therefore the overall plasma

is simply represented by a resistor R, in series with an inductor L,,.
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1.2.5 Electrical analogy of the CCRF plasma discharge

Plasma Bulk Plasma Sheath

Plasma Load

Figure 1.5: Electrical analogy for a symmetric CCRF plasma

Fig 1.5 shows the complete equivalent circuit of a CCRF discharge. The sheath resistance
R, and the sheath capacitance Cy, are in series with the resistor R, and the inductor L,
of the plasma bulk. As per Fig 1.5, the CCRF discharge circuit is essentially an R-L-C
series circuit constituting of bulk plasma inductance and the sheath capacitance in series.
A resonance condition can be observed if the capacitive sheath (-ve) reactance and the
inductive (+ve) reactance of the bulk plasma cancels each other. Under the resonance

condition, the plasma load will behave as a purely resistive load [17].

1.3 Fundamental limitation of a CCRF plasma in pro-

cessing

Plasma substrate processing is ultimately dependent on two parameters 1) Bombarding
Ion energy and 2) Bombarding Ion Flux. In CCRF plasma; the time averaged DC po-
tentials in the sheaths determine the first parameter; while the electron loss (\plasma

density) from the plasma controls the second parameter. As the RF power is increased;
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Figure 1.6: Dual-Frequency CCRF plasma reactor

it is seen that the DC potentials in the sheaths increases along with the bulk plasma den-
sity. Therefore the ion energy as well as the ion flux increases simultaneously and hence
CCREF plasma discharge struggles to provide an independent control of ion flux and en-
ergy on to the processing substrate. To overcome this limitation different methods have

been adopted. These are discussed in the next subsection.

1.3.1 Dual/Multiple Frequency CCREF discharge

As seen in Fig 1.6; in this technique, the two parallel plate electrodes are driven by two
disparate (2/60 MHz) frequency power supplies simultaneously. Since, the capacitive
sheath reactance X, = 1/ f, is inversely proportional to the driving frequencys; it is possi-
ble to drive higher current through the plasma at higher RF frequency. On the other-hand
if the frequency is low then, the DC potential drop across the sheath increases with RF
power level. The dual frequency CCRF plasma system combines the two effects by pow-
ering one electrode with high frequency RF power and other with the low frequency RF
power as shown in the Fig 1.6. The plasma density (Electron/ion flux) in the plasma reac-
tor could be modified by increasing or decreasing the RF power level of higher frequency

(usually 60 MHz); while the lower frequency is applied to the electrode which is attached
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to the substrate ; The potential drop across the sheath (ion energy) by changing RF power
level provides a controlling mechanism for positive ion bombarding energy at the sub-
strate. This method has been extensively researched and been applied on a commercial
scale for plasma processing. Moreover, similar concept has also been used to control

plasma by powering the same electrode with two disparate frequency power source [3].

1.3.2 Tailored waveform to create CCRF discharge

This is a novel technique to control the ion flux and ion energy onto the processing sub-
strates by using single/dual frequency pulsed voltage waveforms. PIC (Particle-in-cell)
simulations were used to demonstrate different capabilities of pulsed voltage waveforms
to control the ion flux/energy. It was shown that by reducing the pulse widths of the volt-
age waveform; plasma density and power deposition can be increased [18] [19]; it was
also predicted that average ion energy could be kept constant for increasing ion flux to
the electrodes. Additionally, PIC simulations by different group showed that by changing
the phase between 2 or more voltage harmonics in dual frequency CCRF plasma, the ion
flux could be kept constant for increasing ion energy onto the substrate [20] [21]. This
technique was experimentally validated by Lafleur et.al [4] to obtain control of the ion

flux/energy by using a tailored waveform.

The tailoring of the RF power waveform modifies the sheath expansion and contraction
corresponding to the potential on the electrodes. This indirectly affects the stochastic
heating of the electrons as collision with sheath changes to control the plasma density
(\ion flux); while it also changes the capacitive reactance of the sheaths which gives

indirect control on the ion energy.
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1.3.3 External Magnetic field to control plasma

Fundamentally, when a magnetic field in introduced in a plasma; charge particles under-
goes two simultaneous motions a) a gyrating motion around the axis of B-field and b) a
guiding center motion of particles in E x B direction. The gyrating motion is governed
by the gyro/cyclotron frequency (2. = |g|B/m) and gyro radius (r, = mV_/|q|B) of the
charged particles; where m=mass of particle, q — charge of particle and V, velocity of
particle in plane perpendicular to the B-field. For the present experimental investigation;
only the lighter plasma electrons are magnetized in a partially magnetized plasma. The
guiding centre velocity of these magnetized electrons are then given by v, = (E x §) /B*;
which for a case when E L Bbecomes v, = E /B. As the plasma electrons exhibit this drift
creating to flow in the plasma; which drastically changes the plasma In a bounded labo-
ratory plasma; this drift current cannot flow unimpeded and therefore; plasma rearranges
itself to hold these electrons from escaping the system. Although ions are not magnetized
in partially magnetized plasma; it is indirectly affected by the electron motion. As charge
build up in a localized plasma region cannot occur to maintain quasi-neutrality. This rear-
rangement in plasma creates E x B induced inhomogeneity in the plasma It also follows
that when, different forces act upon ions and electrons; then electrons and ions transport
rates would also be different by diffusion. If such a condition of differential transport has
a divergence, it would lead to charge density build up. This charge build up will alter the
transport of the charge species again such that they become equal which is the condition

of ambipolar diffusion in plasma [10].

As discussed above introduction of an external magnetic field into a plasma; changes the
plasma dynamics and effects the intrinsic plasma parameters; therefore its use to control
the CCRF plasma is an exciting topic of research; with numerous efforts to harness the

potential of magnetic field as a controlling mechanism.

You et. al [6] [5] recently showed that a transverse magnetic field can control the RF
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power coupling to individual species (electrons/ions).In that work, with the help of EEPF
(Electron Energy Probability Function) measurements it was also reported that increment
in magnetic field at lower pressures leads to preferential heating of the low electron en-
ergy group; while at the intermediate pressures of (~ 40.00Pa) the low electron energy
electrons are cooled. A recent simulation study [7] also presents the feasibility of the
magnetic field to control the power coupling into individual species. The fundamental
reason for this ability of magnetic field is due to its dissimilar effects on the two species
magnetized electrons and the un-magnetized heavy ions. The inherent response of the
ions and the electrons to the introduction of the magnetic field could be exploited to con-
trol the ion flux/energy to the electrodes. Despite these efforts, B-field effects on CCRF
plasma have not been extensively studied experimentally. This thesis therefore attempts
to comprehend the effect of external magnetic field on the RF power coupling to indi-
vidual plasma species and the overall plasma dynamics although; some of the effects of

introducing a magnetic field to a plasma discharge are well known such as [11];

1. B-field reduces the non-ambipolar losses of charge particles from the plasma sys-

tem. Thus relatively a higher plasma density at a given RF power can be achieved.

2. A B-field introduced transverse to the sheath electric field can enhance the stochas-
tic electron heating inside the oscillating RF sheath. The gyrating electrons around
the magnetic field can encounter multiple collisions with the expanding/collapsing

sheaths.

3. B-field also increases the effective collisions inside the bulk plasma. Therefore, ef-
fectively a high pressure scenario can be reached at low operating pressures, with
enhanced ohmic heating in the bulk. The concept of effective pressure due to mag-

netic field has been introduced to account for the increases in collisions [5].

4. The magnetic field also reduces the overall effective loss area of the discharge and
also directs a greater fraction of the escaping plasma to the powered electrode,

increasing the ion flux.
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These effects of B-field have been used to design commercial parallel plate plasma pro-
cessing reactors such as a Magnetized Enhanced Reactive lon Etchers (MERIE). MERIE
reactors introduce a transverse magnetic field to capacitive coupled plasma such that a

- =

E X B drift is as shown in the Fig 1.7 Although such improvements are achieved by intro-
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Figure 1.7: MERIE reactor

duction of magnetic fields; however it also introduces plasma non-uniformity due toEx B
drifts, which limits their applicability for substrate processing. These drifts can bring
process non-uniformity over the electrode. To reduce the azimuthally non-uniformity

magnetic fields are rotated (0.5 Hz) on the plasma electrode axis [ 1].
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1.4 Outline of the thesis

The thesis is organized as follows. Chapter-1 provides an introduction to capacitive dis-
charges with their applications, limitations, control mechanisms along with magnetiza-
tion as a proposed control parameter. Chapter-2 details the experimental setups (Parallel
Plate/Cylindrical) along with the Langmuir probe diagnostics techniques used in the the-
sis. Chapter-3 details of the various RF power delivery schemes, RF grounding schemes
and the matching networks used in the experiments along with the Voltage/Current probe
calibration techniques for impedance measurements. Chapter-4 relates to the power mode
transitions seen in a CCRF discharge. This chapter discusses the effect of transverse mag-
netic field and ion mass on the power coupling through the magnetized sheaths for both
the experimental setups. Chapter-5 confers to electron series resonances (ESR) in a capac-
itive discharge in presence of transverse magnetization and effects of pressure on ESR; in
conjunction with experimental and theoretical results. Chapter-6 interprets the impedance
measurements of the cylindrical CCRF setup and relates them to the plasma parameters
measured by the hybrid triple langmuir probe besides also discussing the effect of closing
the E x B drift on the radial uniformity of the plasma. The summary/conclusions of the
experimental work and the proposed future work are finally presented in Chapter-7 of this

thesis.
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Chapter 2

Experimental Setups and Diagnostics

The first part of this chapter presents the details of the experimental setup designed for
investigating the magnetization effects on a CCRF plasma discharge including a brief
motivation. Specifically, two types of electrode configurations have been investigated;
1) Parallel Plate and 2) Cylindrical electrode system. The experiment performed with
parallel plate electrode configuration is conducted in a cylindrical glass vacuum chamber;
whereas magnetized CCRF using cylindrical electrode configuration is conducted in a
linear plasma device called BEAM (Basic Experiments in Axial Magnetic field) Device.
The second part of the chapter devotes to the theory and application of different type of

electrical probes that have been applied for plasma diagnostics.

2.1 Experimental setups

2.1.1 Magnetized CCRF with planar electrode

This experiment was originally motivated to study the effects of introducing a uniform
magnetic field in parallel plate electrode configuration, and to carry experimental studies

on RF plasma interaction with an oblique magnetic field. Parallel plate CCRF configura-
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tion is also widely used in plasma processing industries. Previous papers on magnetized
CCREF discharges were conducted using circular electrode plates with the magnetic field
being parallel to the electrode surface [22]. It was found that the interaction of the RF
electric fields and a static magnetic field gave rise to inhomogeneous plasma density be-
tween the circular plates. This primarily occurred due to cross-field drift of electrons in a

particular direction perpendicular to both the electric and magnetic field.

The present experimental setup as seen in Fig: 2.1, consists of a pair of SS-304 rectangu-
lar electrode plates having length of L=420 mm and width w=100 mm. The plates were
separated by a gap (g) of 80 mm. The electrode length (L) is therefore 5 times the spac-
ing (g) between the top and the bottom electrodes. Therefore one may ignore the edge
effects along the length of the discharge plates. The magnetic field is produced externally
by a pair of electromagnet coils and it points along the width of the discharge plates.
The electrode configuration is suitable for benchmarking 1-D/2-D simulation studies of

magnetized CCRF discharge.

In the experiment, argon discharge is created for a range of neutral gas pressure (1.0 - 5.0
Pa); while the magnetic field is produced with a pair of electromagnetic coils. Concur-
rently, similar set-up has been simulated by Particle-In-Cell simulation code in Ref [23].
This simplistic configuration of magnetized CCRF discharge can be useful in simulating
RF electron dynamics in presence of magnetic field. RF plasma interaction with external
magnetic field in the near field region of an ICRF antenna used for plasma heating in
tokomaks pose several challenges due to anomalous drifts of charge particles resulting in
hot spots/ localized heating of the surface [24]. The parallel plate setup is also relevant
from an industrial application stand point such as MERIE [Figl.7, chapter-1]; wherein

flat substrates constitute the discharge circuit.

Fig 2.1 shows the photo-graph of the planar CCRF electrode assembly. The top and the
bottom electrodes are powered in push-pull configuration such that the RF voltage at each

electrode is 180 degree out of phase. In order to confine the discharge between the inner
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Figure 2.1: Electrode assembly with the axis notations

regions, the outer surface of the electrode is covered by a Teflon dielectric; a pair of Teflon
support discs holds the two electrode assembly against the inner bore of the glass vacuum
chamber. Also there are two floating S.S. plates (11.0 x 6.0 cm); which are flush mounted
on the supporting teflon discs. These electrodes are shorted by a Teflon insulated copper

wire (shown in Fig 2.2 by red dotted lines).
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Figure 2.2: Schematic of the parallel plate experimental setup with Axis

The electrode assembly is introduced inside a cylindrical glass vacuum chamber as shown
in Fig: 2.2. The glass chamber is 100 cm in length and inner diameter of 21.5 cm. A base

pressure of 107> mbar can be rapidly achieved inside the chamber with help of a turbo-
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Figure 2.3: Race-track shaped electromagnetic coil

molecular /Rotary backing pump. The magnetic field is produced by a pair of race track
shaped electromagnet coils as shown in Fig 2.4. The coil windings are shown in Fig 2.3.
The coils are placed outside the glass chamber producing magnetic field pointing along
the z-axis (p.c. Fig 2.1). The maximum of 7.0 mT steady state magnetic field can be

achieved by passing 40 A current through the coils.
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Figure 2.4: Field mapping of B, in all three directions

Fig 2.4 shows the B, component of the magnetic field along all the three axis. The mag-

24



Section:2.1 Chapter:2

netic field data corresponds to 20.0 A DC current passed through the coils. The B, can be

considered to be almost uniform over the volume of the electrodes.

2.1.2 Magnetized CCRF with cylindrical electrode
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Figure 2.5: Schematic of the cylindrical CCP setup

The magnetized CCRF system with cylindrical electrodes consists of three hollow cylin-
ders (E1, E2 and E3) and center to center gap of 27.0 cm as shown in Fig 2.5 such that
they are aligned with the three external Electromagnetic Coils. The inner diameters of all
the three electrodes are 6.5 cm; while the length of the cylinders E1 and E2 is same and
their sum total is equal to the length of the cylinder E3 which is 10 cm. This is designed
to create a geometrically symmetric CCRF plasma discharge by driving the electrodes E1
and E2 with respect to the electrode E3 in push pull configuration. Experiments in this

setup are conducted in argon and helium at neutral gas pressures of 1.0 Pa.
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Figure 2.6: BEAM Setup

The electrode assembly is introduced in the BEAM experimental setup which consists of
three electromagnetic coils in modified Helmholtz configuration placed at a gap of 27.0
cm between them. The configuration gives a peak axial magnetic field of 28.6 mT at 100A

current, which is uniform radially.

A plot of axial magnetic field is shown in Fig 2.7. The cylindrical electrode configuration
is suitable for sustaining uniform plasma column in the BEAM setup. Linear devices
are generally used for various fundamental studies as briefly outlined in chapter-6 of the

thesis.

The linear experimental chamber is a 1.2 m cylindrical vacuum chamber having inner
diameter of 0.3 m made of SS-304. The vacuum chamber can be evacuated to a base
pressure of 107> mbar with a Turbo-molecular/Rotary pump set. The vacuum chamber
has sufficient 40 KF ports [p.c. 2.6] for inserting electrical probes at various location for
the diagnostic of magnetized plasma column. The chamber is electrically grounded to a

dedicated earth-pit.

26



Section:2.1 Chapter:2

6.5 T T T T T

| ! .
[ Cfe nire pgsmqn Centre position]
6.0  Arseeond cotl o thirg coil

 Centre position
55L 1/Y)f first coil

0 10 20 30 40 50 60 70 80
(cm)

Figure 2.7: Axial field map of BEAM setup at 20A DC current
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Figure 2.8: Cylindrical CCRF source with support structure
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In order to house the RF electrode assembly inside the experimental chamber, a special
structure has been designed as shown in Fig 2.8. The support structure consists of three
pair of annular SS 304 plates for holding the respective E1, E2 and E3 RF electrodes.
These electrodes are inserted in Teflon tube which isolates them from the annular plates.
The plates are aligned using 4 guide tubes through which the PTFE sheilded RF electrical
cables are also taken out from the individual electrodes. The SS tubes are grounded
therefore it reduce the RF radiations and restrict the discharge to occur only between
electrodes. A special 40 KF vacuum feed-through for RF power connection is used to
supply the RF to these individual electrodes. The connections to the copper feed-throughs
are encapsulated by teflon sleeves [p.c. Fig 2.8] inside the vacuum chamber. The final
connection to the electrodes is through the teflon casings which is also shown in Fig 2.8.
Finally the entire supporting structure is mechanically attached to the end flange of the

BEAM experimental setup.

