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ABSTRACT OF DISSERTATION

COMPARING THE ROLES OF INDUCTIVE AND CAPACITIVE COUPLING IN
A PLANAR INDUCTIVELY COUPLED PLASMA THROUGH BOTH THEORY
AND EXPERIMENT

The inductive and capacitive excitation coil-plasma interaction in an
inductively coupled plasma (ICP) is studied in this dissertation. The inductive
coupling transfers power from the excitation coil to the plasma, while the
parasitic capacitive coupling gives rise to rf plasma potential and DC self bias on
the dielectric window, which causes unwanted dielectric window sputtering. A
combined inductive/capacitive model was developed in order to quantify this
problem.

Prior to this work, Piejak et al. developed an air core transformer model
to describe the power transfer mechanism from the excitation coil to the plasma
through an inductive coupling mechanism, in which the plasma is considered the
secondary circuit of an air core transformer. The plasma secondary circuit is
coupled to the primary circuit through a magnetic coupling coefficient k. The
inductive coupling model concludes that the power consumed in the plasma is
proportional to k? for a given rf current applied to the excitation coil. This is
verified experimentally herein to determine the effectiveness of the inductive

coupling model.
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The high rf voltage applied to drive the excitation coil creates a parasitic
capacitive current pathway through the dielectric window and rf sheath to the
plasma. A voltage divider circuit model is developed herein to understand the
capacitive coupling from the excitation coil to the plasma, where the dielectric
window and the rf sheath are considered as series capacitances. The
capacitive coupling model is experimentally verified from measurements of the rf
plasma potential.

From both inductive and capacitive coupling models, it is shown that the
rf plasma potential is indirectly influenced by inductive coupling as well as
directly by capacitive coupling. Finally, a combined inductive/capacitive model
is developed in order to describe fully the combined effects of the two coupling
mechanisms from the excitation coil to the plasma. The combined model gives
a simple relationship between the coupling and the resulting rf plasma potential
variation. This combined model enables one to understand the excitation coil-
plasma interaction and characterize the electrical parameters in the plasma

system.
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Theoretical rf plasma potential calculated using the combined
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CHAPTER 1 INTRODUCTION
1.1 Background

For integrated circuit (IC) manufacturing, one of the key capabilities is to
scale down the physical size of a MOSFET to achieve a higher number density
of transistors on an IC chip. This spatial miniaturization results in both lower
power consumption and faster operation of the integrated circuit.'  Presently,
IC designers successfully employ 0.15 micron feature-size transistors. It is
expected that in near future the transistor size will go down to less than 0.08
micron.?® To satisfy this future requirement, process technology such as
etching and photolithography must be further developed beyond their current
capabilities.

Historically, wet etching of transistor features was replaced by dry etch
processes using Capacitively Coupled Plasmas (CCP).*'' This was done
because of plasma’s unique capability of anisotropic etching (directional etching),
where directional ion flux to the etching surface helps to obtain “ideal” vertical
sidewall profile in the etch feature. Wet etching was isotropic in its etch profiles
and could not be used below 1 micron feature size. The capability of vertical
sidewall profiles etching offered by CCP allowed the manufacture of micron-size
transistors for the first time. However, as the feature size is decreased below

0.25 micron, the demand for anisotropic ion motion in a CCP becomes
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problematic. The relatively high operating pressure (p ~ 100 mTorr) in a CCP
causes many ion-neutral collisions within a plasma sheath, which decreases the
directionality of incident ion flux towards the etch feature. Therefore, stable
plasma operation in low pressure (p ~ 1 — 20 mTorr) is desired, where ion-
neutral collision mean free paths are long compared to the sheath width.
Furthermore, a high etch rate is economically desirable for both higher wafer
throughput and a lower manufacturing cost. To satisfy these two requirements
for the next generation of IC manufacturing, newer plasma sources, which are
able to generate a higher plasma density at a lower operating pressure, have
been developed.

Inductively Coupled Plasmas (ICP) are one of the advanced plasma
sources satisfying the above requirements.'’*** An advantage in the ICP
compared to the other advanced plasma sources such as Electron Cycrotron
Resonance (ECR) Plasmas®? and Surface Wave Plasmas (SWP)¥2 is its
simplicity of design. To generate an ICP, rf current (typically 13.56 MHz) is
applied through an external excitation coil wound around a dielectric vacuum
chamber. A rf magnetic flux is produced following Ampere’s law, which passes
through the dielectric walls in the plasma chamber. The time-varying rf
magnetic flux density, é, induces a rf electric field according to Faraday’s law.
This electric field accelerates plasma electrons and sustains the plasma. A
stove top type configuration of the coil carrying the rf current, which sits on the

dielectric plate separating the chamber region from atmosphere, is widely used.

N
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It is attractive because of its capability for achieving a higher plasma uniformity
in the entire plasma chamber. Cylindrical excitation coils around the chamber
are also employed. In both cases, the rf power transfer mechanism is crudely
analogous to an electrical current in the primary circuit of an air core transformer
magnetically inducing an electrical current in the secondary circuit.'>'¢

Piejak et al. first proposed the inductive power transfer mechanism from
the excitation coil to the plasma using a simple air core transformer model.'® In
their inductive coupling model, the plasma is treated as an inductive load
representing the secondary circuit of a transformer, which is coupled to the
primary circuit of the transformer by the magnetic coupling coefficient k. This
coefficient takes into account the portion of the total magnetic flux provided by
the excitation coil coupled to the plasma. However, the treatment of the plasma
as simply a secondary circuit of an air core transformer might cause significant
error because the plasma is not a simple load having a fixed electrical
impedance. The plasma impedance might have non-linear characteristics due
to its complicated nature. Furthermore, the non-linearity of the plasma load
might vary as the plasma condition changes. Therefore, the experimental
verification of the inductive coupling model is desired over a wide range of
plasma conditions.

To drive a high density plasma, a considerable amount of rf current (~ 10
A) is required through the excitation coil. To obtain such a large rf current

through the coil, several kV of rf voltage is applied to the coil input. Placing a 1
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- 10 kV rf potential on the coil causes parasitic capacitive coupling through the
dielectric window from the coil to the plasma.'*'®#* This is in addition to the
inductive coupling. The rf electric field perpendicular to the dielectric window
plane, which is created by the capacitive coupling, is of practical importance
because it makes start-up ignition of the ICP source easier. That is, the
capacitive coupling is dominant during plasma ignition and then plays a smaller
role once the inductive coupling is achieved.

The capacitive coupling creates a second power transfer pathway from
the excitation coil to the plasma. This capacitive power transfer was entirely
neglected in the prior-art inductive coupling model developed by Piejak et al.'®
Experimentally, it is well known that the capacitive coupling causes a mode jump
in the plasma density due to the change in power transfer mechanism from the
capacitive-coupling dominant at low plasma density to inductive-coupling
dominant at high plasma density.”® DC self bias on the dielectric window due to
the capacitive coupling also causes unwanted dielectric window sputtering.'®%
The resulting sputtered material contaminates the plasma and the substrate to
be etched.??® Furthermore, erosion of the dielectric requires frequent and
costly window replacement. To better understand these problems, the parasitic
capacitive coupling from the excitation coil to the plasma must be studied.

Capacitive power transfer in an ICP has been investigated previously by
Suzuki et al.'®* This work focused on the density mode jump caused by the

change in the power transfer mechanism from capacitive-dominant to inductive-
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dominant. This dissertation has a different goal which is to understand the rf
plasma potential fluctuation, V,, (V), caused by the capacitive coupling, where
the plasma potential, ®, (V), is the potential of the plasma with respect to the

grounded chamber wall having both DC and rf components.

1.2 Research Approach

As previously noted, a simplified power transfer mechanism in an ICP has
already been described using the air core transformer model (inductive coupling
model) by Piejak et al.'® However, the inductive coupling model treats the ICP
as a simple air core transformer circuit.