2.2 Plasma Diagnostics

Electrical probes have been used in the experiment for measuring the intrinsic plasma
parameters inside the magnetized CCRF discharge. Three main types of probes have
been developed and applied in the experiment. An RF compensated Langmuir probe and
emissive probe was initially designed, however a straightforward method to determine
the plasma density and electron temperature using hybrid probe was developed. The ob-
tained plasma density using this new technique has been benchmarked against a resonance
hairpin probe, which is a well known method for determining electron density inside the
discharge. This section briefly describes the theory and application of different probes,
with more emphasis on the performance of the hybrid probe as all the experimental results

presented in the subsequent chapters have been carried using the hybrid probe technique.
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2.2.1 RF compensated Langmuir probe

The Langmuir probe is a well known technique for determining plasma parameters, namely
the plasma density (n), electron temperature (7), floating (V) and plasma (V) poten-
tials. These quantities can be readily obtained from the plots of current-voltage char-
acteristic of the probe inserted inside the plasma. Elegant literatures on the probe are
available which explains the methodology for determine the plasma parameters from the

Ampere-Voltage characteristics inside a plasma [25] [26].

Fig 2.9 presents a typical characteristic of electron current collection by the Langmuir
probe in a RF Plasma. The non-linear curve showing electron saturation current at higher
voltages is generally observed in a DC plasma, in which the plasma potential V), remains
fixed at a certain positive value above the reference grounded electrode. However in
RF plasma, this characteristic shifts due to sinusoidal oscillation in plasma potential V/,.
As a result the electron current characteristic (green curve) traces an average of the two

characteristics, giving a distorted Langmuir probe characteristic in RF plasmas.

Electron current

Vp-Vs

Figure 2.9: Center Black curve is the actual characteristic, while the Red and Blue are +/-
5V shifted curves. The vertical lines show the averaged electron current of the Red and
Blue curves; which is different from the black curve. Picture Courtesy: FF Chen Lecture
Notes [27]
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The above problem is addressed by introducing a tank circuit in the vicinity of the probe
tip, which offers very high impedance to the RF probe current up to 3rd order harmonics.
Fig 2.10 shows the schematic of this circuit which is also popularly known as passive
compensation circuit [27]. As shown in the Fig 2.10, the auxiliary probe is necessary since
the primary condition for RF compensation of Z , (tank circuit impedance)»Z,(sheath
impedance) is very difficult to achieve at 13.56 MHz [27]. The auxiliary probe with bigger
surface area have a much lower sheath impedance and short circuits the RF fluctuations
to the probe tip through the capacitor. Therefore, the probe tip is AC/RF biased from the
plasma. Excellent reviews on the use of RF compensation have been given by various

authors [27].

Aux
AC  Probe
Voltage across Current Bias
Meas. Resistor T P&
l/lﬂ ! I [ g— Probe
AN oTg Rt Tip
71 R W MY / DCtAC
DC Tank Bias
Bias Ckt
Meas.
Gnd

Figure 2.10: Schematic of the passive RF compensated Langmuir probe.

Probe Tip

Tank Citcuit Auxiliary Probe

Figure 2.11: RF compensated probe.
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A typical RF compensated Langmuir probe designed in-house for application in the present
experiments at the beginning is shown in Fig 2.11. The probe is made of tungsten cylin-
drical tip (6.0 mm long with diameter of 0.2 mm) taken out of ceramic capillaries, housed
inside a glass tube. This whole assembly is less than 10.0 cm in length. The pair of induc-
tors had self-resonating frequency (SRF) of 13 MHz. The auxiliary probe of surface area
around 60 mm? is made by tungsten wire wound on a ceramic tube. The auxiliary probe
is connected to the main probe through a ceramic capacitor of 10.0 uF. The inductors
offer impedance of ~ 35k at 13.56 MHz while the reactive impedance at the sheath is
estimated to be around = 10Q. Therefore, the condition for RF compensation Z.,>> Z,

is satisfied for 13.56 MHz.

2.2.2 Plasma potential measurement by Emissive probe

For obtaining direct measure of the plasma potential, an emissive probe had been designed
and introduced inside the discharge. This method has been widely used in DC/ pulse-dc
magnetron discharges and in RF plasmas [28] to tokomaks [29].While one may heat the
loop/tip with help of a laser [30]; typically, joule heating is preferred; due to convenience
and affordability of the method. Essentially this probe consists of a conducting loop of
wire which is made to thermionically emit electrons [3 1] by passing DC/AC current from
a centre tap transformer as done in our case. As the probe is heated to emit electrons,
its floating potential tends to shift towards the plasma potential and saturates above a
critical saturation emission from the probe surface. Then the flux balance between the
electrons and positive ions is modified and the potential on the surface starts to shift
towards the plasma potential. Hobbs and Wesson derived this equation by including the

electron emission flux to obtain the below relation [32];

T, 1-T
——In(
e 2rtm,

V-V, = ) Q2.1
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Where, I' is the ratio of emitted electron flux to the collected electron flux. They also
found that once I' reaches a critical value of ' = 1 — 8.3 | /3«; the floating potential (V)

saturates ~ T,/e V below the plasma potential (V).

The above method of determining the plasma potential is commonly known as floating
point technique [33]. Besides the inflection point in the limit of zero emission [34] and 3)
and the separation point method [35] [36] are also used to determine the plasma potential
using an emissive probe. Elegant review on the emissive probe was done by Sheehan and

Hershkowitz [37].

0.2 T T T T

01}

0.05F

Probe Current (mA)
o

015}

0.2 I 1 ! I
=50 -40 -30 =20 -10 0

Bias Voltage (V)

Figure 2.12: Sample I-V plots for increasing temperature (/emission) on the probe. ©IOP
publishing. Reproduced with permission [37]

A topical review of emissive probes by Sheehan and Hershkowitz [37] plots the complete
I-V characteristics of plasma for increasing probe tip temperatures 7', ( \ electron emis-
sion) as seen in Fig 2.12. In this plot of I-V characteristics as a function of temperature of
floating loop (probe); it is seen that as the temperature 7', is increased, emission increases
and the I-V shifts lowers bringing the floating potential closer to the plasma potential
~ —21V. As the emission increases, the potential on the probe saturates. This method is
particularly useful for RF plasma as complete I-V trace is not required for determining

the V,,.
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Figure 2.13: Sample floating potential V; measured with increasing electron emission

The emissive probe circuit shown in Fig 2.14 consists of a centre-tap, toroidal step-down
(12.7:1) transformer used for joule heating the probe [31] [37]; The variac is used to
vary the 230V, 50 Hz, AC mains supply to the input side of the toroidal transformer.
The secondary of the toroidal transformer is connected to the emissive probe loop and
heated to emission. The floating potential is measured at the centre-tap with respect to
the measurement ground used in the Digital Storage Oscilloscope (DSO). Suitable probe
vacuum-feed-through and electrical connections have been constructed for this experi-

ment.

For electropositive plasma, the electron temperature 7, is associated to the floating and

plasma potential through a relation given by [1 1];

Te m;
Vy=Vy = ~<In(, / 5——) =0T, 2.2)

Where, T, 1s in eV and 6 = 5.19 for argon and 4.02 for helium. Thus, emissive probe can

measure electron temperature 7, with the error in the measurement of the order of 7,/e
[38].

33



Chapter:2 Section:2.2

Potential axis

Toroidal
C-T X’mer

=0OnR

\Zi] —"
Vp | 10X probe

Reference
Ground

|
|
| B -
|
I

Figure 2.14: Schematic of the Emissive probe circuit used in the experiment

2.2.3 Floating hairpin probe technique for electron density measure-

ment

The hairpin probe is an elegant method for determining electron density 7, in a low pres-
sure discharge [39]. In the past two decades, it has been extensively used for application
in wide range of plasmas including industrial RF plasma systems [40], electronegative
discharges [41] as well as in magnetized plasma systems [42]. Some variation of this
technique has also attracted attention such as cut-off probe which had been applied for
determining the collision frequency [43]. In the present study, the hairpin probe has been

applied for benchmarking plasma parameter by other probing techniques.

Essentially the hairpin probe is a quarter-wave transmission line introduced inside the
plasma medium [39]. A quarter-wave transmission line exhibits resonance when excited
at a frequency f, = c¢/4l+/€; [39] where c-speed of light, 1 is the length of transmission

line and ¢, is the permittivity of the medium. Since plasma is a dielectric medium with

34



Section:2.2 Chapter:2

relative dielectric constant €,;

w2

€=1- ij (2.3)

2 _ A2 2 _ nee . ps 2 _ pn2 42
where, w;, = 4n°f,, = - while w° = 477 f;

€0Me

€, can be introduced in the formula for f, to obtain an expression for determining the

electron density inside the discharge; which is given by [39];

2
n, = frO—Slfo % 10673 2.4)

Here, f; and f, are in GHz and corresponds to the resonance observed in plasma and in

vacuuim.

A typical waveform of probes resonance signal verses microwave frequency obtained
from a voltage controlled YIG-oscillator is plotted in Fig: 2.15. The resonance signal
corresponds to the rms value of the reflected signal obtained by a schottkey diode, and

relates to the variable frequency supplied to the hairpin.

At the resonance frequency, the reflected signal falls to a minimal value and the corre-
sponding frequency can be interpreted as the probes resonance condition obtained with/without
plasma as displayed in the Fig 2.15. The measurement and data acquisition circuit for the

heirpin probe is shown in Fig 2.16a

The hairpin probe can be constructed by folding a piece of tungsten wire 0.15 mm diam-
eter, and a length of 27 mm, in to the shape of a hairpin such that the pins are separated
by a gap of 3 mm. A small loop antenna is placed adjacent to the short-circuited end of
the hairpin and it is used to inductively couple the microwave to the hairpin as shown in

Fig 2.16c¢.
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Figure 2.15: Shift in Resonance from Vacuum to Plasma

/

In a magnetized plasma, Gogna et.al [42], derived an equation which approximates the

2
plasma dielectric to magnetized dielectric of the plasma «, = [1 — fsz}z
J, r2 — fo2 . 16, -3
e = 1 - =1%x10°m" 2.5
n 08l | 5 m (2.5)

r

Where, f, — Vacuum Resonance Freq. f, — Plasma Resonance Freq. and f,, is the
electron cyclotron frequency. In the experiments we conducted the measured value of

fo = 2.65GHz; while the theoretical value is 2.77 GHz.

For all density calculations we use the measured value of the vacuum resonance. Fig

2.16b shows the orientation of the probe to be used in magnetized plasma.
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Figure 2.16: Schematic of hairpin Probe its setup and orientation to B-field

2.2.4 Hybrid triple langmuir probe

The hybrid probe is a concept derived from the application of a triple probe and an emis-
sive probe. This technique is developed specifically for application in magnetized RF
discharge by elegantly constructing the emissive and double Langmuir probe in the same
probe feed-thru. The emissive probe directly measures the plasma potential V,, and the
electron temperature 7,; while the ion saturation current is measured by applying a fixed

potential between the double probe tips using a DC battery.

The construction of the hybrid probe is shown in Fig 2.17. The cylindrical probes P1 and

P2 and a the emissive probe P3 is constructed on two dual bore ceramic capillary tubes.

The probes P1 and P2 identical are made of 0.2 mm diameter tungsten wires having
individual length 6.0 mm. The emissive probe P3 is made with a 0.15 mm thoriated
tungsten wire loop of diameter 3.0 mm loop. The probe tips P1 and P2 are separated by a
distance of 2.5 mm, while P3 is at a distance of 3.0 mm from P1 and P2. All the probes are

close enough to measure the same plasma conditions. The bunched ceramic capillaries
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Figure 2.17: Schematic of hybrid probe and orientation to B-field

are less than 5.0 mm in dimension, with ceramic capillaries extending 3.0 cm out of the
stainless-steel feed-through. The probe pins P1 and P2 are oriented such that the axis
of the probe remains along the magnetic field. This configuration ensures homogeneous
current collection on the probe surface [44]. Connections are taken out through purpose

built hermetically sealed vacuum probe feed-throughs.

As shown in Fig 2.17b; a DC battery V;. = 50.0V is connected between probe P1 and P2;
with P2 connected to the positive terminal of the battery. A current measuring resistor
R is also connected in series to the two probes. With increasing the potential difference
between the probe pins P1 and P2, the DC potential shifts with respect to the floating
potential; The potential of the probe P2 shifts higher than the local floating potential,
whereas the probe P1 shifts below the floating potential. As P1 and P2 are in series
the current passing through them is controlled by probe P1; which can only collect the
ion saturation current if V;. = 50V >> T,/e. This is a basic assumption applied in
triple Langmuir probe operated in voltage mode [45] which has been notably applied to
determine plasma parameters in the SOL (Scrape-off layer) regions in tokomak [35] [46].
Since, the hybrid probe is a variation on the conventional voltage mode triple Langmuir

probe (TLP). TLP is briefly discussed.
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Figure 2.18: Voltage mode triple Langmuir probe

In a triple Langmuir probe (TLP) all the three probe pins (P1, P2 and P3) are identical
and situated in the same plasma region, without interfering each other. Fig 2.18 shows the
electrical circuit diagram of the TLP operated in voltage mode. The ion saturation current
in the above circuit is measured across the resistor R. A differential voltage probe is used
for measuring the potential between the positively biased probe P2 and the floating probe

P3 which are required for calculating the electron temperature.

From the current balance at each probe; it can be derived that for V,. >> T,/e; the electron

temperature could be given as;

_ e(Vy = V3) _ eV

KT,
¢ n2 n2

(2.6)

While the current through the resistor R can be approximated to ion saturation current to

estimate the positive ion density.

~ ISHI
- aAelU,

2.7)
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Detailed derivations for the voltage-mode triple Langmuir probe are available in literature

and are not presented here [45]

2.3 Performance of TLP and Hybrid probe

Unlike a Single Langmuir probe, both TLP and Hybrid probe technique requires only
a fixed value of DC bias voltage applied for measuring plasma parameters. Both the
techniques can provide time resolved measurements in the frequency regime of few 10’s
of KHz [35]. TLP has been also recently applied in a HiPIMS plasma discharges [47].
However there is drawback in the application of TLP in an RF plasma which can give am-
biguous results [48]. This is caused by the voltage measuring probes which are required
to monitor the potential of the individual probe pins. However these probes introduces
capacitive loading between the individual probes (P1, P2 and P3) during differential volt-
age measurements. This effect has been addressed in our publication also and presented
here. Fig 2.19 shows the three possible configuration for measuring positive ion saturation

current.

In Fig 2.19, the voltage drop across the current measuring resistor R provides the ion
saturation current. This is obtained by a differential voltage probe (Siglent DPB5150)
connected across the resistor and the signal is acquired in a digital storage oscilloscope -

DSO (Tektronix 3034C).

1. In Fig 2.19a; the positive ion current is measured across resistor R with P3 floating
and completely isolated from the measurement circuit with no measuring circuit

connected to it.

2. In Fig 2.19b, which is the hybrid probe configuration; probe P3 is connected to the
centre tap transformer, and a 10X high voltage probe is used to measure the floating

and plasma potentials for Cold/Hot probe P3. While the ion saturation current is
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Figure 2.19: Ion saturation measurement in 3 different Electrical configurations
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measured across resistor R.

3. Finally, in the setup shown in Fig 2.19c; the voltage variac is removed from the cir-
cuit and the probe P3 is kept floating; while a differential probe (Siglent DPB5150)
is connected between probes P2 and centre tap (Floating Potential — P3). Since the
probe P3 is non-emitting, hence this configuration resembles a conventional triple

Langmuir Probe (TLP) operated in voltage mode.

The ion saturation current obtained in all the three configurations for argon plasma column
are shown below. This experiment was carried in the cylindrical electrode setup for a
constant RF power at 60 W at 1.0 Pa while varying the axial B-field. Here the data shown
in the figure are at the radial center of the plasma column with probe inserted between

electrodes E1 and E2 from side port-1 as seen from 2.5.
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Figure 2.20: Ion saturation current variation with increasing magnetic field for different
probe configuration at 60W Set RF Power

The ion saturation current obtained using conventional TLP measuring setup [c.f Fig
2.19c¢] gives a consistently underestimated plasma density. With the setup 2.19a on isolat-
ing the P3, the I;,, matches quite well with the ones obtained using the hybrid probe setup

2.19b. The mismatch in ion saturation current by the setups 2.19b and 2.19a1s 5 % which
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is relatively smaller as compared 30 % difference observed with setup in Fig 2.19¢c. This
result concurs with the observation by Eckman et.al [48] that the triple Langmuir probe is

prone to have significant errors in RF plasma.

2.3.1 Benchmarking Experiments: The Hybrid Probe with Resonance

Hairpin probe

To benchmark the plasma density measured from the hybrid probe; we independently
measure the electron density at the same location with the help of a hairpin probe. The two
densities are compared in the Fig 2.21 for various set RF power levels and axial magnetic
fields for argon discharge at 1.0 Pa. From the Fig 2.21 it is seen that the plasma density
increases almost linearly with increase in axial magnetic field; while it only increases
marginally with rise in RF power levels. The reasons for such trends in plasma density

and electron temperature are discussed in detail in Chapter-6.

It is also noted that the density measurements tend to show excellent convergence for
magnetic field strengths below 5.6 mT. Conversely, as the magnetic field increases the
measurements by the two probes deviates significantly. To quantify this deviation as a
function of axial B-field; the ratios of the two densities N = Rpypria/ Nhairpin are plotted in

Fig 2.22

It is seen that the ratio N tends to grow as the magnetic field increases. To understand this
aspect, we must consider the influence of B-field on the performance of both the probes.
In the case of the hairpin, if the sheath correction factor [49] is ignored; then the effect of
B-field is already included in the Eq 2.6 for calculating the electron density. Therefore,
we consider the hairpin density as the reference to comprehend the effect of B-field on the

hybrid probe plotted in Fig 2.22 .

The plasma density from the hybrid probe is given from the positive ion saturation current
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Figure 2.21: Plasma density by hybrid and hairpin probe
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ISHI
aAelU,

ng =

From, this equation the measured plasma density depends inversely on the following three

parameters

1. Parameter o

2. Probe Area, A = 2nR,,L,; where R, is the probe radius and L, is the probe length.

3. Bohm velocity U,

It was shown theoretically by Chodura [50] that for partially magnetized plasma the pos-
itive ion tends to enter the sheath at bohm velocity; while the potential drop in the sheath
is also indifferent to the applied B-field as well as its angle of inclination. Therefore, the

product aU, is expected to remain constant. Similar results were also obtained by Kim
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Figure 2.22: Density Ratio N Vs B-field. The Ratio N is averaged over 12 RF power
levels

et.al [51]. However, contrary to the aforementioned results, Coulette and Manfreid [52]
using kinetic simulations obtained that the Bohm velocity can be subsonic; whereas the «
tends to increase because of lower space charge density near the wall. Thus if we assume
that the product aU, is independent of B-field; then it becomes evident that the increas-
ing discrepancy in N-factor with B-field is due to error in current collection area of the

cylindrical probe A.

To obtain the plasma density from Eq.2.8; the area A is taken as a constant under thin-
sheath approximation with radius of the probe R, used to calculate the Area A. However,
if the sheath width around the probe tends to increase with B-field; then we would be
underestimating the actual current collection area leading to over-estimation in the plasma
density. Consequently, the estimated sheath width for the magnetized plasma at 28.0 mT
may be about 1.75 times the un-magnetized sheath width. While, we have not explicitly
quantified the effect of B-field on the sheath widths; which is in itself an involved study,
nevertheless the experimental data in many experimental works [51] [53] [54] shows that

the sheath width indeed increases with B-field.
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Ultimately, we can state that the hybrid probe can be conveniently used to diagnose the
RF plasmas in the Cylindrical CCP system and it has been used as a primary diagnostics

tool in the Chapter-6.

2.4 Summary

To summarize this chapter, we discussed the two plasma systems (a) parallel plate setup
and (b) cylindrical electrode geometry, designed for investigating the magnetization ef-
fects on a CCRF plasma discharge intended for specific applications. In both the systems
the magnetic field remains tangential to the electrode surface. This can give rise to the
E x B drifts in the systems. A detail description of the plasma diagnostic, particularly the
hybrid probe technique applied in the present experiment has been subsequently provided.
These techniques will be used in combination with the non-invasive electrical impedance

measurements for the comprehensive understanding of the plasma systems.
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Chapter 3

RF Power coupling, Impedance

Matching and measurements

This chapter presents in detail the peripheral circuitry to transfer the RF power from the
generator to the discharge electrodes. The primary objective of this circuit is to operate the
plasma in a symmetric push-pull configuration to study the magnetization effect through
impedance measurement. Hence, the power is coupled via a 1:1 isolation transformer
or a commercial power splitter. The detail configurations of circuits are discussed in the

subsequent sections.

The chapter also discusses the impedance matching for maximum power transfer to the
plasma load; which is an important consideration for any RF discharge. Moreover, a
detailed Fast-Fourier Transform based calibration technique is presented to accurately
measure the Power/Phase of the plasma load from the external Voltage/Current probes.
This in-turn is used to obtain the impedance measurement of the discharge; subsequent to

calibration of the experimental setup.
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3.1 Introduction

Power deposition inside the plasma volume is maintained through the RF current passing
through the volume of discharge. This current is conserved at both the electrodes and if
the two electrode are dissimilar in area (A, > Aj;); then the sheath at both the electrodes
also becomes dissimilar (s, < s,). For the constant ion density model of the sheaths; this
comes out to be [11];

Sala = SpAs (3.1)

Eq:3.1 signifies that the positive charge in both the sheaths is equal Q, = Q,. Therefore,
if follows that

C.V,=ChV, (3.2)

Where C, and C,, are the sheath capacitance and V, and V), are the voltage drop across the

sheaths. Hence,

A, A
Dy, = 20y, (3.3)
Sa Sp
Therefore;
Aa Vb Sa
— = —X— 34
Ab Va Sp ( )
Substituting Eq: 3.1 in the Eq: 3.4 we have;
Vb Aa 2
MG 35
V) ( Ab) (3.5)
From, Eq: 3.5; the potential drop across the smaller electrode is
Aq
V= (=P xV, (3.6)
Ap

Therefore, one can achieve a significantly higher potential drop across the smaller elec-
trode by varying the dissimilarity of the two electrodes. This type of discharges is known

as asymmetric discharges referring to asymmetry in the electrode areas. This configura-
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Figure 3.1: Coupling scheme for a CCRF discharge

tion is used during plasma processing to provide higher ion bombardment at the substrate
[55]. Power coupling schemes to deliver RF power to a CCRF plasma discharge is there-
fore an important phase of designing a processing reactor. The coupling scheme as well
as the discharge symmetry varies depending on the processing requirement. The external
magnetic field can also introduce a discharge asymmetry in a geometrically symmetric

CCREF discharge [56].

The effect of different potential drops across the two sheaths changes the plasma depend-
ing on the power coupling scheme used in the setup. The RF power to a CCRF discharge
may be coupled in two methods; 1) Capacitive Coupled and 2) DC Coupled. These two

are shown in Fig 3.1

Fig 3.1a shows the capacitive coupled scheme; which is the most commonly used setup
in plasma processing reactor. The grounded electrode is larger in area than the bottom or
the live electrode where substrate is kept. The blocking capacitor in the circuit prevents
the net dc current to be flown through the discharge. Fig 3.1b is the DC coupled scheme,
in this scheme the blocking capacitor is removed as the two electrodes remain shorted

through the power supply and therefore a net DC current can flow through the plasma.

For the capacitive coupled scheme, the higher potential drop in the smaller sheath for

asymmetric discharge charges the blocking capacitor to a DC bias corresponding to;

A
Voe = V= Vo= Vy[1 - <A—b>2] (3.7)
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Therefore, in this configuration, the smaller electrode becomes negatively biased by Vpc.
While for the DC coupled case, as the two electrodes are shorted and remain at the same
time averaged potential, a DC bias voltage cannot sustain in this configuration. However,
since a DC current is allowed to flow; a DC current corresponding to Vp¢ flows through
the plasma leading to discharge current being a combination of RF and DC currents. This
phenomenon of DC current through RF plasma is known as the battery effect [1] as the
dissimilar potential drops across the two sheaths act as a DC battery in series with the RF

power supply.

Eq: 3.7 was based on the constant ion density sheath models; while for a more accurate
inhomogeneous sheath model instead of the constant ion density; we have [16]
o0 (e 3.8
ry (sb) (3.8)
This dependency also leads to higher potential drop across the smaller electrode with

value of Vpc different from the equations derived before in Eq:3.7 however; the effect of

asymmetry remains the same for both the coupling scheme.

Therefore, in an asymmetric discharge, the effects of DC bias or current would always
be associated along with the RF current. The DC effects in the discharge would lead to
asymmetric drifts near the sheaths or inside the plasma in presence of B-field. Hence in
order to avoid these effects and to study the effect of magnetic field, we prefer to choose
electrode configuration in which the plate area is geometrically same. Furthermore, to
maintain the electrical symmetry we drive the plasma discharge in push-pull configura-
tion; where both the electrodes are driven by out of phase RF potentials simultaneously.
This configuration avoids stray grounded electrodes (for eg: Probe shafts) exposed to the
plasma; participating in the discharge. Such a configuration is achieved by DC coupling
the plasma electrodes through a 1:1 isolation transformer or by commercial RF power

splitter as shown in Fig 3.2
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The complete circuit for power delivery is shown for the parallel plate setup; here we
have two symmetric electrodes driven through a specially designed 1:1 ferrite isolation
transformer. The primary of the transformer is fed RF power from the RF generator
through the impedance match box. The impedance of the discharge load is measured by
the Voltage/Current probe placed very close to the electrodes outside the vacuum chamber

to infer the magnetization effects on a CCRF plasma discharge

Floating Glass
Vacuum Chamber

— ,‘ Powered
Electrode
\_L 7
Match
Powered
Electrode

Figure 3.2: RF power delivery scheme for parallel plate setup

Advantages of operating a CCRF plasma discharge in symmetric push-pull configuration

are listed below;

1. The DC current/bias effects on the impedance and plasma characterization are avoided.

2. The RF current path is well-defined by avoiding multiple grounded surfaces in the
plasma. This also ensures the plasma discharge is also well-defined between the

electrodes.
3. Proper return current to the generator is ensured.

4. RF Power measurements by the Voltage/Current probes near the electrodes become

simpler because of well-defined current path through the plasma.

For the cylindrical CCP experimental setup the discharge is driven in push-pull configura-
tion with the help of a commercial power splitter instead of the 1:1 isolation transformer.
The power splitter drives the set of electrodes 180° out of phase to each other with respect

to the RF ground. The power splitter keeps the electrodes DC shorted and therefore in
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this case also the out of phase voltage on the geometrically symmetric electrodes with

respect to the same RF ground keeps the discharge electrically symmetric. To validate

150 : —F ¢ ¥ | -
[
Vmeas o
100 |- :‘,..m’w"-"'m-fv«, I_\i*ﬂll'ffwhri'ﬁtll.jw W | Ho
-Iﬂlj p .'III ¥ w ”LII.I. | Irr Llllr“ ¥ “I"II\.J.
sof M K [ f -
F vr' I'FH I'I'\. # wlL IllI'J 1
S W, 411 v
~ W W ! y ‘ =
& 0 '“5*-,,. ' r MI"H S
G i L ' L o
£ " o Py \'|p|1
=50 F " M ! o] 02
||II'1II'IIr|| [ |‘|.lrr r\ﬂer
1] 1}_.";‘1'51 i -"1||I11"'“ "-'q. . Pﬂ" &
-100 ‘ Mt 1
RF Power = [0W '
[ B-field=2.8 mT
- . | | : , : . ; ; -1.5
t(107s)

Figure 3.3: Sample Discharge Voltage/Current Waveform for the symmetric CCRF
plasma discharge

the electrical symmetry of the both the discharge; we must measure the DC current flow-
ing through the discharge, corresponding to the battery effect induced by any electrical
asymmetry in the discharge electrodes. A sample of voltage/current waveforms for the
plasma discharge is shown in Fig 3.3. Fig 3.3 shows a negligible DC offset in the current
measurement. This confirms that the battery effect in both the setup is negligible. There-
fore, both the experimental systems are considered to be electrically symmetric. It is also
known that the asymmetry in the discharge creates harmonic frequency components in
the plasma [57]. These components can be observed in the FFT of the Current signal.
A sample FFT of the current signal in Fig 3.4 for the cylindrical setup shows that the
fundamental frequency remains dominant while, the second harmonic is comparatively

insignificant. This result also confirms the symmetry of the discharge.
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Figure 3.4: FFT of the current waveform

3.2 1:1 Ferrite isolation transformer/Power Splitter for

Push-Pull Configuration

As discussed in the previous section, the push-pull configuration for the CCRF discharge
is achieved by ferrite transformer or a commercial power splitter. These are designed to

have minimum losses for 13.56 MHz power transmission.

1) 1:1 Ferrite Isolation Transformer

A national magnetics M2 toroidal core is used to make this transformer. The material
specifications are attached in the appendix. This material is NiZn based ferrite with initial
permeability y; = 40 typically used for high frequency applications upto 50 MHz. The
core dimensions are OD=3.175 cm, ID=1.905 cm and thickness=0.9525cm. To design
the transformer; we estimate the potential on the electrodes for the experimental RF power
regime to be less than 400V. Therefore, considering discharge voltage = 400V as the input
parameter the potential across the primary/secondary side of the transformer will be given
as [58];

V =400 = 4.44fABN (3.9
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(a) Ferrite core (b) 10 core Transformer

Figure 3.5: 1:1 Ferrite Transformer

Where, f — Freq. of operation = 13.56 MHz, A — Cross-section for magnetic flux, B —

Magnetic flux density and N — No. of turns. Substituting all the values we get;

ABN = 6.64 x 107° (3.10)

For the given dimension of the core, the cross-section area of 1core = 1.20cm?. We take
10 such cores to make the transformer and for the available ID of 1.905 cm; it is possible
to have N=4 turns through the core. Therefore inserting these values in the above Eq:3.10
we get;

B =1.38mT = 13.8Gauss 3.11)

This value of 13.8 Gauss is about 0.7% of the saturation flux density of 2300 Gauss for
material M2. The number of turns N=4 is decided by the estimated current to the plasma.
For the experimental power regime, we consider this to be always less than 4.0 A hence a

multi-strand copper wire of cross-section 4.0mm? is used for windings.

Considering this design parameters for the transformer; the core losses are likely to be
negligible as we are operating at very low flux densities for the material; while the copper
losses in windings are carefully minimized by taking a conservative current density of

1A/mm?. We also chose teflon shielded multi-strand copper wires; which reduces the
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Figure 3.6: Nortec Rat-Race Hybrid Coupler

resistance (\/oss) of the winding by minimizing the skin effects on the conductor at 13.56

MHz.

2) Commercial Power Splitter

A specially designed power splitter is procured (from Nortec-RF) to deliver 180° out of
phase potentials to the electrodes in the cylindrical CCP. It is a Rat-Race hybrid power
splitter [59]; with one input port (Port-P1) and two output ports (Port-P2, and P4) and the
fourth port (P3) is terminated internally through a 50 Q resistance to ground. The trans-
mission circuit is designed to have a characteristic impedance V2Z, where Z, = 50Q
and the overall transmission length of the rat-race is 3/21. This configuration gives 180°
(1/2 length between them) out of phase potentials at ports (P2 and P4); with isolation
between these two ports at the fundamental frequency. The configuration also provides
equal power sharing between them for perfectly matched loads with P3 terminated at
50€ load. This circuit is typically used for GHz range frequencies in micro-strips. How-
ever, similar configuration is achieved in manageable size for 13.56 MHz by using ferrite
based inductors/transformers in the circuit instead of the actual transmission lines (micro-
strips) as used in GHz range. About 3% power is lost in this passive device for driving
the electrodes in push-pull configurations. Detail workings of the Rat-Race power cou-

plers/Splitters are available in various resources [59] and are not delved into.

The specifications of the commercial power splitter designed at 13.56 MHz are tabulated
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in Table 3.1;
Description 1200W, 13.56 MHz, 2-way 180-degree Divider
Power 1200 W
Frequency 13.56 MHz
Insertion Loss (Typical/Max) 0.2 dB/0.25 dB
Isolation (Typical/Max) 27 dB/25 dB
VSWR (Typical/Max) 1.15/1.2

Table 3.1: Specifications of the hybrid Power Splitter

3.3 Impedance matching

To efficiently deliver RF power to a complex load such as plasma at 13.56 MHz, impedance
matching becomes important dynamic part of the plasma discharge circuit. Impedance
matching in simple terms is manipulation of the driving/driven circuit impedance to en-
sure a condition of no reflected power from the driven load (Plasma). Most RF power
supplies as used in these experiments are designed to have 50 Q (Source) impedances
and the co-axial cables delivering the RF power also have the characteristic impedance
of 50 Q. The driven load (Plasma) on the other hand can have any impedance value de-
pending upon the discharge Voltage/Current/Gas Pressure/Magnetic field etc. Therefore,
it becomes mandatory to introduce matching networks; which could alter the impedances

in the circuit to have good matching conditions.

3.3.1 Maximum Power Transfer and L-Type matching network

The fundamental of impedance matching is derived from the maximum power transfer
theorem. This theorem states that for a Thevenin equivalent circuit of a complex elec-
trical load like plasma, maximum power to the load will be delivered when the source
side impedance is complex conjugate of the driven electrical load. Consider the circuit

in Fig 3.7a for driving a plasma load; where we have the source side impedance of 50 Q
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driving the discharge load through the L-Type matching circuit. The steps for matching
in a L-Type network are as follows;

1) Matching the Real Part of impedance

If we suppose for a capacitive plasma side load of 2-j10 Q; the Thevenins equivalent cir-
cuit becomes as shown in Fig 3.7b. Now, the matching network must alter the load/source
side impedance such that the load and source side impedance are complex conjugates of
each other. This manipulation is achieved through changing the L (Load) and T (Tune)
capacitor values in the matching unit. As shown in Fig 3.7b, the L capacitor is in parallel
to the Source side impedance of 50 Q. Therefore, the capacitor L will maneuver to a
value such that the real part of the parallel combination of the 50 Q and the L-capacitor

matches to real value of the plasma side impedance of 2 Q i.e.;

—-750X,
Re[———]=2 3.12
Is5— x| (3.12)
Solving Eq: 3.12; we get X, = 10.2€Q; with Capacitance of L = 1.1 nF; while the complex

part of this parallel combination gives value of -j99.88 Q. Hence now, the circuit becomes

as shown in Fig 3.7¢

2) Matching the Reactive part of the impedance.