Herein, we first experimentally measure the plasma characteristics and
relate the measured results to the inductive coupling model. We then verify the
effectiveness of the inductive coupling model by measuring the input impedance
of the excitation coil, including the plasma load, Z, (Q). This impedance is
measured over varying plasma parameters such as absorbed plasma power,
P.s (W), ambient gas pressure p (Torr), and the distance between the coil and
the plasma as set by a dielectric window with thickness, d, (m). Changing d,,
changes Z,,, as described in the inductive coupling model.

We next develop a new capacitive voltage divider circuit model
(capacitive coupling model) to explain the parasitic capacitive coupling from the
excitation coil to the plasma in an ICP system.*® In the capacitive coupling

model, the capacitive current pathway from the high potential coil to the plasma
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is considered as a combination of capacitors in series. The plasma resistance
is neglected in the capacitive coupling model, since a high electron density
plasma may be dealt with as a short circuit.'® The capacitive coupling model is
solved for the rf plasma potential, V.. Understanding the rf plasma potential
variations is crucial to better understand and control the unwanted dielectric
window sputtering.

The measured rf plasma potential is compared to the rf plasma potential
calculated from the new capacitive coupling model. Two tools are employed to
measure the rf plasma potential, a capacitive probe and a Retarding Potential
Analyzer. Good agreement between the two measured results indicates that
the capacitive probe is an accurate tool to measure the rf plasma potential.
Good agreement between values of V,,, calculated from the capacitive coupling
model and these measured suggests the validity of the capacitive coupling
model.

From the new capacitive coupling model, one can better understand how
the capacitive coupling is influenced by the inductive coupling. We purposely
change both the inductive coupling and the capacitive coupling by changing the
thickness of the dielectric window separating the excitation coil from the plasma.
From the combined model of inductive and capacitive coupling, we study the
quantitative interaction between the inductive and the capacitive coupling. This

approach enables us to optimize the overall electrical characteristics of the ICP
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system through optimized inductive and capacitive coupling from the excitation
coil to the plasma.

To summarize, this dissertation focuses on the interaction between
inductive and capacitive coupling in ICP system and develops new theoretical
models to account for the two coupling mechanisms. Furthermore, we
experimentally prove the validity of the models. This work helps to better
understand the inductive coupling and parasitic capacitive coupling mechanisms

and to characterize electric parameters in an ICP system.

1.3 Outline of Dissertation

Chapter 2 describes the experimental setup and measurement tools used
in our research. Chapter 3 discusses the inductive coupling in ICP designs.
The air core transformer model (inductive coupling model) is introduced and
verified through our experimental data on the input impedance of the excitation
coil including the plasma load. Chapter 4 describes the capacitive coupling
encountered in ICP designs. We develop the capacitive voltage divider circuit
model (capacitive coupling model), and verify it through experiments. In
chapter 5, the new combined model of inductive coupling and capacitive
coupling is discussed. In chapter 6, this research is summarized and future

work is suggested.
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CHAPTER 2 EXPERIMENTAL SETUP

Herein, the experimental ICP source is described, the definition of rf
power flow from the power supply to the plasma is presented (section 2.1), and
the various measurement tools employed are discussed (section 2.2). The
experimental data collected in the ICP source are compared to various theories,

including the theory developed in this work.

2.1 Inductively Coupled Plasma Source

A schematic of the ICP source used in our experiment is shown in Fig.
2.1." The plasma is excited in a well-grounded aluminum chamber 25 cm in
diameter and 12 cm high. A turbomolecular pump is placed under the plasma
chamber to obtain 2 x 10° Torr base minimum pressure. A 20 cm diameter, 4
turn copper spiral coil is placed on top of a dielectric window for the plasma
excitation. The dielectric window is typically 1.9 cm thick. However, as
discussed in Chapter 3 and 5, the thickness of the dielectric window is varied to
2.2cm and 2.5 cm. The center of the excitation coil is connected to a rf power
supply (driving frequency, f,; = 13.56 MHz) through a “L" type matching network
to achieve 50 Q matching, and the other end is connected to the grounded

plasma chamber. A rf current applied to the coil induces a rf electric field in the
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plasma chamber, which drives the plasma electron current. [n our experiments,
the plasma is sustained by rf power (62.5 W to 1000 W) from the power supply

over the argon pressure range between 1 mTorr and 20 mTorr.

Power Supply
I

Matching

Dielectric Network
Window

o

Excitation Coil

Capacitive
Probe —

<
i

TERTI VI e TREnE
TR I G rameh i ot
PRI Ty T EG G ME T T Ny

Pump Retarding Potential Analyzer
(RPA)

Figure 2.1 Schematic drawing of the experimental ICP source setup including
the capacitive probe and the RPA.
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The rf coil impedance (Z.; = 0.08 + j87.2 Q) and the total rf input
impedance of the coil including the ICP circuit (i.e. with plasma), Z, = R, + jXi,
[Q], are measured at the coil input using a rf plasma impedance monitor
(Advanced Energy Z-Scan). The accuracy of the impedance probe has been
independently determined.? The rf impedance probe also measures rf voltage
at the coil input, Vs [V], rf current through the excitation cail, |+ [Al, and the rf
power delivered to the plasma, P, (W]. The measurement errors for V,, and
loit @re determined to be within 3 % of actual values and the measurement error
for P, is within 10 % of actual values over the range of parameters in this work.?
The measured Z,, and Z, are primarily used for the verification of the inductive
coupling model developed by Piejak et al.* The measured V., is used for the
calculation of the rf plasma potential in the capacitive coupling model. The
measured P, and |, are primarily used for the calculation of absorbed plasma
power, P,. [W], described below.

Since there are power losses in the matching network and the excitation
coil, five variables, P, P Paen Peoi @nd Py [W], are used to represent the
powers as shown in Fig. 2.2. P, represents the power generated at the rf
power supply and applied to the matching network. P, is monitored by the rf
power supply. P, is the power delivered to the excitation coil as monitored by
the impedance probe. P,, is the power loss in the matching network and

derived using P, and P, from the following relation:

12
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Pgen = Pdel + Pmn (21)

P... is the Ohmic power loss in the coil and calculated from the measured coil

resistance, R, (= 0.08 Q), and the measured rms rf coil current, |_o;; [Amsl, aS:

Pcoil = |coild2Rcoil (2-2)

Note that the coil resistance, R, is measured at f, = 13.56 MHz, which is much
larger than the DC coil resistance due to the skin effect. P, is the power

absorbed in the plasma and defined as:

Pdel = Pabs + Pcoil (23)

In our experiments, P, and P,, are used primarily in order to focus on the
plasma-excitation coil interaction. In short, matching network power loss is
excluded. P, based on the measured P, and |, is used to check that the
plasma electron density is unchanged with changing several plasma parameters,
because the plasma electron density is approximately proportional to P, in our

experimental condition as discussed in Section 3.1.
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Power Matching Excitation
Supply Network Coil Plasma
I | |
F S ) S L
gen i
| J
Pmn Pcoil

Figure 2.2 Five variables, P, Pmn Puen P @and P, to represent various
powers. There are Ohmic losses in the matching network and the excitation
coil represented by P, and P, respectively.