In the circuit shown in Fig 3.7c the real parts of both the source side and the plasma side
is equal; while the complex part are not. To obtain the condition of maximum power
transfer; the source side reactance value must be complex conjugate of plasma load side
i.e.

~ j99.88 + jX.oq — jXr = +j10 (3.13)

Here, the X,,; is a fixed inductor coil; while X7 is variable. Therefore, X; settles at a

value to satisfy this Eq:3.13 to give a matched circuit condition.

There are different types of matching networks such as L-type/T-type or a m-type to re-
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Figure 3.7: RF power delivery scheme through L-Type matching network
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alize a matched load. Each type of network has its advantages and operating regimes
in terms of impedance matching. Significant literatures on each matching networks and
their advantages are available [59] and therefore here we are only focused on the L-Type

network used in this experimental study,

Tune
Capacitor
Load
Capacitor
Inductor |
Coll .,
- Removable
'__,i Capacitors

Figure 3.8: Actual matching network with all its components (AIT-600R)

The Matching network used in the experiments is an L-type network (AIT-600R, T & C
Power Conversion) with a RF power generator of 1.2 KW (50 Q, T & C Power Conver-
sion). This matching network is designed such that it can match to plasma loads with real
part of impedances less than 50 Q i.e. High impedance side of the matching network is
the source side of 50 Q; while the low impedance side is the discharge load. As shown
in Fig 3.7a and discussed in the example, the Load (L) capacitor on the source side can
match the real part of the load (Plasma) side impedance by varying the capacitance of
variable L capacitor. Now to attain a condition of cancelling imaginary parts of load and
source side reactance (Complex conjugates), a fixed inductor and a variable Tune (T) in
series are present. The Tune (T) capacitor achieves a value which can complement ca-

pacitive/inductive plasma side load with an inductive/capacitive reactance to the circuit.
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This process of matching (Varying Capacitor values) is done automatically via feedback
control mechanisms between the RF generator and the matching network; where T can
vary from 50 to 350 pF and L can vary from 100 to 1000 pF with three fixed capacitor

(240 pF each) that can be added/removed from the circuit.

3.3.2 Electrical Equivalent Circuit of an actual CCRF plasma setup

As seen in first chapter, a CCRF plasma load is analogous to an R-L-C series load.
Yet, this analogy does not consider any stray impedance loading effects on the overall
impedance seen by the matching network. Any large experimental setup as used in this
thesis will always introduce external parallel stray capacitive reactance to the plasma due
to transmission lines, vacuum feed-through etc. Ideally, an experimental setup must be
designed to have minimum stray capacitances ( few pico Farads — Open circuit at 13.56
MHz ) such that their effect on the load side impedance could be ignored [60]. However,
such stringent conditions of low stray capacitance are rarely achieved in the practical
experimental/industrial setups with stray capacitances in the range of few 100s of pico-
farads. Consequently, any actual equivalent circuit of a CCRF plasma load must include
a stray capacitive reactance in parallel to the R-L-C plasma load as shown in Fig 3.9.
Therefore for the matching network the load side impedance is the parallel combination

of the R-L-C series discharge load and the stray capacitance of the setup.

1
Stray

0
Bulk Cap_al.c_ltance Lp —_
@ Plasma - I:> @ Cst

1 1
1 1
1 R 1
1 I
1 I

Sheath

Figure 3.9: Actual CCRF plasma load as seen by the matching unit
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3.4 Supplementary matching techniques

As discussed previously, the Tune (T) and Load (L) capacitors value changes to obtain
impedance match. However, these variable capacitors have fixed range of values that they
can maneuver in; which limits the load (discharge) impedance that can be matched by
the network. The operating range of the automatic tuner used in the experiments is as
presented in Fig 3.10. The resistive range of the network is from 1.8 Q to 25 Q; while the

reactive range is from —80° to +60° normalized to 50 Q.
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Figure 3.10: Matching network operating range

Since, in an actual experimental setup,the matching range is determined not only by the
plasma load but also the stray loads which acts in parallel to the plasma load. Therefore, it
may not be necessary that the overall load (Plasma) side lies inside the operating regime

of the matching network and hence, different procedures to obtain a good match must
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be employed. We used a modest method based on trial and error of introducing differ-
ent length of transmission line coax cables (0.5/1.0 and 2.0 m) from the matching unit
to the power splitter/the 1:1 isolation transformer to alter the stray reactance seen by the
matching unit. A RG-213 (Technical data-sheet in Appendix) cable introduces about 100
pF (= -j117 Q) of capacitance in parallel for 1.0 m length of cable; therefore altering the
impedance seen by the matching unit. Fig 3.11 shows the block diagram of complete RF
power delivery scheme as we examine the effect of introducing different cable lengths.

The effect of transmission lines on the impedance seen by the matching network can be

. RF
RF : Variable length 180 degree . )
Generator » M%Ching . Transmission Power d;c[:fodes
(13.56 MHz) o line Splitter B =

Source

!

Parameter Value Parameter Value

Freq (MHz)  13.55 Freq (MHz)  13.55
SWR 28.469 SWR 50.602
Z(Q) 52.95 Z(Q) 108.025
Phase -85.97° Phase -87.03°

|

Open Circuit Impedances
as measured by VNA

Figure 3.11: Power delivery to the Cylindrical CCRF plasma setup

understood from Fig 3.11. Here, we used a Vector Network Analyzer (Array Solutions
VNA-2180) to obtain the open circuit impedances (No plasma) at the discharge electrodes
just outside the vacuum chamber and also at the matching unit terminals with 1.0 m trans-
mission line from the power splitter. It is seen from the measurements that the open circuit
impedances seen by the match-box (x 53Q2) is drastically different from the impedance at

the electrode terminals (= 108Q).

In presence of plasma the absolute values of impedance would change. However, the

principle of altering impedance range still remains valid. This method is equivalent to

62



Section:3.5 Chapter:3

introducing a capacitive load in parallel to the plasma and thus can be used to finely
alter the matching range. However, a caveat of this method is that introducing primarily
capacitive reactance in parallel would present a bypass path for the RF current. Therefore,
one might draw higher current from the RF matching unit to deliver a fixed RF power;

which becomes pertinent problem when operating discharge at higher powers.

3.5 Power, Phase and Plasma Impedance Measurements

The power measurement in RF discharge is critically important to obtain the discharge
impedance of a CCRF discharge. This measurement is also highly sensitive to external
circuit conditions. Various studies have shown methods to calculate the net RF power
delivered to the discharge. In most cases, the actual power delivered in the plasma is cal-
culated by finding the power lost in the matching unit and the transmission lines and then
subtracting it from the onboard power measurement reading. Traditionally measurements
in RF systems have been performed by accounting the difference in the forward and the
reflected power displayed by the on panel power meter considering that the matching unit
works with minimum loss of power. However, the losses in the matching unit and the
transmission lines could be up to 90 % of the total power [61], which could render any
measurement useless. Many authors have shown that this consideration is not valid for
various conditions, the wasted power changes with the RF power [60] [62], the excitation
frequency [63], with gas pressure [64] [65] [66], matching network topology [63] [67] the

gas mixture [64] [62] [68], the reactor design [69] and the electrode gap [69].

A robust approach is the one wherein the power is inferred from the phase measurements
between the Voltage (V) and the current (I) waveform at the electrodes by the equation
Piis = Vimslmscosg. Although the phase measurement technique is accurate, its practical
application is difficult due to several factors influencing the actual phase measured be-

tween the RF voltage and current signals. At higher frequencies there are uncertainties
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which creep into the phase measurement due to the physical lengths of the coax cable of
the measuring voltage/ current probes (at freq. of operation) which give rise to character-
istic delay in the signal transmission. Any mismatch in the delay between the 2 probes
(Voltage/Current probes) causes the phase measured in the Digital Storage Oscilloscope
(DSO) to be inaccurate. Therefore it is essential to calibrate the voltage/current probes

used for the RF power measurement.

3.5.1 Calibration Procedure

To account for, and eliminate the phase delay introduced by the transmission lines of the
voltage/current probes; we compare the phase measured in DSO (Digital storage oscil-
loscope) by the voltage/current probe signals to the phase obtained by characterizing the
same electrical load with help of a vector network analyzer [70]. Fig 3.12 shows the probe
calibration setup. In this setup we have a non-inductive 50 2 dummy load connected to
the secondary side of a 1:1 transformer as the load for comparing the phase measurements

by two methods. The phase data obtained by the measuring probes are determined by sup-

Current

Probe 1:1
X’ mer

— 50 Q

RF
Generator@

Voltage

D
Probe LY

Load

v

Figure 3.12: Probe Calibration Setup

plying a small ~ SW power from the RF generator (without matching unit) to the primary
of the 1:1 ferrite transformer. The phase between RF voltage and the current is captured
in DSO (Tektronix TDS 3034C). The RF voltage waveform is obtained by Tektronix high

voltage probes (TEK P6015A) with a bandwidth of 75 MHz while; the current waveform
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was measured using a current transformer (ion physics CT). The CT has sensitivity of 1

V/A (CM-100-M) with 50 MHz bandwidth.

The process is repeated by replacing the RF generator with a VNA network (Array solu-
tions VNA 2180). The VNA provides the total impedance of the combined load i.e in-
ductive (1:1 transformer) plus the resistive 50 Q dummy load corresponding 13.56 MHz,

the results of VNA are presented in Table 3.2 For comparison, Table 3.3 shows the corre-

Parameters Data from VNA at 13.56 MHz
ReallmpedanceR; 187.07 £ 0.03Q2
ImaginarylmpedanceX 101.59 + 0.04Q2
Phase tan™'(X,/R) 28.25 +0.02°
9oRe flection 44%

Table 3.2: Load characterization by VNA

sponding phase difference obtained with VNA and those obtained from the voltage and the

current waveform based on FFT analysis. The phase difference between voltage and cur-

Analysis Method | Phase (By VNA) | Phase (By DSO) | Calibrating Factor
FFT 28.25 +0.02° 9.36 + 0.05° 18.89 + 0.053°

Table 3.3: Calibrating factor for FFT method

rent measured by probe is found to be smaller than those obtained from VNA by 18.89°,
This difference is now taken as the calibrating factor for all phase measurements in the

thesis with the same Voltage/Current probe setup.

3.5.2 Fast-Fourier Analysis of the voltage/Current waveform

The data of the voltage/current waveform obtained by the DSO must be analyzed to get
the phase measurement from it. A time-domain based method is inept for accurate phase
measurements as the sampling rate of the DSO was 5.0 GS/sec; which corresponds to
0.2 nsec in time. Now, for a 74 nsec waveform at 13.56 MHz, 0.2 nsec corresponds to

0.94° resolution in phase. This resolution is too large to accurately measure the phase;
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especially for CCRF discharges which could be strongly capacitive in nature and will
lead to significant errors in the power/phase measurements. Therefore, a Fast-Fourier
Transform (FFT) based analysis method is used for this process. This method is reliable
and has been used to obtain highly accurate phase measurements with error in phase

measurement of the order of 0.02° [61].

The frequency domain outcomes of the voltage and current waveform after FFT analy-
sis gives phase values at different frequency steps (Af). The phase value for each volt-
age/current waveform at the fundamental frequency (13.56 MHz) is actually the phase of
the waveform w.r.to an ideal cosine wave of same frequency (13.56 MHz). Therefore, the
measured phase between the voltage/current waveforms in time-domain is essentially the
difference between the phase values obtained in frequency domain at the fundamental fre-
quency (f=13.56 MHz). This method eliminates the zero crossing errors usually present
in time domain methods [59]. Errors due to the harmonic content in the waveform is also
suppressed as this method gives the phase between the voltage and current only for the
fundamental frequency, removing the effect on phase measurement due to presence of

higher frequency components [59].

To obtain the signal waveforms, through-out the experimental study the bandwidth of the
oscilloscope was set to 20 MHz to avoid unwanted high frequency noise, while N=10000
data points (Horizontal resolution) have been captured at sampling rate of 5 GS/s (At =
0.2nsec). Based on these settings in DSO the frequency steps in frequency domain in FFT

Therefore, the fundamental frequency in this case for the data analysis is considered to be

13.5 MHz; which is closest frequency step to 13.56 MHz.

66



Section:3.5 Chapter:3

3.5.3 Actual RF power measurements by calibrated probes
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Figure 3.13: Schematic of the experimental and RF power delivery set-up

Fig 3.13 shows the parallel plate experimental setup with the RF power delivery and RF
power measurement setup. We measure the voltage across the two electrodes with the help
of high voltage probe (TEK P6015A) while current is measured by a current transformer
(CM-100-M) of ion-physics. In this setup, the discharge voltage (V,,;) is the potential
difference between the two electrodes. The two voltage signals and the current signal are
acquired on the DSO (Digital Storage Oscilloscope-Tektronix TDS — 3034C). The RF
power delivered to the plasma is then obtained by analyzing the signals as discussed in
the preceding sections and obtaining the phase between the voltage and current signals by

Pyis = Vrmslrmscos¢-

These readings are compared with the on-board power meter reading (RF power = Forward-
Reflected power) on the RF generator for different neutral gas pressures, magnetized and
un-magnetized plasma and plotted in Fig 3.14. It is seen that the reading of the on-board
meter and the probe measured power matches very well for the un-magnetized plasma at
1.0 Pa neutral argon gas pressure. For, this case, the RF generator shows zero reflected
power reading as matching is conveniently achieved. However, when the magnetic field
is introduced into the CCRF plasma; we observe very high reflection values of about 60
% of the set RF power. In this case the measurement reading of the on-board power meter
is seen to over-estimate the delivered RF power. Higher reflection from the plasma load

leads to higher transmission losses in the Match box, 1:1 transformer, and transmission
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coax-line and therefore the actual power delivered to the plasma is less than the on-board
power meter readings. As a result, we depend on the calibrated probe measured power

readings.

| ! I ! I ! | ! |
R0 - <4 ] Pa,OmT

— Linear fit 1Pa,0mT
I 1Pa,7mT
2Pa,7mT
3Pa,7/mT
4Pa,7mT
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Actual Power (W)
N
)
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Set Power (W)

Figure 3.14: Set power Vs Actual power for a range of pressures for B = 7.0mT and at 1
Pa for magnetic field B = 0 mT . The solid line is a linear fit (slope = 0.94) to the data
corresponding to 1Pa,0mT

3.5.4 Experimental setup Calibration for accurate impedance mea-

surements

From the measured RF power by Pyi; = V,uslmscosd; discharge impedance can be ob-
tained from the equivalent electrical circuit diagram of a CCRF discharge as presented in
Fig 3.9. The circuit diagram shows the typical R-L-C series circuit of plasma discharge
load in parallel to a stray capacitive reactance. This circuit can then be simplified from Fig
3.9 to Fig 3.15. As seen in Fig 3.15, the RF current measured externally by the current

transformer is divided in two branches; while the measured phase between the Voltage

68



Section:3.5 Chapter:3

Figure 3.15: Equivalent Circuit of the discharge load in parallel with stray capacitance

and Current external to the vacuum chamber is also indicative of the parallel combination
of the R-L-C series discharge load and the stray capacitive loading. It is therefore neces-
sary to eliminate the effect of Cy, on the impedance measurements which must show the

discharge impedance only.

In view of the above discussion, the rms current measured by the current probe shown in
Fig 3.151is I,,,; = I + I, where I represents the component of RF current flowing through

the plasma and I, is the current by-passed through Cj,.

Therefore, the externally measured total impedance Z,,, of the discharge circuit is obtained

as [70];
RX, L XXX = Xy - R?X,,
R+X-X02 17 Rix-Xx,)

Zior = (3.15)

In Eq;3.15, X = (X, — Xj;,) is the net reactance where X, = w,rL, and X, = 1/w,¢Cy,

respectively; whereas, X, = 1/w,¢Cy,.

The real and imaginary components of Eq: 3.15 could be separated as;

2

RX
Zincos(®) = 25— (XS_’ X7 (3.16)
st
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~XXa(X — Xy) — R X
R’ + (X — X)?

Zthl'l’l((ﬁ) = (317)

The phase ¢ is the relative phase measured between V,,, I,,,s and Z,,, = V,s/Lps. To
quantify the value of Cy;, a VNA (Vector Network Analyzer) has been used in the ex-
periment. Vector network analyzer (Array solutions VNA-2180) characterizes the open
circuited chamber load and gives an estimate of the stray capacitance of the experimental
setup; which is used in the above Eq:3.16 and 3.17. With this information; the 3.16 and
3.17 can be solved simultaneously to determine values of R and X. From this the actual
phase difference ¢’ (i.e without the effect of stray capacitance Cst) between RF current /'

(flowing through the plasma) and the RF voltage can be obtained as follows;

¢ = tan” ' (X/R) (3.18)

Furthermore, the actual r.m.s current I’ through the discharge can be estimated from;

’ X
I:( a )me (3.19)
VR + (X - X)?

This procedure to obtain the real values of plasma current and the phase is critical in
measurements; as for large discharge setups; the stray capacitance could be in few 100
picoFarads. At such values of Cy,, the capacitive reactance in parallel with the discharge
load becomes 100s of Q at 13.56 MHz. Therefore, it is imperative, that the experimental
setup along with the measuring probe be calibrated as discussed in the preceding sections
of this chapter to ensure accurate measurement of the discharge impedance and the RF

power delivered to the plasma load.
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3.6 Summary

To summarize this chapter, we established power coupling scheme to create an electrically
symmetric plasma discharge for two experimental setups by using 1:1 ferrite isolation
transformer in the parallel plate setup and a commercial power splitter in the cylindrical
electrode setup. The symmetry is verified through the current waveform and its FFT.
Symmetric systems are preferred in this study to conveniently observe the global effects
of magnetic field on the CCRF plasma through impedance measurements and avoid the

DC current/Bias effects on the plasma.

The RF power/phase measurement is also a critical part of the present study to obtain the
discharge impedance accurately. It was shown, that we can obtain the actual discharge
impedance from the externally measured Voltage/Current and Phase measurements, if
necessary steps are taken in calibration of the measuring instruments as well as the exper-

imental setup.
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Chapter 4

Power mode transitions in magnetized

CCREF discharges

4.1 Introduction

As we have already discussed in chapter-1, that equivalent circuit of a CCRF discharge
has many resistances (R, Ronm,sis R, and R;) each signifying different power dissipating
mechanism for electrons and ions. The total discharge power P is dissipated inside the
plasma and sheath to balance the many plasma loss mechanisms. Predominant fraction
of power is coupled to the electrons in the bulk plasma which subsequently dissipates it
through various collisional/non-collisional dissipative processes. The collisional ohmic
heating (R),) of electrons via elastic/inelastic collisions with the background neutrals is
the dominant means of power dissipation at intermediate/high pressures; however at low
pressures (ionization mean free path,4; > d , electrode gap length) the columbic collisions
of the electrons with the oscillating sheath electric field becomes the dominant power dis-
sipating/coupling mechanism to sustain the plasma bulk. This mechanism of heating is
also known as the stochastic/non-collisional (Rg,.) heating of electrons. In the present

experiment; we are operating in low pressure regime and hence it is estimated that R,
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dominates over the ohmic resistances (R, and R, ). The power dissipated in the posi-
tive ion acceleration in the sheaths is accounted for in the equivalent circuit by resistance

R..

Although the Power is mostly transferred to the plasma electrons; however to maintain a
steady state plasma, a fraction of the total power is also transferred to positive ions; which
are accelerated in the DC sheath voltages to the electrodes[! 1]. This fraction of power
transferred to the ions is typically small at lower RF powers (plasma density); while it
tends to increase as the RF power (Plasma density) is increased. Therefore, with the
increase in plasma density a shift from power dissipation from electron dominated to the
ion dominated inside the sheath is seen. This has been widely referred as power mode

transition in CCP discharges.

This could be essentially understood as follows: As RF power is gradually increased, the
plasma density also increases (ny o I;;). The increase in plasma density has different
effects on the fractional power distribution to electrons in bulk/sheaths and ions in the
sheaths. The increase in plasma density makes the plasma more conducting as both R, o
i and R, o (i)y 2[16] [Table 5.1 of Ref[ 16]] are inversely proportional to the discharge
current. On the other-hand with increase in plasma density the ion flux in the sheaths

would increase and therefore R; oc 1;,!/>.

As the dominant resistance R, # ; the fraction of power transferred to electrons P,
becomes a linear relation of the discharge current (P, « I;;). Meanwhile as R; o JPREEE
the power transferred to ions in the sheaths P;,, o« I,;,°/*. Therefore at low Py, or I ; the
fraction of power coupled to ions is very small as the ion bombarding flux/energy is low
in the sheaths. Now as the plasma density/sheath voltage drop increases with RF power
(Pgis); the ion flux and the ion energy of the bombarding ion also increases leading to in-
creased fraction of the power coupled to ions in sheaths as compared to electrons. Hence,
once the ion dissipating mode starts to dominate between the two competing modes; a

mode transition in power coupling has occurred. The power mode transition has been the
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subject of research for number of reasons:

1. It is the primary reason for observing saturating plasma densities in CCRF plasma
discharge as subsequent to reaching the point of transition in a CCRF plasma;
any increase in RF power will be primarily utilized in ion acceleration inside the

sheaths.

2. Almost all of the substrate processing in CCRF plasma reactors are dependent on
the RF power coupling to ions for ion bombardment onto the substrate to achieve
desired material properties. This necessitates the study of RF power coupling into

ions inside the sheaths and its external control.

Beneking [71] in 1990 was the first to suggest such a transition in dissipation modes in
CCREF plasmas. In that work, he quantified the power sharing between the two dissipative
modes with help of an equivalent circuit model and the impedance measurement of the
plasma discharge. He also obtained and validated a relation for the power dissipation in
sheaths for discharge current and RF frequency P;,, o (%)5/ 2. Power mode transitions
were further investigated by Godyak et.al [60] and You et.al [2] with help of impedance
measurements. In those works, Godyak et.al showed that the transition from electron
to 1on dominated dissipation shifts to higher discharge currents as pressure is increased;
while You et.al revealed the effect of magnetic field on the power mode transition. It was
showed in that work that magnetic field has a similar effect as increasing pressure since
the power mode transition shifts to higher discharge current (RF power) by increasing the
transverse magnetic field to the CCRF plasma i.e. increasing transverse magnetic field
allows more power coupling into electrons. A recent PIC simulation work by S.Sharma
et.al [7] on CCRF discharge demonstrated the effectiveness of static transverse magnetic
field in controlling the ion energy and flux to the electrodes. They obtained a 60% reduc-
tion in sheath widths (that improves control of ion energy) and a fourfold increase in the
ion flux at the electrode as a consequence of the altered ion and electron dynamics due to

the ambient magnetic field.
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If we could possibly control the ratio of the RF power sharing amongst the electrons and
ions then one may possibly control not only the plasma density but also the ion energy/flux
for plasma processing. So far the studies on power mode transitions has been mainly
conducted for the un-magnetized case, however recently few works [7] [6] have discussed
the role of external magnetic field in the power coupling and power mode transitions in a
CCREF discharge. In the present context, we observe the effect of transverse magnetic field
on the power mode transition through impedance measurements. The eventual goal of this
work is optimizing the magnetic field for designing a plasma source wherein magnetic
field controls the power sharing between the electrons and ions as per requirement of the

processing substrate.

4.2 Identifying power mode transition through impedance

measurements

The power mode transition could be conveniently identified from the plasma impedance
measurements as the plasma resistances which co-relates to the electron and ion heat-
ing in the CCRF plasma have unique dependence on the RF power (Discharge current
1;i5). The underlying reason for this behavior of a CCRF discharge is due to the intrin-
sic nature of plasma resistances with increasing RF power (Discharge current). The RF
power coupled to the electrons is dissipated by the plasma electrons (P,,.) ; while the
power coupled to the ions are dissipated by ions inside the sheaths (P;,,). These two
independent mode of power dissipation combines to present them as a dissipative resis-
tor R in the equivalent circuit of CCRF discharge presented in chapter-1. The resistance
R = Ryioc + Rojm,sn + R, + R; in the equivalent circuit of the plasma is comprised of various
heating mechanism for the plasma electrons and ions. Here, R, Ropm g and R, repre-
sents the electron dissipative resistors; while R; represents the ion dissipative resistor. All

the four dissipative resistors are plasma dependent and therefore changes with discharge
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current (RF power).

As a result, the dominant heating mechanism (dissipative modes) between electrons and
ions is dependent on the discharge current (I;,). The total discharge power is Py, =
(I4is)*>.R = P + Pjy,.Therefore, the profile of Py (I;;,) is dependent on effect of I
on the individual resistive components Rc, Ronm.sns R, and R;. The dependency of these
1esistors (Roc, Ronm,sn, R, and R;) on I, have been found for parallel plate discharges

i.e.R0cs Ropmsh and R, o (ﬁ)y2 ; while R; o (I4;5)'/? [16]. For low pressure

T
discharges the R, dictates the electron dissipative resistors i.e. Pyec = (I4is)*Rg0c and
therefore, the dependence of P,..(1;;5) is linear; while P;,,(1;;) shows a non-linear de-
pendence P;,, x IdSl./S2 . The combined effect of P,;.(1;) and P;,,(14s) on Pg(14,) 18 thus
as follows; At low RF powers (discharge currents 1) the P,,, is smaller; as P, domi-
nates. This behavior is reflected in the linear nature of plot between P;V's.1;;;. However,
when the RF power is high (large 1,;,); the characteristic of P,;Vs.l;;; changes from lin-
ear to non-linear dependence signifying a change in dominant heating mechanism. This

change in the behavior of plot of P;V's.1;; indicates power mode transition from electron

dominated dissipation to the ion dominated dissipation.

The above mentioned technique for observing the power-mode transition was used by You
et.al [2]. Although the dependency of P;,, IdSi/s2 ; You.et.al proclaimed a change from
linear to square dependency in characteristics of P;Vs.l;;; would indicate a transition.
Equally, one can also identify the power mode transition from a plot of real voltage drop
plotted against the discharge currenti.e. V;,cos¢ Vs. 1. The latter method was preferred
by Godyak et.al [60] to identify the power mode transitions in CCP’s. We have used both

the methods for observing the transitions in the parallel plate and the cylindrical CCP

setups.

The Py Vs. 1, 1s based on Eq: 4.1; which represents the total RF power coupled to the

plasma [2] [71];
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Puis = Vylis + Ri(1yis)? (4.1)

In the above equation, V), is the real component of the voltage drop across the discharge
which includes both the collisional and the stochastic electron heating. Therefore, the first
term on the right hand side of represents the electron heating across the discharge (P,..);
while second term corresponds to the ion heating in the sheaths (P;,,). Now, it is known
that the V,, is almost independent of I as V), o I,>1° [71] and the driving frequency (w)
owing to ionization and energy balance in an weakly ionized plasma [71] [60]. Since in
low pressure CCRF plasmas V), ~ IR, and Rye i , therefore V), remains almost
constant with increase in I ;,. As for the second term; R; o (I,)"/?; hence, P, o< I/

dis
[71].

Godyak et.al [60] on the other-hand chose to observe the power mode transition from the
plot of real voltage drop V,..; Vs. 1. The real voltage drop (V,.,) across the discharge is

given by;

Vreal = Vdiscosqb = IdisR = Vp + Vi (42)

Here, V), = 1;isR.c and V; = IR, are the real voltage drops across the discharge corre-
sponding to electrons and ions. We have already seen that V,, is almost independent of /;;
while V; = 1,;,R;. Now, as R; o [ 0111/52 the potential drop V; increases with 1,;;. Therefore, at
low 14, V, dominates as most of the power is coupled into the electrons , however when
1, 1s increased with increase in RF power; V; begins to dominate indicating higher power
coupling to the ions in the sheaths. Consequently a plot of V.. (1) is almost flat at low
1;;5 and starts to increase as I is increased. Accordingly, a sudden change in slope of the

plot of V,..(1;) also represents a power-mode transition in CCRF plasma.
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4.3 Experimental Results

4.3.1 Power-mode transition in un-magnetized systems

Power mode transition in parallel plate setup is observed in an argon discharge at 1.0 Pa
neutral gas pressure [70]. The transition in this case is identified from the plot of real

voltage drop Vs. discharge current as seen in Fig 4.1
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Figure 4.1: Plot of V,. Vs. I at 1.0 Pa argon discharge in parallel plate setup

Looking in detail at Fig 4.1, the real voltage drop increases slowly up to 0.21 A while
it sharply begins to increase as I; rises above 0.22 A. This sudden change in the slope
m=694.88 to m = 2822.64 signifies the power-mode transition. The approximate point of
transition is marked by the dotted vertical line in the plot. The plot in Fig 4.1 is a typical

plot of V,.,; Vs. 1 for a un-magnetized CCRF plasma.
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4.3.2 Power-mode transition in magnetized systems

1) Parallel Plate System

As seen in the previous section, a power-mode transition is conveniently achieved for
an un-magnetized parallel plate CCRF discharge. The situation however is different in
presence of 7.0 mT transverse magnetic fields. A plot of V,.,; Vs. I in the magnetized

case of is plotted in Fig 4.2.
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Figure 4.2: Plot of V .y Vs. I at 1.0 Pa and 7.0 mT argon discharge

From, this plot it is seen that the real voltage drop does not exhibit a change in the slope
with increase in /;;; with very small change in the real voltage drop values. Therefore, it
is concluded that power-mode transition is not observed in presence of 7.0 mT transverse

magnetic field and the discharge remains in the electron dominated heating regime only.

2) Cylindrical CCRF System
To observe the power mode transitions in a cylindrical CCP setup; we plot Py Vs.1yq
as seen in Fig 4.3 and 4.4 for argon and helium discharge in presence of 2.8 mT axial

magnetic fields at 1.0 Pa neutral gas pressures [72].As the dependence of the plot is ex-
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pected to be as per Eq 4.2 ; where a linear to non-linear change in the plot would point
to the power-mode transition. Ensuing You.et.al [2] method to identify the transition to
non-linearity; we try to recognize a change from linear to squared dependency in the plot
of P Vs.l;, and therefore we take a parabolic fit (Ax?> + Bx + C) to the data points. We
also plot on the same graph the straight line derivative plot (ff;—;’if) of the parabolic fits. The

13 2

slope “m” of the derivative plots directly relates to the co-efficient A of the parabolic fit

i.e. m=2A.
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Figure 4.3: Plot of P,;; Vs. 15 and (‘f;—‘;” ) for 2.8 mT in argon discharge.

The value of slope “m” therefore is an indirect means to ascertain the square dependence
of the P, plot. Hence, higher the value of “m” higher is the power coupling to ions inside
the CCREF discharge i.e. second term in Eq 4.2 is dominating. The effect of magnetization
on the power mode transitions can thus, be qualitatively obtained from the slopes “m” of

the (‘;’;—f) . These results are discussed in the following section.
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Figure 4.4: Plot of P,;; Vs. 15 and (ff;—:fl ) for 2.8 mT in helium discharge.

4.4 Discussion

As seen in Fig 4.1 the transition in the power coupling from plasma electrons to the ions
inside the sheaths is obtained conveniently for a un-magnetized CCP discharge;. However,
similar a transition is not observed in the transversely magnetized CCP discharge [p.s. Fig

4.2].

This effect of transverse magnetization on power-mode transition is consistent with simi-
lar observation by You et.al in their seminal work on effects of magnetic field on power-
mode transitions [6]; where they proved that gradually increasing the transverse magnetic

field shifted the mode transitions to higher discharge currents (RF powers).

The reason for discharge remaining in the electron dominated heating in presence of trans-
verse magnetic field of 7.0 mT could be qualitatively understood as follows: A transverse
magnetic field is known to enhance the collisions in the bulk plasma [5]. This leads to

increased value of R, [| 1]; while the stochastic heating of the electrons by sheath oscilla-
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tions is also enhanced due to transverse magnetic field [ 1 1]. Therefore both R, and R,
corresponding to the electron heating in the plasma is increased in presence of magnetic

field which pushes the transition point at higher at higher discharge current (Py;;).

Moreover, the confinement of electrons in the bulk by magnetic field; also reduces the
particle losses from the system. This would lead to a reduced amount of non ambi-polar
ion loss from the system ultimately leading to less power coupling to ions in the sheaths.
From, an electrical stand point the magnetic field is recognized to reduce the sheath width
[7] at electrodes reducing the capacitive potential drop across the sheaths and therefore
prompting less acceleration of ions in the sheaths. Consequently, the value of R; is di-
minished in presence of magnetic field. Overall the magnetic field enhances R, and R,;
while reduces R; leading to significantly reduced power coupling into ions as electron
dominated heating with no power mode transition is observed at 7.0 mT of transverse

B-field.

As mentioned in the previous section; we highlight the effect of axial magnetic field on

power mode transition in cylindrical CCRF plasma by observing the slope “m” of the

dPgis

derivative plot (=

). The slopes of the derivative plots with increasing axial magnetic

fields are shown in Table 4.1.

’ Mag. Field (mT) Slope m (Argon) Slope m (Helium) ‘

1 2.8 297.34 404.1
2 14 189.54 379.56
3 25.2 102.82 239.74
4 28.0 94.88 242.16

Table 4.1: Slope of (%;‘f*‘) for varying magnetic field

(13 2

The decreasing values of slope “m” with increasing magnetic field for both argon and
helium again suggests increased fraction of power to electrons than ions with increase in
axial magnetic field. This behavior remains consistent with the results of parallel plate
setup. However, the trend of helium is noteworthy as in Table 4.1, the numerical value

of the slope falls at a relatively faster rate in argon than in helium. For argon, the heavy
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positive ions are accelerated only inside the DC electric fields of sheath. On the other
hand, the lighter helium ions instantly respond to time-varying RF electric field (w,; ~
wp,;) inside the sheath as well as inside the bulk. As a result for helium the power coupling
to helium ions inside the bulk cannot be neglected. This results in a relatively slower rate
of decrease in power coupling to ions as the magnetic field increases. The behavior of
low frequency sheaths in our experimental frequency regime (w,r = w,,) 1s still an open

problem with significant implications in RF heating by antennas in tokomaks [ 1].