In Chapters 3 and 5, three different dielectric window thicknesses, d,, [m],
(d, = 1.9 cm, 2.2 cm, 2.5 cm) are employed, as shown in Fig. 2.3, in order to
determine the magnetic coupling coefficient, k(d,) between the excitation coil
and the plasma, and the dielectric window capacitance, C,(d,) [F]. In Chapter
4, only the 1.9 cm thick dielectric window is used. The 1.9 cm thick and the 2.2
cm thick dielectric windows are made entirely of quartz (relative permittivity €, ~ 4,
relative permeability u, ~ 1). As shown in Fig. 2.3, the 2.5 cm thick dielectric
window is made of two quartz plates with 1.9 cm and 0.3 cm thick, respectively.
There is a 0.3 cm wide air gap (g, ~ 1, 4, ~ 1) between the two quartz plates.
Note that permittivity of air is different from that of quartz, so that both thickness
and material composition of the dielectric window influence the dielectric window

capacitance, C,. However, the magnetic coupling coefficient k depends solely

14
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on the thickness of the dielectric window due to same permeability of air and

quartz.
(d,=1.9 Excitation Coil
Plasma Region
(iyd, =22 Excitation Coil
y. OHOHONONONO NN

Plasma Region
(iii) d, = 2.5 Excitation Coil

Air Gap —» T : %:0'3 o

_x 1-9cm

Quartz —» %////////////////////////Z

Plasma Region

Figure 2.3 Three dielectric - ‘ndows between the excitation coil and the plasma:
(i) quartz window with d,, = ©.9 cm, (ii) quartz window with d,, = 2.2 cm, and (jii)
quartz-air hybrid window with d, = 2.5 cm. Note that quartz has ¢, = 4, u, = 1,
andairhas g, =, = 1.
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2.2 Measurement Tools

Several diagnostic tools (Langmuir probe, B-dot probe and capacitive
probe) used to measure the internal plasma parameters and fields are discussed
in this section.

There are three fundamental parameters in the plasma of importance in
this work, ambient gas pressure p [Torr], plasma electron density n, [m*] and
electron temperature T, [eV]. The plasma impedance discussed in Chapter 3 is
derived from plasma conductivity o, [Q'-m™], which is a function of p and n,, and
plasma current geometry. The rf sheath capacitance discussed in Chapter 4
depends on n, and T,. Therefore, accurate measurements of these internal
plasma parameters are crucial. The ambient gas pressure p can be accurately
monitored by a commercial capacitance manometer pressure gauge. We
designed a Langmuir probe to measure n, and T,.*®

A standard B-dot probe is used to measure the rf magnetic flux induced
by the rf current through the coil with no plasma in the plasma excitation region
of the ICP chamber.” The measured magnetic flux is used to determine the
relative change in the magnetic coupling coefficient k when varying the dielectric
window thickness, d,,, as discussed in Chapter 3 and 5.

In Chapter 4, a capacitive probe is used to measure the rf plasma
potential, V., [V], in the plasma to investigate the influence of the capacitive
coupling. The measured V,, is compared to V,, calculated from the capacitive

coupling model in order to verify the model.

16
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2.2.1 Langmuir probe

We designed a Langmuir probe used to measure the plasma electron
density n, and electron temperature T, accurately. A metal probe is inserted in
the plasma and positively or negatively biased to draw electron or ion current
from the plasma. The probe current is measured while scanning the probe tip
bias voltage, Vg [V]. This measured | -~ Vg characteristics is used to determine
n.and T,.*

Figure 2.4 shows the structure of a Langmuir probe and its operation
circuit. The metal probe is positively or negatively biased and the electron and
ion currents collected by the probe tip are measured. Figure 2.5 shows a
typical | — Vg Langmuir probe characteristic. When the Langmuir probe is
negatively biased, the probe current is dominated by the positive ions incident on
the probe tip. The current tends to saturate at the ion saturation current, |, [A].
This is because the ion flux incident into the probe tip is limited by the ion flux at
the plasma-sheath boundary, which is primarily independent of the probe
voltage. The probe current increases exponentially with increasing positive
probe voltage. This is due to the increased electron current into the probe tip.
At voltage higher than the plasma potential, Vg > @, [V], the probe current tends
to saturate at the electron saturation current, I, [A]. The saturation in the

electron current is also due to the limited electron flux into the plasma-sheath

17
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boundary. When the probe current is zero, the probe potential is at the floating

potential, Vg = & [V].

Shielding

DC Voltage

Source %
Current Meteré Probe Tip

Figure 2.4 Schematic drawing of Langmuir probe and its operation circuit. the
ion and electron currents are collected by the probe tip. The probe voltage, Vg,
is scanned using a DC voltage source, and the probe current is measured.

| 4

>
— /(D

Figure 2.5 Typical Langmuir probe | — Vg characteristic. ¢, and &, are the
plasma potential and the floating potential, respectively.

18

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The experimental | — Vg characteristics from the planar Langmuir probe
(Fig. 2.6(a)) shows clear saturation currents. This is because the plasma-
sheath boundary area is approximately unchanged in the planar probe, even if
the sheath width is changed by changing the probe voltage. However, the
large probe current due to the large surface area may perturb the plasma.

The cylindrical Langmuir probe used herein is depicted in Fig. 2.6(b).
The simple wire probe tip reduces the probe surface area, which results in small
plasma perturbation. Figure 2.7 shows an example of | — Vg characteristic
measured by the cylindrical probe. The probe volitage is scanned from - 5 to
30 Volts and the probe current is measured at the plasma condition of P, = 250
W and p = 10 mTorr. The cylindrical probe characteristics show broad ion and
electron saturation currents. This is because the change in the sheath width by
scanning the probe voltage changes the plasma-sheath boundary area, A,, [m?].
This changes the saturation currents collected by the probe, |, for a constant
saturation current densities, J.,, [A/m?], due to I, = J,A,. Orbital Motion
Limited (OML) theory*® purposely uses the slopes of the ion and electron

saturation currents to derive the plasma density from the following equation:

2e|d, -V,
loy = 2en,a,dn/|—;]——L| (2.4)

where e is electron charge (=1.6022 x 10™"° C), n, [m™] is ion or electron density
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at the plasma-sheath boundary, a, [m] is radius of the probe tip, d, [m] is length of
the probe tip and m is mass of ion or electron. From Eq. (2.4), the slope of -V,
characteristic is related to n,. We apply Eq. (2.4) to the electron saturation
current and obtain the plasma electron density n,.

It is well known that the difference between the plasma potential, ®,, and
the floating potential, &,, is related to the electron temperature from the following

equation, when Maxwellian electron energy distribution is assumed:*

T, M T
O -b ==2In(—)+—==5.2T, (forAr 2.5
p =P = (2mn)+2 o ) (2.5)

where M is the ion mass (= 6.64 x 10 kg for argon ion) and m is the electron
mass (=9.11 x 10® kg). The measured &, is typically a few Volts with respect
to the ground in our experimental condition. From Eq. (2.5) increasing the
electron temperature T, increases ¢, — ®,. We obtain the electron temperature
T, from the measured @, and ¢, applied to Eq. (2.5).

In the measurement of rf plasmas, rf noise from the plasma often causes
significant error. Our Langmuir probe incorporates a LC filters next to the probe
tip resonant at 13. 56 MHz and the first and second harmonics.*

The Langmuir probe is placed at a location 8 cm below the dielectric
window and in the center radial position, r=0. Typical values are n, = 10" cm’

*and T,=3.2 eV at 2 mTorr argon and P, = 250 W.
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(a) Planar Probe

\

Dielectric Tube Probe Tip
(b) Cylindrical Probe l /
@ *Zat
I |
e

Figure 2.6 Designs of Langmuir probe tip: (a) planar probe tip, (b) cylindrical
probe tip with radius, a,, and length, d,. The probes are surrounded by dielectric
tubes to eliminate noise coupling from the plasma.

I (A)
0.01 Electron Saturation
’ ,  Current
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-0.002

@, ®
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P

Figure 2.7 | — V; characteristic measured by the cylindrical Langmuir probe, at
ICP conditions of P, = 250 W and p = 10 mTorr. Plasma electron density is
calculated from the slope of the electron saturation current using Eq. (2.4).
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2.2.2 B-dot probe

The local magnetic flux in the plasma region is measured using a B-dot
probe.” The B-dot probe consists of a one turn wire loop enclosing a small area
(~ 10 mm?) as shown in Fig. 2.8. Both ends of the wire are connected to the
center line and the ground shield of a 50 Q coaxial cable. A rf potential, V., [V],
is induced around the loop, which is related to the time variation of the magnetic

flux through the loop, ¢, [Wb], as follows:

= d¢'°°p
™ dt

= jwrf¢loop (2'6)

V¢ is measured at the 50 Q termination of a digital oscilloscope.