4.5 Summary and Conclusions

In summary, this chapter discussed the effect of transverse magnetic field on the power
mode transition in parallel plate and cylindrical CCRF plasmas. The previously known
effects of magnetic field on power mode transitions are reaffirmed by the experimental
results on both the experimental setups. The underlying reason for the effects of magnetic
field on power mode transitions is explained through enhanced collisional and stochastic
heating of electrons along with diminishing ion heating in the sheaths in presence of
transverse magnetic field. It is also found that the nature of the power coupling varies
with ions of different masses. For 10 times lighter helium ions than argon, the power
coupling into the ions is also expected to be inside the bulk plasma which is attributed to

the ion response to the RF oscillations.

In conclusion, we report that magnetization of CCRF plasmas can alter the power shar-
ing between the two dissipation modes of electron (P,,.) and ions (P,,,). Although a
static magnetic field cannot couple any power to the plasma; however it is seen that with
increase in magnetic field, the discharge remains in electron heating mode for higher dis-
charge powers. Therefore, the plasma density is enhanced by higher power dissipation by
electrons in the bulk in presence of B-Field; which is a limitation of a non-magnetized

CCREF discharge. The lighter ions response to the RF fields in CCRF discharge also alters
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the power coupling dynamics between ions and electrons and therefore; it is of vital im-
portance to consider this effect especially in higher frequency CCRF plasmas such as 60
MHz. Such effects of magnetic field on power coupling through sheaths for responsive
ions may also be important in ICRF heating schemes in tokomaks where a resonance re-
gion could be shifted due to effects of sheaths near the antenna where the magnetic field
is generally at an oblique/ parallel to the surfaces. Further research on this topic is still
required to assess the possibility of magnetic field controlled ion bombardment for pro-
cessing substrates and for designing a magnetized plasma system for plasma processing

applications.
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Chapter 5

Electron Series Resonance Phenomena

5.1 Introduction

Earlier in chapter-1, the electrical equivalent circuit of CCRF discharge was briefly dis-
cussed. The sheath acts as a capacitor Cy;, in series with the bulk plasma composed of
plasma resistance R and inductance L, [c.f. Fig 1.5]. Their combination can be treated as
analogous to an R-L-C series circuit. Unlike an ordinary electric circuit, the parameters
R and L, and Cy, are plasma dependent and rely on the intrinsic properties of plasma. A
condition of series resonance can occur in a CCRF discharge when the reactive impedance
offered by the bulk plasma, i.e X, = jwL, exactly cancels the reactive impedance offered
by the sheaths X, = —j/wCy,. This is popularly recognized as series resonance in CCRF
discharge. Under this condition the discharge behaves as a pure resistive plasma load,

implying Z =R+ jX = Ras X, = X,

Experimentally the series resonance effect in a CCRF plasma can be identified by careful
measurement of the plasma reactance while, theoretically one can identify the condi-
tion by solving for the RF frequency at which the X, = X, i.e. for resonance w,.; =
1/ m. For a symmetric parallel plate setup; this simplifies t0 w,.s = Wy \s/d where

s — sheath width and d — plasma length. A detailed derivation of this equation is pre-
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sented in section 5.2. Historically, while Schneider and Angew were the first to suggest
the existence of resonance in a CCP discharge with the full description being given by
Taillet [17]. In Taillet’s work they presented homogeneous collisional model of plasma to
verify the results with the experiments. Extensive experimental studies were performed
by Godyak [73] since the 1970"s; The primary predictions from these works suggested (1)
two possible values of plasma density can be obtained for a given RF voltage across the
discharge plates, (ii) the driving amplitude of RF voltage is minimal during ESR condi-
tion. Godyak and Popov experimentally validated the existence of ESR in a symmetric

parallel plate argon discharge.

Cooperberg and Birdsall [74] have extensively performed PIC-MCC (Particle in Cell with
Monte-carlo-collisions) simulations on ESR discharges. EEPF measurements from this
simulation study revealed hot electron tail at low pressure discharges. They also verified
the scaling laws for sheath widths and electron densities with the Godyak experiments. A
comprehensive study on ESR can be found in the thesis by W.D. Qiu [75]. Their studies
included the role of an external magnetic field on ESR condition. They had also simu-
lated the initiation and “locks on” (lock on - Resonance achieved in frequency chirping)
for resonance discharges. A global plasma model along with the equivalent circuit of dis-
charge are used to find the interrelations among the sheath widths, plasma densities and
the electron temperatures with the power supply parameters such as frequency, voltage

and current as the input parameters to the model.

ESR’s are not only unique to a particular plane parallel plate system but it can be ob-
served for all geometries. ESR condition in a co-axial and concentric spherical RF diode
geometries have been simulated [75]. The resonance condition was also observed for non-
uniform plasmas where the dense plasma behavior was inductive and the rarefied plasma

behaves as a capacitor.

From, all the above mentioned experimental/simulation and theoretical works it is estab-

lished that the main advantages of operating in ESR are:
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1. The driving voltage under ESR is small, i.e of the order of ~ T,; while the ion
bombardment energy is typically ~ (107,), which corresponds to the time-averaged

spatial plasma potentials between the discharge plates.

2. For compensating the capacitive reactance in the sheaths, a significant inductive
potential drop occurs across the bulk plasma. Hence the potential across the plasma
bulk can be significantly higher than the net RF potential across the electrodes. Con-
sequently, highly energetic directional electrons are present inside the bulk plasma

during ESR.

3. The electrons responding to the oscillatory RF potentials/ electric field inside the
bulk plasma, gives rise to space charge bunching of electrons, during alternate half
cycle near the electrode. The back and forth motion of electrons at RF time scales
enhances the ionization probability in the plasma bulk and enables operating at

lower pressures.

4. Unlike the non-resonant CCRF discharges, the ion energy distribution shifts from a
double energy peak to a single peak during ESR. The bombarding ions has a narrow
angular spread and a single peak in ion energy is observed that corresponds to the
plasma potential [75]. The beam-like ion energy brings better process uniformity

and control on to the processing substrate.

5. Since the plasma load is purely resistive during ESR, therefore the RF matching

become trivial and allows maximum RF power transfer to the plasma.

Due to the above reasons operating the CCRF discharge in ESR condition becomes highly
significant. However, it is practically difficult to achieve this condition with a fixed RF
frequency source. For processing relevant plasma densities of the order of 10'm~3 ;
the resonance condition is much higher than conventional RF frequencies such as 13.56
MHz. The series resonance reported by Godyak and Popov [73] in a symmetric parallel

plate system for typical plasma densities in range of 10'9m~3 was obtained at a driving
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frequency of 81.36 MHz.
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Figure 5.1: Typical Reactance Vs. Density plot for a 135.6 MHz parallel plate discharge.
Image courtesy: Physics of RF plasma by Chabert and Braithwaite [10], Cambridge
university press, UK . Reproduced with permission of The Licensor through PLSclear

Figure 5.1 plots the plasma reactance as a function of plasma density for 135.6 MHz
argon discharge. At low plasma densities (RF powers), the plasma load generally behaves
inductively, whereas it shifts to capacitive as the plasma density increases with RF power.
In-spite of several advantages, the demand of typically 6 to 10 times higher frequency than
conventional 13.56 MHz limits the application of ESR in normal processing applications.
Qiu in his thesis looked at the possibility of introducing an external magnetic field as a
parameter to induce the ESR. However their study was limited to 1-D simulation and far
from relevant experimental conditions. In this chapter we experimentally demonstrated
the ESR due to presence of a transverse magnetic field and validated the results based on
an analytical model. The study can be beneficial for the design of plasma sources with

salient features observed during electron series resonance observed in CCRF discharges.
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5.2 Analytical Formulation of Electron series resonance

The ESR is achieved when the complex part of the discharge impedance vanishes. From
here on in this thesis, discharge impedance corresponds to total impedance of plasma bulk
+ sheath; while plasma correspond to bulk plasma impedance and sheath correspond to
sheath impedance.

From the cold plasma conductivity as given in [10];

2 2
ne €W,
o= = K (5.1)
m(vy + jw) vy, + jw

Due to the presence of highly conducting free electrons in plasma bulk; it is reasonable
assumption to ignore the displacement current in comparison to the conduction current

through the plasma bulk.

Zy=—

- 2
Ao Aguy,

Vm + jw) (5.2)

Where, A — plasma cross-section and d — plasma length.

Inside the sheath, the conduction current through the sheath can be neglected. The capac-

itive reactance for a planar electrode sheath is given as

s

Z = 53
JAwe, 5-3)
Where, s is the total sheath width at both electrodes.
The total impedance of the discharge Z is sum of Zz and Zj;
Z=7Zp+7Z,= m + JW) + — 5.4
g A€yw? O+ je0) JAwe ©4

pe
On equating the complex part of the above equation to zero, gives the series resonance
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Wyps. 1.€.
wresd . s
1 = 5.5
Agw?, ]Aw,eseo S
Simplifying this we get;
Wres = Wpe V s/d (56)
For characteristic plasma density of CCRF plasmas in the range of 10'*"m™3, w,, ranges

from 1 — 5 x 10°rad/ sec. If one assume a combined sheath width of s ~ 10mm, and bulk
plasma of 70.0 mm, in the parallel plate setup used in this thesis; the factor Vs/d = 0.37
. Consequently, for such typical values of plasma density and sheath width the resonance
condition should exist at few 100’s of MHz. Therefore, a series resonance is not ob-
served for a 13.56 MHz (w,; = 85.2 X 107rad/sec) discharge in the typical density of
CCREF discharges; while Godyak and Popov [73] obtained it at 6 times higher frequency.
Although symmetric parallel plate discharge do not exhibit resonance condition at lower
frequencies; however, some experimental/ simulation studies have reported series reso-
nance in low frequency asymmetric discharges [16]. The reasons have been attributed to

non-linear harmonics generated in asymmetric RF sheaths [57].

5.2.1 Analytical formulation for Electron series resonance in a trans-

versely magnetized CCRF plasma

In this experiment, the resonance is observed in presence of transverse magnetic field.
To highlight the role B-field plays in inducing this resonance; we again resort to cold
plasma conductivity in presence of magnetic field. For the experimental setup discussed
in chapter-2 Fig 2.1; we consider the B-field along the Z-axis. The driving electric field
perpendicular to the electrodes is considered along X-axis. This results in current density

J = GE, where 7 is anisotropic conductivity tensor and E is the total electric field vector.
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Therefore J can be described according to Bittencourt [ 10] as follows:

J o, —og O E,
Jy |[=| ow oL O E, (5.7)
JZ 0 0 a| EJZ

Considering Y-axis along the length of the parallel plate electrode; then the perpendicular

(to B-field) component of currents is given by,

Jy=0,E,—oyE, (5.8)

Jy=oyE,+0,E, (5.9

Where, o, and oy are respectively the transverse and hall conductivities in magnetized

plasma.

Jy 1s the hall current component in the parallel plate setup. This component is directed
along the length of the plates. However, as this is a bounded system in Y-axis with two
flush mounted floating plates as the boundary [p.c. Fig 2.1 chapter-2]; the plasma elec-
trons cannot flow un-impeded. Therefore an intrinsic electric field would setup inside
the plasma to restrict J,. For comparison in azimuthally symmetric systems; such as hall
thrusters [76] , the hall current is closed within the plasma, and therefore in steady state
the hall electric field is zero. However, in the Cartesian system, a time averaged ExB
drift propagates along Y-axis. This drift is due to ambi-polar electric field along (+/-)
X-axis, with B-field along Z-axis; as shown in Fig 2.1 and 2.2. These drifted electrons
constitute a net current along Y-axis; which likely closes through the floating conducting
end plates. The short-circuiting effects of conducting boundaries in magnetized discharge
is well-known phenomenon since 1955 [77] and recently also by chen and currelli [78].

Only difference in this case is that current is due to the E x B drifts.

Simulation results for similar setup, as used in this experiment also report; that ExB drifts
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are dominant in the sheaths and pre-sheath regions. These drifts are opposite for the top
and bottom electrodes and commensurate at the electrodes for an electrically symmetric
discharge [22]; which is also the case in the current setup. Therefore, it is supposed that
the E x B drift closes in a rather complex manner and a detailed description of which
would be an involved study which has to be done separately. Considering a closed ExB
drift one can assume the electric field E, << E, except near the floating end plates at the
extreme ends of Y-axis. Therefore from Eq: 5.8 , the net RF current through the discharge

plates along X-axis approximates to;
Jp=Jy =0, E, (5.10)

Considering the transverse plasma conductivity o, as given in Bittencourt [10],

ne’ Vi £ jW
O, =— ;
m (v, = jw)?* + Q2

] (5.11)

Where, Q is the electron cyclotron frequency

The + sign in the conductivity gives two practical solutions for the resonance conditions.
First, considering —ve sign in the conductivity equation and performing a similar analysis
as done for the un-magnetized cold plasma conductivity in bulk plasma yields the bulk
plasma impedance as;

d Q? Q?

=v,L,[1 + 51— jwLy[1 -

ZB: —2
vm+a)

] (5.12)

Ao, V2 + w?

In Eq: 5.12 L, is the bulk plasma inductance; which can be expressed [16] as L, =
1/ (a)%)er) where C;, = % is the capacitance of the bulk plasma and wlz,e = Zz_i) is the
electron plasma frequency.

Consequently, the total discharge impedance together with the sheath becomes;

o2 o2
L+ ———]— jwL,[1

.S
o - j—— (5.13)

d
Z=Zp+7, = —+ -
V2 +w? T Awe

Ao,  JjAwe
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Separating the reactive component (imaginary term) of Z = R + jX,

2 s

X = —jwL,[1 - (5.14)

-
V2 + W? JAa)eo

Equating this Eq: 5.14 to zero; would yield the condition of series resonance in magne-

tized plasma that is;

Vi + w? V2 + w?
Wres,Bp = Wpe Vs/d[Q ]1/2 = ]1/2 (5.15)

. O
2- (2 +w?) res Q2 — (V2 + w?)

Here, w,.sp 1s the modified resonance frequency in magnetized CCRF discharge and
wpe Vs/d is the series resonance frequency in the un-magnetized case. In Eq 5.15; it
is to be noted that w,.,p and w is the same i.e. driving frequency. Therefore Eq 5.15
shows that the driving frequency at which the discharge would exhibit ESR is dependent
on the Pressure (v,,) magnetic field (€2) and driving frequency (w) as discharge impedance

changes with all these parameters. This has been discussed further in Section 5.4.

Considering a collision-less (v,, = 0) case; the condition of resonance in Eq: 5.15 be-
comes

Wy = Q- W, (5.16)

res

If, we would have considered +ve sign in Eq: 5.11 then following the same derivation Eq:
5.16 would change to give
W, = QO + W’ (5.17)

res, res

The solution of Eq.5.17 is similar to an upper hybrid resonance frequency in plasma
wherein w,, is replaced by w;,., due to the effect of sheaths on the resonance. We know,

that Q = 1.23 x 10°rad/sec (7.0 mT); while w,., is also in similar range. Therefore,

2

ves.p Would also be in 10°rad/ sec range as per Eq: 5.17. However, the experimental

w
observation of resonance is at 8.52 X 10”rad/sec and therefore, the observed resonance

could only be explained by the solution of Eq 5.15.
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For Collision-less case in Eq 5.16 and Eq. 5.17 as v,, = 0; the resistance of the plasma
bulk becomes zero. Therefore, plasma cannot sustain. Consequently, the resonance given
by Eq. 5.16 and 5.17 is basically the resonance of a L-C Series circuit; which is not a real
solution for plasma. These limiting cases of v,, = 0 were shown just to highlight the fact
the we must consider only the -ve sign in conductivity Eq 5.11 to derive the condition of
resonance in 5.15. For +ve sign in Eq 5.11; the resonance condition would be satisfied in
much higher frequency range. Two solutions of frequency were also found by Qiu [75]

for the same magnetized plasma conditions.

5.3 Experimental Results

We report the first experimental observation of ESR condition in transversely magnetized
plasma in 13.56 MHz argon discharge [70]. This experiment is performed in the parallel

plate experimental system details of which are already disclosed in chapter-2.

As shown in the Fig:5.2, the discharge reactance shows a similar form as shown in Fig:5.1
as it behaves inductively at low RF powers and transitions to capacitive load as RF power

is increased in presence of a transverse magnetic field of 7.0 mT.

It is also observed that the condition of resonance also changes with the neutral gas pres-
sure inside the vacuum chamber. A plot of RF power at resonance condition P,.; is plotted
in Fig:5.3 for different operating pressures. It is seen that the power at which resonance is
obtained is higher for lower operating pressures. The underlying reason for it is presented

in the discussion section of this chapter.