In this experiment, rf power at f, = 13.56 MHz is applied to the excitation
coil (v, = 2nfy). Since the area of the probe tip is much smaller than the plasma
chamber size, the measured V,, approximately represents the local magnetic
flux at that location. The resolution of the local magnetic flux measurement is
limited by the size of the B-dot probe (1.8 mm in diameter of the loop). The B-
dot probe is placed 3 cm below the dielectric window and is moved parallel to the
dielectric window surface (r-direction) to measure the spatial distribution of the

local magnetic flux.
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Plasma Region )
50 Q Coaxial Cable Magnetic Flux

\ \\ // /One Turn

Vot o E—— el Probe Tip
(measured By -E.D

Oscilloscope) > !\ Induced Voltage

4 A

= . y

Figure 2.8 Geometrical configuration of B-dot probe. Time varying magnetic
flux is coupled to the one turn probe tip, and a voltage is induced according to
Faraday's law. The probe voltage is measured by an oscilloscope.

2.2.3 Capacitive plasma potential probe

The rf plasma potential, V., is measured using a capacitive probe
constructed by placing a length of semi-rigid, 50 Q coaxial cable inside a Pyrex
glass sleeve, as shown in Fig. 2.9.%®* The 10 mm long center conductor of the

coaxial cable is capacitively coupled to the plasma through three capacitances:

(i) Sheath capacitance,
(i) Glass sleeve capacitance,

(ii) Capacitance between the probe tip and the glass sleeve.

The grounded outside conductor of the coaxial cable shields unwanted rf noise

from the plasma to the signal line. Any rf plasma potential induces a rf voltage

23
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signal across the probe tip through the three capacitances. The oscilloscope
measures a rf voltage, V., [V], at the 50 Q termination, which is proportional to
the rf plasma potential, V4 [V], depending on the ratio of the three capacitances
as shown in Fig. 2.10. We define the total of the three series capacitances as
C, [F] and the 50 Q termination impedance as R,, [Q], and the probe voltage,
Ve The relationship between the rf plasma potential, V., and the probe

voltage, V4, is obtained for the following equations:

cort = %Wa (2.7)
Vet = Vg (2.8)
where
= _jﬁ_fc"R—"“ (2.9)
1+ jw,C, Ry

One can see that V,, is proportional to V,, with a factor a, depending on w, (=
2nf,).

The capacitive probe is experimentally calibrated in the following way.
The outside of the capacitive probe is covered with aluminum foil and a known rf
voltage is applied to the foil. Then, the rf aluminum foil voltage and the rf probe
voltage are measured. The ratio between the two voitages provides the

calibration factor o (= 1.26x10°). Based on the calibration factor, we estimate
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the probe capacitance, C,, = 4 pF. When the capacitive probe is inserted into
the plasma, the sheath capacitance forms. However, the sheath width in the
plasma is estimated to be much less (10 — 100 um) than the glass sleeve
thickness. Therefore, the sheath capacitance is neglected in the capacitive
probe calibration described above.

The capacitive probe is typically placed at a location 8 cm below the
quartz dielectric window and in the center radial position, r = 0. In order to
measure the spatial distribution of the rf plasma potential, the capacitive probe

can be moved in the chamber in the r-z plane.

chff
(measured by
Oscyoscope)

Figure 2.9 Geometrical configuration of capacitive probe. The rf plasma
potential is capacitively coupled to the probe. The probe voltage is measured
by an oscilloscope.
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Total of Three

Series
Capacitances, C . vV
Plasma ' rt
¢ —= Probe Tip (measﬁpred by

L I 1l [ v "/ Oscilloscope)

1l
T Sheath Glass Space
Vpﬂ Sleeve %50 Q Termination

Figure 2.10 Equivalent circuit of the capacitive probe. The rf plasma potential
is capacitively coupled to the probe tip through the three series capacitances,
representing the rf sheath, the glass sleeve and the space between the probe tip
and the glass sleeve.
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CHAPTER 3 INDUCTIVE COUPLING IN ICP

Herein, we describe the previously developed ICP theory' and the
expected variation of the electrical input impedance of the ICP, including both
the excitation coil and the plasma (section 3.1). Our experimental data is

compared to the theory in section 3.2.

3.1 Theoretical Description — Air Core Transformer Model

In an ICP system, rf current passing through the excitation coil produces a
rf magnetic flux in the plasma region according to Ampere’s law, as shown in Fig.
3.1. This f magnetic flux induces a rf electric field in the plasma region via
Faraday's law. The rf power is transferred to the plasma through electron
heating caused by this rf electric field. As mentioned in Chapter 1, the ICP
power transfer mechanism is analogous to an air core transformer as described
in a model developed by Piejak et al., as shown in Fig. 3.2.' The inductive
coupling model treats the plasma as the secondary circuit of the transformer.
Therefore, we can simply apply fundamental electric circuit theory to study the

ICP.
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Power Supply
Matching Network

Excitation Coil
Goi rf Magnetic Flux

‘/ Dielectric Window

: —

Plasma Chambe

rt Electric Field

Figure 3.1 ICP power transfer mechanism. Applied rf current into the spiral
excitation coil creates a rf magnetic flux according to Ampere’s law, which
induces a rf electric field in the plasma region according to Faraday's law.

job,
jol,
RD
Primary Excitation Secondary
Coil Piasma "Coil"

Figure 3.2 Air core transformer model of ICP developed by Piejak et al. The
plasma is treated as the secondary circuit of an air core transformer, which is
coupled to the promary excitation coil by magnetic coupling coefficient k.

29

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The excitation coil is considered the primary winding of the air core

transformer with electrical impedance, Z_,; [], as follows:

Z i = Regi + j00abcoi = Reou + Xeai (3.1)

where R, [Q] is the coil resistance representing Ohmic power loss and L, [H] is
the coil inductance. Z. is experimentally measured using the plasma
impedance monitor in our case (Z,;, = 0.08 + j87.2 Q). Although the excitation
coil is made of high conductivity metal such as copper, the coil resistance is
relatively high due to skin effect, which forces most of the rf current to be carried
in the outer 18 um of the conductor.? The plasma is treated as a single turn coil
with electrical impedance Z, [Q], which represents the secondary circuit of the

transformer as follows:

Z, =R, +jo, (L + L) =R, +jX; (3.2)

where R, [Q] is the plasma resistance into which the inductive power is
transferred, L, [H] is the electron inertia inductance, and L [H] is the geometric
inductance of the ICP current path.

Assuming the plasma as a torroidal conductor having radius, a, [m], and
ring radius, r, [m], as shown in Fig. 3.3, we can estimate R, L, and L. Plasma

has a complex plasma conductivity, o, [Q"'-m™]:?
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e’n,

) M(Ve, + j00y) @3

Op

where m is the electron mass (= 9.11 x 10®' kg) and v, [Hz] is momentum
transfer collision frequency between electrons and ambient gas atoms. The
real part of 1/c, attributes to the plasma resistance and the imaginary part

attributes to the electron inertia inductance. The plasma resistance, R, and the

electron inertia inductance, L,, can be expressed as:

(3.4)

=0y —5 5 — (3.5)

(3.6)

R, depends on the geometric terms, a, and r,, the plasma electron density n,
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[m®] and the momentum transfer collision frequency v,,. depends on a,, r,
8 Ty

and n,. The electron density n, is approximately proportional to the plasma

absorbed power P, [W] from the following equation:®
Pabs = enauBAp‘ET (3.7)

where ug [m/s] is the Bohm velocity , A, [m? is the area of particle loss and E;
[eV] is the total energy loss per ion. v, is approximately proportional to the
ambient gas pressure p [Torr]. The geometric inductance, L, is solely

determined by the assumed geometry of the plasma electron current path:

ar,
Ly = Holy {Ir{ ;) - 2} (3.8)

where y, is permeability for free space (= 4n x 107 H/m). Exact analytical
determination of the plasma current path geometry is quite difficult due to the
diffuse and geometrically distributed nature of the plasma “coil”. However, if
the plasma “coil” geometry, a, and r,, the gas pressure p and the plasma
absorbed power, P,., are unchanged, the three plasma impedance elements R,

L. and L, are unchanged regardiess of other plasma parameters.

32

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Dielectric Window Excitation Coil

77777l 77777
////5// IS IIIIIIIIIIIII 1y, it

& 77
717, //////;///////

I IIIIIII LTSI IS 17127,

77 % %,
il ////// Z
Z //////2/”’/////////////////;;/////;/{4// ///

Torroidal Plasma
Approximation

Figure 3.3 Torroidal plasma ring approximation. a, is the plasma radius, and r,
is the ring radius.

coil joL g

Xy

Vcoilrf @

Figure 3.4 Equivalent circuit of the air core transformer (inductive coupling)
model. The secondary plasma circuit is transferred to the primary circuit (= R’
+jX;’). The coil impedance (= R + jol;) remains the same.
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The plasma secondary “coil”’ is magnetically coupled to the primary
excitation coil between L, and L, through the magnetic coupling coefficient k.
Figure 3.4 shows the equivalent circuit of the inductive coupling model of ICP as
seen from the transformer primary input. The coil impedance in the equivalent
circuit does not change. The plasma impedance values referred to the primary

side are modified:

R

R, = 0, kLl sz (3.9)
w, (L, +L,
X,' = ~04°KLogilq —1(—1?-—) (3.10)
ZD
where
Z? = R + (L + L) (8.11)

Note that the primed term is the secondary side value referred to the primary
side of the circuit. The real part and imaginary part of the impedance at the

excitation coil input, R,, and X,,, may be written as:

Rin = Reai + Rp’ (3.12)

Xin = X + X' (3.13)
From the above equations, the inductive coupling model quantitatively describes

Z, of the ICP in terms of three sets of parameters:
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(i) The excitation coil geometry and its electrical impedance, Z;.
(ii) The plasma absorbed power P, and feedstock gas type and pressure p and
plasma secondary “coil” geometry, which sets the plasma impedance Z,.

(iii) The magnetic coupling between the excitation coil and the plasma described

1).

IA

by the coupling coefficientk (0 = k

Referring to Eq. (3.12), R’ [Q] is determined experimentally by subtracting the
known coil resistance, R, from the total measured input resistance, R,,, in our
study. Similarly, X;' [Q] is determined experimentally from Eq. (3.13). Note
that X' is negative in value, because the plasma secondary circuit tends to
cancel the magnetic flux induced by the primary circuit, which reduces the total
inductance. We will discuss only the absolute value, |X;'|, from this point on for
simplicity.

From Eq. (3.9), R, is proportional to k? for a given plasma condition where
Z, is constant. This means that large inductive coupling represented by large k
gives large R;. The rf power provided to the excitaion coil is consumed by
Ohmic losses in the coil, P, and the plasma, P,,, with the ratio of R, : R,’.
The increase in R’ increases P, for a constant total delivered power, Pg,.
Better inductive coupling is represented by larger k, k — 1, which more efficiently

transfers the delivered power to the plasma.
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if the inductive coupling is decreased, for example, by increasing the
distance between the excitation coil and the plasma, R, is also decreased.
This reduces power transfer efficiency to the plasma and results in lower plasma
density for a given Py, because the plasma density is proportional to P, as
seen in Eq. (3.7). In order to keep the same P, with decreasing K, | [Ams]

must be increased to satisfy the following equation:

Pabs = Rp'lco“z (3.14)

Under the condition where Z,, is constant with varying k, the rf coil voltage also

increases according to the following equation:

Vooul =1zin‘ |coil (3.15)

To summarize, increasing the dielectric window thickness requires a higher rf
coil voltage to sustain the same plasma density. Note that higher rf coil voltage
causes larger capacitive coupling from the excitation coil to the plasma as will be
discussed in Chapter 5.

In the inductive coupling model, the plasma is simplified as an air core

transformer by neglecting the following effects seen in actual ICP’s.
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() The plasma can not be simply represented by circuit elements such as
resistance and inductance. This non-linear plasma impedance causes
harmonics to the rf circuit.

(i) Parasitic capacitive coupling through a few cm thick dielectric window might

be significant, since the rf voltage at the excitation coil input often exceeds 1 kV.

Therefore, the validity of the inductive coupling model might be limited in
practical ICP systems. It is desired to experimentally verify the effectiveness
of the inductive coupling model. In section 3.2.2, the relationship between k
and R,’ and between k and |X,'| are measured by changing k with a constant P,
p, and the plasma secondary “coil” geometry. By comparing the measured
data to the theoretical data from the inductive coupling model, the effectiveness

of the inductive coupling model is discussed.

3.2 Experiment and Discussion

Among the electrical parameters used in the inductive coupling model,
R Xi» Ry @and X, are measurable using the rf plasma impedance monitor
described in Chapter 2. R’ and X' are calculated from these measured data.
The direct analysis of R, and X, is quite difficult. These terms are a
complicated function of several unknown and unmeasurable plasma parameters
such as k, L, L, and R;. Suzuki et al. have calculated k, L;, L, and R, for a

simple one turn excitation coil ICP.* However, their technique is inappropriate
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in more complicated excitation coil geometry such as the spiral coil used in our

experiment.

3.2.1 Magnetic coupling coefficient k

As mentioned above, the accurate determination of both Z, and k is quite
complicated. Our approach is to measure the relative change in magnetic
coupling coefficient k, and measure the effect of this change in k on the total
input impedance (Z,, = R, +jX,,). In this technique, absolute values of L, L, or
R, are not necessary. We vary only k, while L;, L, and R, remain constant.
Therefore, the change in measured Z,, is due primarily to the change in k.

A change in the dielectric window thickness, d,, [m], changes the distance
from the excitation coil to the plasma, which changes inductive coupling between
the coil and the plasma. This is represented by magnetic coupling coefficient
k(d,) as a function of the dielectric window thickness d,. We assume that at a
given P, and p, the effective plasma secondary “coil” will have the same
impedance Z, regardless of k, which varies as the window thickness varies.

The measured magnetic coupling coefficient k depends on the fractional
coupling of magnetic flux between the primary excitation coil and the secondary
plasma “coil’. Suppose for illustration purpose there are two coils, ¢, and ¢, as
shown in Fig. 3.5. By applying a current |, [A] on ¢,, some amount of magnetic

flux, ¢, [Wb], transverses ¢,. This relation is expressed as:
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0, =M, -l (3.16)
=kyLL, L, (3.17)

where M,, [H] is mutual inductance between ¢, and ¢,. The mutual inductance

M,. may be written in terms of k and self inductance L, [H] for ¢, and L, [H] for c,

as:
M,, =kyL,L, (3.18)

One can see from Eq. (3.17) that the magnetic flux on c,, ¢,, is proportional to k

for a given I,.

tf current [,

~

WV

Magnetic Flux ¢,

Figure 3.5 Schematic drawing of two coils, ¢, and ¢, to illustrate the magnetic
coupling coefficient k between the two coils. k is defined by the portion of the
magnetic flux f, captured by ¢, when applying rf current [, to c,.
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In the case of an ICP, the excitation coil and the plasma secondary “coil”
are considered to be ¢, and c,, respectively, and the relation derived in Eq.

(3.16) — (3.18) may be expressed as:

o, = k,/L,,,,uLg Ao (3.19)

where ¢, [Wb] is the rf magnetic flux induced by the excitation coil of inductance
Leoi» Which couples through the distributed plasma secondary “coil” of inductance
L. By measuring &, for constant L, L, and |, while varying the dielectric
window thickness, we can obtain the relative change in the magnetic coupling
coefficient, k.(d,), for various dielectric window thicknesses, d,. Using k,(d,)
obtained from this method, we will analyze the experimental Z,, measured using
the plasma impedance monitor to verify the accuracy of the inductive coupling
model.