5.3.1 Series Resonance for lighter/responsive ions

In this experimental study; we also report a resonance condition in the second experi-

mental setup i.e. Cylindrical CCRF discharge. The observed resonance is for helium
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Figure 5.2: Plasma reactance for different neutral gas pressures at 7.0 mT transverse B-
field

discharge at 1.0 Pa of neutral gas pressure where a transition in discharge reactance from
inductive to capacitive is seen at relatively higher magnetic fields of 25.2 mT and pow-
ers above 70 W. The reactance are plotted in the fig 5.4 for different axial magnetic fields
with increasing RF power levels. The observed resonance differs from the one observed in
transversely magnetized parallel plate discharge; as in that case the resonance is governed
by the electron conductivity only. It is not straight forward to derive a theoretical expres-
sion for series resonance in this case due to radially expanding and collapsing sheaths as
well as responsive ions to the RF fields. However, a qualitative analysis for the observed

resonance could be provided as follows;

In this case the resonance condition is governed by the electrons as well as ions. For
the given plasma density the condition of low frequency sheaths is satisfied i.e. w,; =
w,s. Therefore, the ions also respond to the RF fields leading to very thin sheaths [11]
[Section:11.5 of Ref [11]]. As the sheaths are very thin is such a case, the capacitive
reactance of the sheath is also small. On the other hand the bulk plasma inductance
(L, o< L/A) in the cylindrical CCRF system is large due to source design. The ratio of

plasma length over cross-section i.e. L/A is about 50 times in cylindrical CCRF system
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Figure 5.3: RF Power levels at resonance condition Vs Pressure

as compared to parallel plate setup.

The effect of magnetic field and the RF power on the discharge impedance in this setup
is only expected to reveal itself in the plasma density (inductive reactance) as the ex-
ternal axial magnetic field remains parallel to the plasma bulk electric field making the
bulk plasma conductivity independent of B-field. As the plasma density increases with
the RF power and with the magnetic field due to confinement of electrons the reactance
correspondingly falls as seen in 5.4. Consequently a series resonance is observed for suf-
ficiently high RF power and the magnetic fields. The observed resonance in this case is
due to the enhanced inductive reactance created by the source geometry as well as the
effect of responsive ions of the cylindrical sheaths. Therefore, the apparent reason for
inducing this resonance condition is the dynamics of the responsive helium ions to the RF

fields and not due to the transverse magnetic fields as is the case in parallel plate setup.
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Figure 5.4: Plasma reactance for different axial magnetic fields at 1.0 Pa helium discharge

5.4 Discussions

The existence of series resonance is marked by the transition of discharge reactance from
positive to negative values which is observed for both the experimental setups for different
gases and magnetic fields. For the parallel plate setup; the ESR condition for transversely

magnetized plasma is given by Eq: 5.15. i.e.

2 2 2 2
vV, +w 12 v, +w 12
Wres, B = Wpe Vs/d[—] =
Q2 — (v2 + w?) Q2 — (V2 + w?)
This equation for w,., g is a implicit function of w and therefore can be written in the form

Wres.B = Pwres Where,
2 2
v, tw

1/2
T o7 o) (5.18)

B=1

Substituting w = 85.2x107rad/ sec for a 13.56 MHz discharge and Q = 1.23x10°rad/ sec
(7.0 mT) in Eq: 5.18; we can plot the value of § as a function of collision frequency v,,.
The range of the collision frequency is chosen for the experimental pressure regime of 1.0

to 5.0 Pa. Such a plot is shown in Figure 5.5;

As seen from the plot in Figure 5.5 § increases with v,,. However we know that for
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Figure 5.5: Plot of B(v,,) as a function of collision frequency

the observed experimental resonance condition is at a fixed RF frequency of 13.56 MHz
WresB = PWres = 8.52X 10" rad/ sec. While in the experimental pressure range of 1.0 to 5.0
Pa, B ranges from 0.1 to 0.3 and therefore w,., ranges from 850-284 x10°rad/sec. The
corresponding electron plasma frequency therefore varies as w,, = Wy.s Vd/s ; Assuming
Vd/s ~ 4 , this gives an estimate of electron density n, ~ 0.36 X 10"°m3 — 0.4 x 10m~3
corresponding to w,.;. The obtained values of n, reasonably agree to the densities ob-

served in a typical parallel plate CCRF discharges.

Moreover, we have seen in Fig 5.3, that RF power at resonance condition falls as the pres-
sure is increased. Since RF power is proportionate to n.(w,,); therefore w,., = w,, Vs/d is
also expected to fall with pressure. This implicitly suggests that for § value must propor-
tionately increase with pressure to satisfy the resonance condition w(f = 13.56 MHz) =
Bw,.s which is seen in the plot of 5. Therefore, the experimental result is in qualitative

agreement with the conductivity model.
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5.4.1 Role of transverse B-field in inducing resonance at lower RF

frequency

It is necessary to understand the underlying reason for observing resonance condition in
transversely magnetized discharge. If we consider Eq: 5.13 for the plasma impedance we

have;

2 2

d Q
Z=Zs+7Zy = —— =v,L,[1 + ———]— jwL,[1 - _
? Ao, Vinks| v,zn+w2] Jokyl V2 +w? jAwe

S

Again, focusing only on the complex part of the equation;

02 s

X =—jwL,[1 - -
Jokyl V2 + 0w jAwe

In the above equation the last term is the capacitive reactance due to sheath. This term
is same as seen for the un-magnetized plasma in Eq: 5.4. The first term of the equation
however, is different from the un-magnetized plasma case. In presence of magnetic field
afactora = —[1 — %] is introduced with jwL, (inductive reactance of the bulk plasma

m

for un-magnetized plasma).

Substituting values of Q = 1.23 x 10°rad/sec (7.0 mT) and v,, (as shown in Figure5.5)
for the experimental pressure range; we get % >> 1 and therefore @ >> 1. Asa >> 1
is multiplied with the inductive reactance term jwL,, the inductive reactance is much en-
hanced in presence of a transverse magnetic field. The overall effect is that the inductive
reactance of the bulk plasma becomes comparable to the usually dominant capacitive re-
actance of the sheaths so that a resonance condition could be achieved at a lower frequency

of 13.56 MHz RF frequency.

The fundamental principle for observing resonance is however same as the one which was
obtained at 81.36 MHz by Godyak and Popov. They enhanced the inductive reactance of

the bulk plasma 6 times by increasing the frequency 6 times (X, oc w); while also reducing
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the capacitive reactance 6 times (X, o< 1/w). Therefore, increasing the frequency has a 36
times effect on the discharge reactance. Similar, effect in magnetized case is introduced
by a factor as for Q = 1.23 x 10° (7.0 mT) ~ 10° collision frequency v,, ~ 10%sec™!
and w = 8.52 x 107 ~ 108 the value of @ = 100. Therefore, in the magnetized plasma
case, only the bulk inductance is enhanced 100 times to match with the high capacitive

reactance of the sheaths.

Other-way to understand this is that in high frequency resonance the capacitive voltage
drop across the sheath is lowered; while the inductive voltage drop is increased to cancel
each other, However in the magnetic field induced resonance the only the inductive drop
is increased by « factor. Therefore, it is inferred that in transversely magnetized plasma
the voltage drop across the plasma bulk is much higher than in case of high frequency
resonance condition. Intrinsic effect of this would be on the electron bunching near the
sheaths as seen by Qiu [75]. The electrons would oscilate from sheath to sheath under
the influence of this inductive voltage drop as simulated by Qiu. Higher inductive voltage
drop would accelerate the electrons to very high energies causing improved ionization

along the way leading to high plasma density operation at lower neutral gas pressures.

5.4.2 Practical implication of modified magnetized ESR condition

The practical implication of the transverse magnetic field induced series resonance could

be understood from Eq: 5.15 itself;

2 2
V + (U Vo + W
/ 1/2 _ m 1/2
Wyes,B = wpe S/ [QZ (VZ + (1)2)] - wres[Qz _ (V2 + (,()2)]
m

In the above equation, experimentally, w,.; 5 = w is fixed by the supply frequency. i.e.
Wresp = 8.52 X 107rad/sec for a 13.56 MHz supply frequency. Plasma density (w)p.)
and the pressure (v,,) is usually determined by the substrate process requirements and

therefore it can be given as an input to the equation. If we assume a value of sheath
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thickness s and substitute all these values in the above equation; we can solve to obtain
the value of Q — electron cyclotron frequency for which a resonance condition would be
observed. Therefore, this equation gives a blue-print on using the magnetic field as a

control parameter to precisely create a condition of series resonance.

5.5 Summary and Conclusions

To summarize, we have devised an equation of ESR in a transversely magnetized CCRF
discharge; which can be the basis for designing a CCRF discharge setup wherein magnetic
field could be used as a controlling parameter to induce the resonance conditions. The role
of pressure, RF power, ion response to RF fields, plasma source dimensions in determin-
ing the plasma impedance is deliberated. This chapter follows up on the conclusions of
chapter-4; which showed the effectiveness of transverse magnetic field in controlling the

RF power coupling into individual plasma species inside the discharge.

In conclusion, the resonance condition in a CCRF discharge could be achieved with help
of external means such as magnetic fields as well as the plasma discharge configuration.
The observed resonance condition in the cylindrical CCRF setup also suggests that the
discharge configuration (Ratio of L/A) and the ion dynamics also plays a vital role in
determining the resonance condition. In case of responsive ions to the RF fields w,; ~ w,;
the theoretical modeling becomes very complex owing role of ion in determining the

overall plasma conductivity in the plasma bulk as well as the sheaths.

The theoretical as well as simulation study of ESR in presence of responsive ions is still
an open problem; with no literature available on the topic; while the experimental work in
the thesis gives an insight into the problem. The problem is of importance as higher fre-
quency CCRF discharges (60 MHz) are now being operated for plasma processing; which
challenges the stationary ion assumption in the plasma bulk. The responsive ion would

completely change the plasma dynamics; moreover the higher frequency discharges (60
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MH?z or above) introduces the electromagnetic effects along the discharge electrodes in a

CCREF discharge [79]; which would also change the plasma behavior and the impedance.
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Chapter 6

Characteristics of a capacitive coupled

magnetized plasma column

This chapter presents in detail the impedance characteristics of a magnetized plasma col-
umn created by a set of capacitive coupled cylindrical electrodes in presence of axial
magnetic field. The objective was to create an elongated plasma column in presence of
higher magnetic fields. The interaction between the capacitive RF electric field with sta-
tionary magnetic field for creating an elongated magnetized plasma column is fundamen-
tally motivated towards plasma formation at low operating pressures in cylindrical and
toroidal plasma devices. Elongated plasma in a linear device is particularly important; as
high density plasmas confined in an axial magnetic field assists to be a significant tool for
investigating many basic phenomena in laboratory plasmas [80] [81] such as cross-field
transport of charge particles to oblique magnetized sheaths [78][582] [83]. The interaction
between the RF driven electrodes in presence of oblique magnetic field leads to anomalous
heating of antenna surfaces in ICRF heating antennas applied in tokomak [84]. Impro-
vised experiments to study effect of electrode biasing in magnetized plasma column with
implications in tokamak discharge have been conducted; elongated plasma with minimal

gradients and curvatures in presence of magnetic field can mimic scrape of layer (SOL)
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region [85] [86] existing near the plasma facing components such as diverter/limiters in
tokamaks [87]. Moreover, the magnetization effects on CCRF plasma may well be more
pronounced in other electrode geometries than a parallel plate system . Additionally, the
azimuthally closed E x B drift inside the hollow cylindrical electrodes would also enhance

the ionization; similar to a hall current in hall thrusters [76].

This chapter applies the impedance measurement technique described in chapter-3 to re-
veal the properties of magnetized plasma column produced by a set of cylindrical elec-
trodes operated in push-pull configuration. The impedance measurements are associated
with the direct measurement of radial plasma density n, and electron temperature 7, ob-
tained using the hybrid electric probe [31]. Using the above information, the role of
external magnetic field on the plasma uniformity due to azimuthally closing E x B drifts
generated near the cylindrical sheaths is discussed. A correlation between the local plasma
density ng and electron temperature 7, measured at the radial center of the plasma column

and the gross externally measured impedance is recognized.

6.1 Uniform plasma column formation in cylindrical CCRF

plasma source

The cylindrical CCRF plasma source described in Chapter-2 has been used for the present
investigation. The discharge is sustained by applying the RF potential to the extreme
cylinders with respect to the central electrode. The external magnetic field is applied
along the axis of the hollow cylinders. This geometry not only helps to close the Ex B
drift current, it also allows an axial current for sustaining a plasma column between these

electrodes.

Fig 6.1 shows the schematic of the setup detailing the manner in which the currents be-

tween the electrodes are closed due to application of magnetic field. Briefly, the three
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cylindrical electrodes are placed at fixed axial locations inside the linear vacuum cham-
ber. The intense radial electric field inside the sheaths is transverse to the axial magnetic
field. This gives rise to a localized azimuthally closed electron drifts; while axial currents

are generated to provide the current continuity between the discharge electrodes.

Cylinfrical electrode

Extending Plasma Column
Bulk
Azimuthal Hall current

Figure 6.1: Schematic of the cylindrical plasma column

Fig 6.2, shows the photographic images of the elongated plasma column. A direct (Front)
view of the column shows that the plasma is radially more intense at large radius than
at the center. This is caused because the ionizing electrons undergo a closed E x B drift
in the vicinity of the radial sheaths. The RF current between the consecutive electrodes
however does not have this drift because the bulk electric field in the plasma column is

along the magnetic field i.e E || B between the axially separated electrodes.

6.1.1 Magnetized plasma column

The front (axial) and the side photographs taken from outside the vacuum chamber for
argon discharge are shown in Fig 6.2 (a) to (f) for increasing axial B-field at a fixed RF
power level of 60 W. From, the visual images it can be seen that as the magnetic field
is increased the radial confinement of the plasma column is seen to increase to form a
well-defined cylindrical plasma column. It is also worth noting that with the increase in
B-field, an intense bright annular ring of plasma inside the hollow cylindrical electrodes

tends to shrink in radial width and shifts more closer towards the cylindrical surface as the
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Side  (a) Front (b)

0OmT 5.6mT 11.2mT

‘C) (f)

22.4mT 28.0mT

16.8 mT

Figure 6.2: Side and front views of argon plasma column in cylindrical CCRF discharge

Side (a) Front (c)

5.6 mT 11.2mT
16.8 mT 22.4mT 28.0mT

Figure 6.3: Side and front views of helium plasma column in cylindrical CCRF discharge

E x B drift currents becomes localized near the sheaths. Fig 6.3 (a)-(f) shows similar plots
for a helium plasma column. Although, the effect of B-field on the radial confinement is
similar to the argon discharge, however, as it can be seen from the front views that the
plasma column is homogeneous irrespective of the applied magnetic field. The reason for
such behavior in helium is discussed in the upcoming sections.The radial homogeneity
is visible to the naked eye; while the photographs presented in Fig: 6.3 becomes highly

saturated unlike the argon plasma.
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6.2 Experimental results and Discussions

To characterize the magnetized plasma column; three externally measured electrical pa-
rameters are plotted in Fig 6.4 . The three basic parameters 1) discharge voltage V., 2)
Plasma current /, and 3) the power factor cos¢; for argon and helium discharges with in-
creasing magnetic field strengths for different set RF power levels are shown. The product
of these parameters provides the actual power delivered to the discharge; which is about

80 — 85% of the set power for the present experimental setup.

From, these plots it is seen that at a constant B-field, the RF voltage and Current for
both argon/helium discharge column increases with increase in set RF power level. In
contrast we observe that for a fixed RF power level the RF voltage tends to fall while the
RF Current increases with increase in B-field. The power factor values obtained in Fig
6.4a for argon are due to capacitive phases (-ve Reactance); while in Fig 6.4b in helium
are due to inductive phase (+ve Reactance). The inductive behavior observed for Helium
CCREF discharge is a notable result and is discussed with the impedance plots in Fig 6.5b
of the plasma column. The power factor values in argon as seen in Fig 6.4a falls initially
and then increases with B-field. In case of helium discharge the power factor values
tends to increase consistently with B-Field; and a resonance is seen when cos¢ = 1.0 as
the magnetic field strengths increases. From, these electrical parameters we obtained the
discharge reactance and discharge resistance as per procedure described in chapter-3. The
power factor values for both the discharges are seen to be high (0.65-1.0) for a capacitive
coupled plasma. The discharges with such high values of power factor are called near
resonant discharges [75]. The higher values of the power factor in a typically capacitive
reactance dominant system is due to the dimension of the plasma. Since, bulk plasma
inductance L, o« L/A; where L-plasma length and A-plasma cross-section; it is expected
that the inductive reactance is significantly higher if the length of the plasma column is
large. In this case, the inductive reactance of the bulk plasma compensates for the usually

dominant capacitive sheath reactance giving rise to higher values of power factor close to
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Figure 6.4: Plot of electrical discharge parameters Vs. B-field

1. For comparison, the ratio of L/A of the cylindrical setup is almost 50 times higher than

the parallel plate system and therefore this plasma is not strongly reactive in nature.