In this experiment, we assume the magnetic flux ¢, to be proportional to

the line integral normal to the measured magnetic flux:

9, = [B.dr (3.20)

where éz is the time varying magnetic flux density normal to the plasma “coil”

plane. The spatial distribution of Bz is measured 3 cm below the dielectric
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window in the plasma region with the plasma OFF, as sketched in Fig. 3.6.
This measurement is repeated for the three dielectric window thickness d,, (d,, =
1.9, 2.2 and 2.5 cm) with a fixed 1, which resuits in three éz(dw) values. By
assuming L., L and I, are fixed, the relative changes in the magnetic coupling
coefficient, which we term k,(d,) ford,, = 1.9, 2.2 and 2.5 cm, are derived from Eq.
(3.19) and (3.20).

Figure 3.7 shows the k, data calculated from Bz(dw) measurements for the
three different dielectric window thicknesses. Note that k(d,) for d, = 2.2 cm
and d, = 2.5 cm are normalized to that for the d = 1.9 cm dielectric window
(k(1.9) = 1) to achieve a clearer comparison between conditions. The
measured result shows that k., decreases monotonically with increasing d,.
This is because the magnetic flux in the plasma region decreases as the
excitation coil moves farther away. The measured k,(d,) will be used for the

analysis of Z,, in the next section.

41

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(i) d=1.9 Magnetic Field Dielectric
Window

v

* d,=19cm

(iiyd,=2.2 Magnetic Field Dielectric
w
Window
+ d,=22cm
3cm *
[B.ar (for d, =22)
(iii) dw= 2.5 Magnetic Field Dielectric
Window
v d =2.5cm
3cm

[B.ar (for d, =2.5)

Figure 3.6 Schematic drawing of the spatial integration of the local magnetic flux
path for the three dielectric window thicknesses: (i) d,, = 1.9, (ii) d,, = 2.2, and (jii)
d, = 2.5, employed to calculate the magnetic flux fp induced in the plasma region
by the rf coil current. Note that the scale in the drawing is not accurate.
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Figure 3.7 Normalized relative magnetic coupling coefficient k, for d,, = 1.9, 2.2,

2.5 cm measured by the B-dot probe. k, monotonically decreases as d,
increases.

3.2.2 rf input impedance: Z,,

Figures 3.8(a) - (d) and 3.9(a) - (d) show the measured and theoretical R;’
and |X,'| versus P, for the three different dielectric window designsinp=1, 2, 5,
20 mTorr of argon gas.

Note that at a given P,,. and p, the plasma condition is assumed to be
unchanged regardless of differing dielectric window thickness. This is also
experimentally verified from the measurement of n, and T, for a given P, and p

with varying the dielectric window thickness. Therefore, the experiment is
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conducted at constant R,, L, and L,, while the three different dielectric window
thicknesses are employed. In other words, k(d,) is varied, while R,, L and L,
remain constant.

One can see from Fig. 3.8 that R;’ increases with increasing P, in the
low power range. For the argon pressure of 5 and 20 mTorr, R’ has a broad
peak and decreases with increasing P,,. |X,'| increases with increasing P, for
all pressure range in this experiment as seen in Fig. 3.9. The theoretical
explanation of the R, - P, and |X'| - P,,s characteristics is outside the focus of
this work and is described elsewhere.® At a given plasma condition, both
measured R, and |X;'| decrease with increasing d,. This is qualitatively
explained from the fact that the magnetic coupling between the excitation coil
and the plasma is reduced with increasing distance between the two. Lower
magnetic coupling results in smaller plasma impedance transferred to the
primary circuit Z;' due to less interaction between the secondary circuit and the
primary.

From Eq. (3.9) and (3.10), R, and |X.'| are proportional to k(d,)? for a
given plasma condition, where k(1.9) = 1 from the definition of k,, and k(2.2) =
0.85 and k(2.5) = 0.7 from Fig. 3.7. Therefore, for constant R, L, and L,, the
resistance and reactance transferred to the primary circuit Ry’ and |X;'| for d,, =

2.2 cm will be:

R,'(2.2) = 0.85°x R;'(1.9) (3.21)
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[X.'(2.2)] = 0.85% x |X.'(1.9)| (3.22)
and those for d,, = 2.5 cm will be:
R,'(2.5) =0.72x R.'(1.9) (3.23)

1X,'(2.5)] = 0.72 x |X,'(1.9)] (3.24)

These points are also plotted in Figs. 3.8 and 3.9 as theoretical values derived
from the inductive circuit model. Both measured and theoretical R,’ and |X/'|
values are close over the entire range of P, investigated. The agreement of
the measured and theoretical results indicates that the inductive coupling model
is effective to explain the power transfer mechanism in ICP’s. However, the
observed rf plasma potential variations in the ICP are not explained by this
simple model. As discussed in Chapter 4, a new capacitive coupling model

must be introduced.
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(C) 5 mTorr

16
—@—dw=1.9
A dw=22(exp.)
12 B dw=2.5(exp.)
:C}!, dw=2.2(theo.)
& o8+ m  |ee---. dw=2.5(theo.)
04
0
0 200 400 600 800
Absorbed plasma power P, (W)
(d) 20 mTorr
1.6 —@—dw=1.9
’ A dw=2.2(exp.)
N dws=2.5(exp.)
12 dw=2.2(theo.)
_9, ------ dw=2.5(theo.)
& 0.8
04 |
0

0 200 400 600 800
Absorbed plasma power P, (W)

Figure 3.8 Measured plasma resistances transferred to the primary circuit R;’
versus absorbed plasma power P, for four argon pressures: (a) 1 mTorr, (b) 2
mTorr, (c) 5 mTorr, and (d) 20 mTorr. “exp.” indicates the experimental values,
and “theo.” indicates the theoretical values for d, = 2.2 and 2.5 cm.
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(c) 5 mTorr
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Figure 3.9 Measured plasma reactance transferred to the primary circuit |X;'|
versus absorbed plasma power P, for four argon pressures: (a) 1 mTorr, (b) 2
mTorr, (¢) 5 mTorr, and (d) 20 mTorr. Note that the absolute values are shown
in the figure. “exp.” indicates the experimental values, and “theo.” indicates the
theoretical values for d, = 2.2 and 2.5 cm.
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CHAPTER 4 CAPACITIVE COUPLING IN ICP

Herein, the capacitive coupling theory is developed (section 4.1), and

experimentally verified (section 4.2).

4.1 Theoretical Description of the ICP, Including Capacitive Coupling

To obtain a high density (> 10" cm®) ICP, typically more than 10 A of
current of 13.56 MHz must be applied to the excitation coil, whose diameter
exceeds 20 cm in the experimental system used herein. Due to the inductance
of the excitation coil, the rf voltage at the coil input often exceeds 1 kV, which
opens parasitic capacitive current pathways from the high voltage excitation coil
to the plasma.'® The rf displacement current passes through the thin (a few cm
thick) dielectric window.

For the rf capacitive current to flow from the excitation coil to the plasma,
the rf current pathways may be represented by a series of capacitors."*® The
two primary capacitors are the dielectric window and the plasma sheath. The
former is easy to model, but the latter is difficult because the dielectric window-
to-plasma sheath and the plasma-to-wall surface sheath capacitances are hard
to determine. The rf sheath properties are complicated and vary greatly with

plasma conditions. Only a few theories have been developed to study the rf
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sheath."”® We choose the rf sheath theory developed by Godyak et al.” to
obtain the rf sheath capacitance as discussed in Section 4.1.1. In Section 4.1.2,
we developed a new capacitive coupling model® based on Godyak’s rf sheath
theory, and verified it by comparison with experimental data.

As mentioned in Chapter 1, capacitive coupling causes the dielectric
window sputtering.>3%'° The details of the sputtering mechanism are described

in Section 4.1.3.

4.1.1 rf sheath theory
The sheath forms the interface between the bulk plasma and a surface.
In our case, two surfaces are considered: the dielectric window on which the
excitation coil is placed, and the grounded chamber wall. The sheath forms in
order to maintain the same amount of positive and negative charge fluxes to the
wall surface in steady state. Due mainly to much smaller electron mass (e. g.
73000 times smaller than Ar mass), electrons have much higher mean velocity.
Therefore, a sheath potential is built up that repels excessive electrons incident
from the bulk plasma to the wall surface. This electric field is self-adjusted by
the plasma to equalize charge particle flow to the wall surface in steady state
conditions.
DC sheath theory is well known' and the analysis of the sheath
characteristics is relatively straightforward. = However, if there is a significant rf

component in the sheath potential, the analytical solution for the sheath
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characteristics becomes non-linear. This non-linearity between the rf sheath
potential and the rf sheath current creates harmonics, which we must take into
account. Godyak et al. developed a theory for the rf plasma sheath,” from
which we can obtain the first order value of the sheath capacitance. However,

this simplified rf sheath theory limits the applied rf driving frequency, w, [rad/s],

and the plasma ion and electron frequencies, w, and w,, [rad/s], respectively, to:

(Dpiz <@y (4.1)

2

mm2 >> m,,2 1+ v°2 (4.2)

Wy

where w, = 2n x (13.56 x10°) [rad/s] in our experiment, and v, [Hz] is effective
momentum transfer collision frequency between electrons and atoms.”
Mathematical constraints in Egs. (4.1) and (4.2) have the physical meaning that
the ions respond only to the time-averaged sheath potentials (DC sheath
potential), while the electrons respond to the instantaneous sheath potential and
carry the rf current. Our experimental conditions (10° cm® < n, < 10" cm®, 1
mTorr < p < 20 mTorr) are well suitable to the above assumptions.
Furthermore, for additional simplicity of the sheath model, the following four

conditions are also assumed:
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(i) A symmetrical driven capacitively coupled plasma (CCP) is assumed. That
is, opposing metallic electrodes have the same applied rf voltages with 180° out
of phase. Therefore, the sheath characteristics on the two opposing electrodes
are exactly the same.

(i) The sheath is assumed collisionless. This assumption avoids employing
more complicated collisional sheath theory. The pressure range in our
experiment (1 mTorr < p < 20 mTorr) is suitable for the collisionless case.

(iii) The rf displacement current is much larger than the ion conduction current
within the rf sheath. This assumption allows us to neglect the ion and electron
conduction current to the wall surface, which creates further harmonics in the rf
current.

(iv) Electron temperature T, is much higher than the ion temperature.

The assumption (i) eliminates most of the harmonics in the rf current, which
enables the assumption of sinusoidal rf current through the sheath. However,
our ICP system is heavily asymmetrical, which may create significant amount of
higher harmonics. This is discussed later. The assumptions (ii) — (iv) are
appropriate for our ICP.

Figure 4.1 shows the rf sheath structure developed by Godyak et al.’
n, [md] is the plasma density at the plasma-sheath boundary, where both
plasma ion density n, [m®] and time-averaged plasma electron density <n,> [m™)

at the plasma-sheath boundary are equal to n,. Distance from the surface is
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represented by x [m]. lons crossing the plasma-sheath boundary at x = s, [m]
are accelerated towards the electrode (or grounded wall) at x = 0 due to the DC
component of the applied electric field. That is, the ion velocity, u; [m/s], is
increased towards the electrode. Since the ion flux ny, [m?-s] is conserved
and y; increases as ions transit the sheath, n, decreases towards the electrode.

The ion particle and ion energy conservation equations are:

nU; = N,Ug = (const) (4.3)
U{E)Jf 2 < dx> 0 (4.4)

Note that ug [m/s] is the Bohm velocity, which is the initial ion velocity at the
plasma-sheath boundary. M is ion mass (= 6.64 x 10 kg for argon ion) and
<dV/dx> [V/m] is the electric field in the rf sheath averaged in time over a rf
period.

s(t) [m] represents the location of the “electron sheath” edge. The
electron sheath edge moves from the plasma-sheath boundary to the electrode
in the rf cycle by filling the region at s(t) < x < s, with electrons. Therefore, the
sheath contains only ions at 0 < x < s(t), and the sheath is composed of equal
densities of ions and electrons at s(t) < x < s,. This electron movement within

the rf cycle creates the rf displacement current through the sheath, 1, [A]:
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_en 35
Id(t)-ens( i ) (4.5)

where n, [m?] is the plasma electron density at x = s.
The instantaneous potential in the sheath can be found via Poisson’s

equation:

—=-—n, at0 <x < s(t) (4.6)

=0 ats(t) <x<s, (4.7)

The rf sheath current, I, [A], is assumed to be only the displacement current

from the above assumption (iii), and to be harmonic free:
lgng = Iq = lgcOS(t) (4.8)

The sheath voltage is derived for a given rf sheath current. This sinusoidal rf
sheath current assumption implies that all the harmonics appear in the rf sheath
voltage. Since the instantaneous rf currents in both opposing electrode
sheaths must be equal (current conservation), the appropriate behavior of the
opposite sheath is obtained by shifting the phase of the voltage solution by 180°.
Generally, a rf sheath has non-linear characteristics; in other words, the
sinusoidal rf current approximation creates significant harmonics in the

caiculated rf sheath potential. However, the total rf potential drop between the
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two electrodes, which is equivalent to the sum of the two rf sheath potentials, will
eliminate most of the second harmonic,"” although some residual higher
harmonics still exist. That is, although each sheath has non-linear
characteristics, the rf voltage and current between the two electrodes has few
non-linear characteristics. Therefore, the sinusoidal rf current assumption is
quite reasonable.

In our experimental conditions, the dielectric window-to-plasma sheath
and the plasma-to-chamber wall sheath are heavily asymmetrical. Therefore,
total rf voltage across the two rf sheaths may still have significant harmonics,
and the sinusoidal rf current assumption may be inadequate. In this case, the
sinusoidal current assumption, which is used in our new capacitive coupling
model discussed in Section 4.1.2, might create significant error in the theoretical
calculation of rf sheath potential, V,, [V], in an ICP system.

To solve the equations, the following boundary conditions at the plasma-

sheath edge for both the potential and the electric field are used:

®, =0 atx=s, (4.9)
E, = To atx=s, (4.10)
Ao,
57
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where &, [V] is the potential, E, [V/m] is the electric field, T, [eV] is the electron
temperature and Ay, [Mm] is the Debye length at the plasma-sheath boundary

defined as:

(4.11)

Debye length is the distance scale over which significant charge densities can
spontaneously exist. Low voltage sheaths are typically a few Debye lengths

wide.

rf Electrode
(or Grounded Wall)

Plasma-Sheath
Boundary

Figure 4.1 Structure of the rf sheath as modeled by Godyak et al. ni represents
the spatial ion density and <ne> represents the time-averaged electron density
distribution in the rf sheath. rf displacement current flows through the sheath as
the “electron sheath” edge s(t) moves.
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In general, the capacitance between two parallel plates, neglecting any

fringe field, is expressed as:
C=e,s°% (4.12)

where ¢, is the relative permittivity (the relative permittivity is assumed to be ¢, =
1), &, is the permittivity of free space (= 8.854 x 102 F/m), A [m?] is the area of
the parallel plates, and d [m] is the separation of the two plates. In the case of a
parallel plate capacitor, ac current flows through the capacitor due to charging
and discharging Q [C] on the two metallic plates. However, in the case of
sheath capacitance, the sheath-plasma boundary approaches and recedes from
the electrode, so the rf current flow is associated with charging and discharging
Q on the electrode. Instead of moving the sheath-plasma boundary back and
forth, we can apply an effective sheath width to treat the sheath as a parallel
plate capacitor. The rf sheath capacitance, C,, [F], may be derived from the

following equation:

ls"—“{ =g, —A—°— (4.13)
OV dg

where V. [V] is if sheath potential, A, [m?] is the area of electrode and d,, [m] is