6.2.1 Impedance characteristics

The real (\resistance) and imaginary (\reactance) part of the impedance for the argon and
helium discharge column are plotted as a function of increasing axial B-Field for different
set RF power levels in Fig 6.5. The resistance R is due to power dissipation in the plasma
and inside the sheaths; while the plasma reactance is due to the bulk plasma inductance
in series with the sheath capacitance. Therefore, the reactance X = wL, — wé—/ In Fig
6.5a , it is observed that the resistance R for argon falls quickly initially with increase
in magnetic field. However, as the magnetic field increases above 15.0 mT, the rate of
fall slows until a saturation value of R is reached around 100 — 200 Q . The fall in case
of helium is however found to be monotonic in nature. As for fig 6.5b, the discharge

reactance X is found to be capacitive in argon and inductive in helium.
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Figure 6.5: Impedance characteristics for different set RF powers levels with increasing
B-fields
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Fig:6.6 plots plasma parameters (ny and 7,) Vs. B-Field for an array of RF power levels
in a) argon and b) helium at the radial center of the plasma column. Trends in Fig:6.6
showed that for a fixed RF power level the plasma density increased with magnetic field
whereas electron temperature 7, decreases. It is also seen that the central plasma density

does not increase significantly with rise in RF power levels.

Insights into the phenomenology of the argon discharge are given by combining plots in
Fig:6.5 and Fig:6.6 ; where it is seen that the fall in resistance is concurrent with increased
conductivity (/density) and therefore the measured plasma density trend and the externally
measured resistance trends concur well. Electron temperature 7, on the other hand is seen

to be directly linked to increase in RF power coupled to the plasma discharge.

The complex reactive impedance plots in Fig 6.5b also divulges stimulating intrinsic be-
havior of the discharge. In argon, the measured reactance was negative; while its mag-
nitude decreased with increase in magnetic field and is almost independent of the RF
power. Like the resistance, the discharge reactance plot also exhibit a saturating nature as
the B-field is increased above 15.0 mT. The initial fall in the magnitude of the reactance
could be due to either decrease in capacitive reactance or increase in inductive reactance
of the bulk. However, it is known that the bulk plasma inductance L, varies inversely with
electron density n, [ 1]. Therefore, it is not a plausible explanation for decreasing mag-
nitude of reactance based on the plasma density measurements plotted in Fig 6.6a. The
capacitive reactance on the other hand is determined by the sheath width s o V/I [11]
[16]. As per plot in Fig 6.4a, the voltage falls significantly with increasing B-field; which
will lead to smaller sheath widths. The capacitive reactance hence reduces in magnitude
due to decrease in sheath widths. A decreasing sheath width due to increase in magnetic
field is consistent with the results reported by You and Sharma [6] [7]. Thus it can be
concluded that the fall in capacitive reactance of the sheaths is dominant over the change

in inductive reactance of the bulk plasma.

In helium discharge, an opposing trend in reactance is seen as compared with the case
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Figure 6.6: Plasma Parameters with B- field for range of RF powers
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of argon discharge (c.f fig 6.5b)where the magnitude of the reactance decreases with B-
field. For the helium discharge, the reactance is found to be primarily inductive. Since,
the helium ions are lighter than argon as a result, the ion time scale for typical plasma
density of 10'm7 is close to the RF time scale for 13.56 MHz. Consequently, the he-
lium ions are able to follow the instantaneous RF potential in the sheaths unlike in argon;
which can only respond to time averaged DC potentials inside the sheaths. Therefore is
is expected that in the case of helium discharge the sheaths are resistive in nature [11].
Consequently, the capacitive reactance of the sheaths are negligible for helium and there-
fore, the inductive reactance of the bulk dominates as seen in Fig 6.5b. The sheath widths
are correspondingly smaller in helium as compared to argon [ ! I]. This result is also con-
sistent with the visual observation in Fig 6.3; which showed no ring like structure in the
visual image of helium plasma column as B-field was increased. Since, sheath widths are
very small, the effect of E x B drift near the sheaths is also not discernable. Furthermore,
as the plasma density increases, the inductive reactance inside the bulk plasma will re-
duce. Therefore resonance condition can be seen for stronger magnetic fields, which has

been discussed in chapter-5.

The primary reason for observing the rise in plasma density with B-field in Fig 6.6 can
be attributed to enhancement in collisions introduced by the magnetic field. The electrons
are confined by the external magnetic field and the gyro-motion along the magnetic field
lines can increase the probability of collisions with the background atoms. As given
in Ref [5]; an effective pressure P.sr = P, + a/(%i) was introduced which is analogous
to increase in collisions introduced by the magnetic field. Here, @ is a constant factor
and P, is the actual neutral gas pressure (present case P =1.0 Pa). The improvement in
power coupling efficiency in presence of magnetic field inside a discharge is well-known
[11] [16]. This result is also in agreement with the power-mode transition discussed in
chapter-5; which demonstrated that with increase in B-field; higher fraction of the set
RF power was coupled to plasma electrons. In the case of cylindrical electrode the gross

electric field inside the bulk plasma points radially outwards and more strongly adjacent
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to the inner electrode surface. Therefore the electric field is perpendicular to the external
magnetic field . The energetic electrons therefore azimuthally orbits due to E x B drifts
near the inner periphery of the electrode surface and provides non-local heating close to
the cylindrical surface. Magnetically induced non-local heating of electrons was earlier
reported in a simulation study in a parallel plate setup [88]. However with the increase
in B-field; it becomes difficult for the energetic electrons near the electrodes to transport
radially across the magnetic field lines towards central plasma region; thus they remain
confined in the periphery of the cylindrical column. This characteristic can be observed
from the radial plots of the electron temperature; measured between two axially located

cylindrical electrodes.

In Fig 6.7, the radial plasma density and electron temperature 7, for argon and helium
discharges are plotted. It is clearly seen that the T, is peaked at radial position of 3.0
cm. This high temperature region is along the magnetic field lines passing close to the
inner surface of the cylindrical electrodes at a radial distance of 3.25 cm. The plasma
density however shows an inverse trend since the hotter electrons tends to diffuse more
rapidly along the axial B-field. For the radial profiles of plasma density and electron
temperatures plotted in Fig 6.7; the dependence on B-Field and RF power level shown for

central density and temperature measurements in Fig 6.6 remains consistent.

The rise in T, with RF power level; is fundamentally due to enhanced voltage drops across
the sheaths as seen in Fig 6.4. The electrons primarily gain energy from the rapidly oscil-
lating RF potential across the sheath. The energetic electrons interact with the background
neutral gas and thermalized by elastic and inelastic collision process close to the electrode
surface. The increase in local electron temperature near the electrode is not seen to affect
the plasma density significantly as the particle loss by diffusion is also expected to rise

due to the ambi-polar electric field along the magnetic field.

The impedance plots for argon discharge in Fig 6.5 shows a saturation in the values of

resistance as well as the reactance on increasing the B-field strength above 15.0 mT. The
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corresponding electron larmor radius R; were also plotted in Fig 6.8 considering the elec-
tron temperature 7, values for the range of applied magnetic field. We also observe a
similar trend in R; showing a saturation value as the magnetic field strength increases

above 15.0 mT. Therefore as far as magnetization is concerned, we observe no significant
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Figure 6.8: Larmor Radius R; Vs. B-field

change in impedance characteristic above B = 15 mT. Therefore for observing a promi-
nent change above 15.0 mT in discharge impedance, the magnetic field must be strong
enough to influence the ions. Hence, the trend in R; parameter with the applied mag-
netic field can provide key inputs for designing the magnetized plasma system and the

impedance matching range for the plasma load due to external magnetic field.

6.3 Summary and Conclusions

In summary, a magnetized plasma column produced by a set of hollow cylindrical elec-

trodes in a linear plasma device is presented. The characteristic effect of ion mass on
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the discharge properties is demonstrated by considering argon and 10 times lighter he-
lium gas within the same discharge setup. A dramatic change in the discharge impedance
characteristic is revealed from this study; it is found that in the case of argon, the sheath
reactance is dominant whereas bulk plasma inductance is dominant in the case of helium.
Low frequency resistive sheaths for helium discharge in the presence of magnetic field are
revealed for the first time in this study through impedance measurements. The radial plots
of plasma density reveal the characteristic difference in the plasma properties due to ap-
plication of external magnetic field. The electron temperature is found to be peaked at the
sheath edge due to confinement of energetic electrons in E x B Orbits near the electrode
surface. The study also shows that the device has the potential to create axially sustained
radially uniform plasma column along the magnetic field. The experimental results also
demonstrate an increase in central plasma density with rise in magnetic field. It will be
interesting to study in future, if such mechanism can be used to create toroidally confined
plasma. The impedance measurements provides a key to understand the performance of
magnetized sheaths, in particular such techniques can be useful to underpin the deleteri-
ous effect of magnetized plasma interaction with an RF driven electrode as encountered
in ICRF antenna in fusion devices. The magnetic field can also be useful as an external
parameter for controlling the plasma density and temperature inside the discharge. The
impedance measurements of the discharge column confer with the intrinsic plasma den-
sity measurement, therefore the technique can be useful for inferring the relative change

in the plasma density inside the magnetized plasma column.
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Summary, Conclusions and Future

scope of work

The thesis was primarily motivated towards studying the effect of an external magnetic
field on a capacitive driven CCRF discharge by non-invasive electrical measurements and
analysis of its impedance characteristics. The impedance measurement technique is a
highly useful technique used by process engineers for the characterization of plasma pro-
cessing tools in microelectronics industries [9]. The application of this method to study
the behavior of magnetized CCRF plasma has been attempted for the first time and it re-
main the focal point of the investigation. Using this technique some important results have
been revealed such as, identification of electron-series-resonance at 13.56 MHz inside
CCREF discharge setup, with magnetic field applied parallel to the electrode surface. The
impedance measurement technique also reveals the power mode transition from a shift
from linear to parabolic dependence from plots of P;(1;) [72]; Power mode transition
is an unique characteristic of a CCRF discharge which tells whether the discharge power is
coupled to plasma electrons or the positive ions inside the sheaths. A rigorous calibration
and analysis of the passive measuring instruments (RF voltage/current probes) and the

discharge set-up has been performed to compensate for the phase-delay in the voltage and
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current measurements by commercial probes as well as estimation of stray capacitance of
the entire discharge set-up [70]. Theoretical analysis of the electrical equivalent circuit
of the discharge explains the series resonance condition due to application of a transverse
magnetic field to the CCRF discharge. It is found that the magnetic field can reduce the
frequency range for observing the ESR effect by one order in magnitude. These results

are detailed in Chapters 4, 5 and 6.

The impedance measurement method performed with cylindrical hollow electrodes with
lighter helium gas reveals that the resistive nature becomes dominant over the reactive
impedance as seen from power factor values cos¢. This observation has been attributed
to the positive ion response to the RF fields; since lighter helium ions are able to follow
RF fields because the ion plasma frequency in this case become comparable with 13.56
MHz. It is important to highlight that the operation of CCRF discharge close to ion
plasma frequency has seen very limited study; the impedance measurements are able
to capture this behavior. It is also revealed that the plasma column tends to be more
inductive in nature and compensates for the usually dominant capacitive effect due to
sheaths. Therefore, the discharge tends to operate near resonance (cos¢= 1) when created
using a pair or isolated electrodes to form an extended plasma column over a long length.
This particular mechanism is particularly useful to create uniform plasma column in a
linear as well as toroidal machine. The sheaths formed in the presence of axial magnetic
field which is transverse to the RF driven electrode surface can mimic the effect of near-
field region of RF antenna that are used in tokamaks for plasma heating [24]. Recently
linear plasma devices are being developed to study plasma surface interaction studies [84].
The linear plasma devices are also ubiquitously used to study various plasma phenomena
in laboratories such as drift wave, magnetized mirror, cross-field transport [80] [85]. The
cylindrical CCREF discharge can be potentially applied in linear device to create elongated

plasma column.

The electrical impedance measurement performed in the cylindrical plasma device has

120



Section:7.0 Chapter:7

been comprehended by supporting direct measurements of plasma parameters inside the
discharge. For the measurement of plasma parameters two types of electric probe diag-
nostics have been introduced. The hairpin probe is a well known method to determine the
electron density. Whereas to obtain the electron temperature a hybrid-type probe com-
prising of an emissive probe and triple probe has been designed to measure the radial
plasma parameters in the cylindrical magnetized plasma column [31]. The experimental
results clearly demonstrated the short-fall in the application of conventional triple Lang-
muir probe in contrast to the newly constructed hybrid probe. The hybrid probe also found

deviation in the electron density obtained by hairpin as the magnetic field was increased.

A condition of electron-series-resonance (ESR) using 13.56 MHz RF driving frequency
has been demonstrated for the first time in parallel plate CCRF discharge for plasma densi-
ties in the range of 10'°m~3 and magnetic field strength of 7.0 mT by varying the pressure
regime from 1.0 to 5.0 Pa in an argon discharge. Through the calibrated non-invasive
measurements of external power, the ESR condition could be established by observing
the net reactive impedance of the discharge becoming zero under certain parameters, such
that the discharge behaves as purely a resistive load. As found from the literature, the
main advantage of working in an ESR condition is that [75]; (1) the operating RF voltage
amplitude is minimum; (ii) the ion energy on to the substrate has a singly peaked dis-
tribution, which is a prime requirement for certain surface processes, (iii) the ionization
enhances, that helps in operating the discharge at lower operating pressures; finally (iv)

the RF matching also becomes easier.

The magnetic field introduced in this study reduces the frequency range for observing
the ESR by almost 6 times, as compared to previously observed resonance in an un-
magnetized discharge. Hence obtaining series resonance at commercially popular RF
power frequencies such as 13.56 MHz simplifies working the discharge at ESR in indus-
trial CCRF plasma reactors. A theoretical model to predict the ESR condition at different

working pressures (Collision frequencies) and plasma density (RF power) by externally
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varying the B-field is also derived and verified in the experimental setups designed for
specific objectives. To obtain the theoretical model of magnetically induced ESR condi-
tion; we used an electrical equivalent circuit of CCRF discharge in conjunction with the
plasma conductivity in presence of magnetic field and the sheath capacitance model. It
has been demonstrated that externally measured gross impedance characteristics cannot
be trivially used to predict ESR and hence a system calibration of the experimental setup
is inevitable to obtain the actual plasma impedances, which eliminates the effects of stray

impedances associated with the discharge circuit during the measurements.
The overall findings can be briefly summarized in the following points:

The ultimate application for this research work would be in commercial CCRF processing
reactors; as this work can be harnessed into a feed-back controlled system which controls
the B-field to operate the discharge at ESR conditions with varying pressures and plasma

densities as per process requirements.

In cylindrical CCRF source, a radially uniform plasma column is created, while electron
temperature 7, tends to decrease towards the radial center of the plasma column. The ef-
fect of increase in RF power however shows an increment in 7, with a marginal increase
in plasma density; whereas the central plasma density increases strongly with applica-
tion of axial magnetic field. Therefore, the two parameters plasma density and electron
temperature can be controlled almost independently in this setup by varying the applied
magnetic field and RF power. The local measurements of plasma parameters carried in-
side the discharge tube have been comprehended with the help of a hybrid probe system.
The hybrid probe is a unique apparatus developed by combining a double probe and an
emissive probe. The hybrid probe has been calibrated/ benchmarked against well known
resonance hairpin probe. The overall local plasma parameters obtained through the hybrid

probe technique qualitatively supports the non-invasive plasma impedance measurements.

It is also established that the cylindrical magnetized CCRF discharge can show an induc-

tive reactance. The inductive reactance of the bulk plasma is directly dependent on the
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length of the plasma column (L, o L/A) where L- plasma length and A- cross-section
of the plasma column). Due to the long plasma column, the inductive reactance domi-
nates over the reactive impedance due to the sheath capacitance. This fact is supported
with help of plasma impedance measurement, which shows an inductive phase for an un-
magnetized CCRF plasma discharge. The axial magnetic field in the cylindrical electrode
setup modifies the power mode transition and power coupling to the individual charge
species (electrons/ions). A series resonance condition was observed in the case of helium
discharge. This was possible as lighter ions of helium were able to respond to the time
varying RF electric field inside the low-frequency sheaths (w,; ~ w,;); which are typi-
cally resistive sheaths [11]. This is an important experimental result as power coupling
into ions in this frequency range is a matter of great interest and is still a topic of research;
with major implications in RF heating schemes in tokomaks. A comparison between the
magnetization effects on argon/helium plasmas highlights the role ion mass plays in the
segregation of RF power between electrons and ions in CCRF plasma discharges. This
is particularly important as the present commercial processing reactors are switching to
higher operating frequencies (up to 60 MHz). The ion response in these setups then be-
comes important and, hence suitable ion mass may be introduced to achieve resonance in

these setups.

To conclude, an experimental investigation of magnetization effects on the power cou-
pling and its impact on the discharge load behavior has been preceded. The usefulness of
the non-invasive electrical measurements in predicting intrinsic plasma behavior such as
power mode transitions and electron series resonances has been demonstrated. Theoreti-
cal models have been developed to determine the operating plasma regime at which ESR
condition can be achieved by introducing B-field. The magnetic field is shown to manip-
ulate the discharge impedances strongly. A cylindrical plasma source has been developed
with closed E x B drifts to work at stronger axial magnetic fields and create a uniform
plasma column. The results show an almost linear increment in plasma density with in-

creasing axial magnetic field and uniform radial plasma profiles in the bulk. It has also
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been experimentally shown that the magnetization has a strong dependence on the power
coupling on individual plasma species and the ion response to the RF fields also impacts
the power sharing between the species. Finally, it is concluded that further research on the
topic is required to ultimately develop a feed-back control system based on magnetization

for regulating CCRF plasma discharges.
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