Csh =

the effective “capacitive sheath width”. d,, is the effective sheath width when
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the rf sheath is considered as a parallel plate capacitance, and is not the same
as the exact sheath width. Note that d,, is a strong function of the rf sheath
potential as well as the plasma conditions such as plasma density and electron
temperature. Therefore, we can not independently determine the sheath
capacitance from the plasma conditions in order to derive the rf sheath potential,
V.. From the analytical solution by Godyak et al.,” a relationship between d,,

and V,,, is derived:

(4.14)

where p is the rf sheath oscillation parameter. p is found from Equation [60] in

Reference 7 for p < 1, which is valid under most of our experimental conditions:

Vshrl
T

0.3398p* +1.375p° +8p = (4.15)

where § is the normalized sheath width with no rf current in the sheath (2.612 for
argon, our feedstock gas). At several of our experimental conditions, p
exceeds 1. In this case, a more complicated relationship shown in Equation
[59] in Reference 7 should be used. Nevertheless, Eq. (4.15) is well suited for
the capacitive coupling model we developed and allows us to simplify the set of
simultaneous equations. The error in the calculated capacitance using
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Equation [60] instead of using Equation [59] is within 3 % under our experimental

conditions.

4.1.2 Capacitive voltage divider circuit model

Herein, we develop the capacitive voltage divider circuit model (capacitive
coupling model) to investigate the capacitive coupling from the excitation coil to
the plasma in an ICP.° As mentioned in Chapter 1, the capacitive coupling

causes the rf time variation in the plasma potential, ®, [V}, as follows:

(Dp(t) = q)DOC + VpdCOS(wﬂt) (4.16)

where @, [V] is the DC component of the plasma potential and V, [V] is the rf
plasma potential, which represents the rf time variation in ®,. V,, is the primary
interest in our capacitive coupling model.

This model is represented by three series capacitors which form a voitage
divider circuit as shown in Fig. 4.2. One capacitor depicts the dielectric window,

while two represent the rf sheath capacitances. The three capacitors are:

(1) The dielectric window capacitance, C,,.
(2) The dielectric window-to-bulk plasma sheath capacitance, C,,,.

(3) The bulk plasma-to-chamber wall sheath capacitance, C,.
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C. and C,, [F] are located in series between the metallic excitation coil and the
highly conductive plasma. C,; [F] is located between the plasma and the

grounded metallic chamber wall.

Dielectric Window

Figure 4.2 Preliminary voltage divider circuit to model capacitive coupling from
the excitation coil to the plasma body, where three series capacitances, C,, C,.,.
and C,,, are employed.
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Capacitive current flows from the excitation coil to the grounded chamber
wall through these three series capacitors. If the total voltage applied to this
circuit and each capacitance value are known, the voltage across each capacitor
can be calculated from both Kirchoff's voltage and current equations. Actually,
the rf sheath capacitance and the rf sheath potential can not be calculated
independently due to the complexity of the rf sheath capacitance. That is, the rf
sheath capacitance is a function of the rf sheath potential. Therefore, additional
equations to describe the relationship between the rf sheath capacitance and the
rf sheath potential are required. This relationship is derived from Godyak's rf
sheath theory.”

As discussed in Section 4.1.1, Godyak’s rf sheath theory provides the rf
sheath thickness in a symmetrically driven rf plasma, where the two parallel
plate electrodes are symmetrically placed. However, the rf sheath which we
study is heavily asymmetric, which means that the dielectric window-to-bulk
plasma sheath properties are quite different from the bulk plasma-to-chamber
wall sheath properties. Therefore, a large amount of harmonics may exist in
the rf current and voltage due to the incomplete compensation of the harmonics
between the two asymmetric sheath characteristics. This may collapse the
sinusoidal rf current assumption, which results in a significant error in the
capacitive coupling model.

We experimentally studied the amount of the harmonics in rf sheath

voltages by measuring the rf plasma potential, V,,,, where V,,; is equivalent to the
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voltage across the bulk plasma-to-chamber wall sheath. V,, measurements
are made using the capacitive probe. The measured harmonics in V,, are
typically less than 5 % of the fundamental component. Therefore, we applied
the symmetrical rf sheaths assumption to our asymmetrical rf sheaths.

The capacitive coupling model treats the bulk plasma as an equipotential,
highly conducting body, to a first approximation. We measured the actual
spatial distribution of the rf plasma potential, V4, as discussed in section 4.2.1.
The experimental results show that V,, is quite uniform over the entire plasma
region, which indicates that the equipotential plasma assumption we make is
well justified.

This simple hybrid circuit model is employed in our study of the capacitive
coupling. As a resuit of comparing the theoretical rf plasma potential to the
experimental rf plasma potential measured by a capacitive probe as discussed
in Section 4.2.5, we determined that our new capacitive coupling model gives
quite reasonable results.

The rf capacitive voitage divider circuit model must satisfy both Kirchoff's

voltage and current laws. Thus:

Vcoill" = Vwﬂ + Vw,p,, + Vp-glf (4.17)

where V4 [V] is the excitation coil rf voltage with respect to ground, V,, [V] is

the rf voltage drop across the dielectric window, V..« [V] is the voltage drop
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across the dielectric window-to-bulk plasma sheath, and V, [V] is the voltage
drop across the bulk plasma-to-chamber wall sheath. Furthermore, Kirchoff's
current law for the capacitive circuit, in the absence of harmonic currents,

requires:

vawﬂ = Cw.pvw,pﬂ = Cp_ng_g,, (4.18)

In contrast to simple opposing metallic plates, the ICP has a spiral coil facing a
high density plasma. The dielectric window capacitance, C,, is difficult to
determine analytically due to the complicated geometry of the “spiral” excitation
coil. Therefore, we instead developed a method to experimentally derive C,, as
discussed in section 4.2.2. C, is measured to be 13 pF, which agrees with
crude theoretical estimates.

The rf sheath capacitance is derived from the rf sheath theory developed
by Godyak et al., as introduced in section 4.1.1. In the capacitive coupling
model, we use the surface area of the dielectric window A, [m?] to calculate Cops
and A, [m? as the grounded chamber wall area for C.- The capacitances C,,,

and C, are given as:

Cup =E& Aw (4.19)
Ay
A
C, . =¢gg,— (4.20)
p-g 0 d
P-9
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where d,, and d,¢ [m] are the “capacitive" sheath widths for the dielectric
window-to-bulk plasma sheath and for the bulk plasma-to-chamber wall sheath,

respectively. These are then found from Eq. (4.14) as:

V,

du-p = Aoy _T.,:):l (4.21)
V.

d =M\ —Pot 4.22
p-g Dt Te pp-g ( )

where p,, and p,,; are found from Eq. (4.15):

4 3 Vw-prf

0.3398p,,., +1.375p,_," +0p,., = (4.23)

P P P T

4 3 Vp-gd
0.3398p, , +1.375p,, +0p,_, = T (4.24)

where § is 2.612 for argon. By solving Eq. (4.17) — (4.24) simuitaneously, we
can obtain all rf voltage drops, rf currents and rf sheath capacitances.

There is still a major problem in the preliminary capacitive coupling model
described in Fig. 4.2. In estimating the dielectric window capacitance, we set
the excitation coil at one potential and measure the total capacitance of the
dielectric window. However in the actual ICP case, the outside end of the coil is
grounded, and rf voltage is applied to the center. The coil then has a rf

potential distribution along its length from V_,, at the center to 0 V at the
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grounded outside terminal. To account for the rf voltage distribution along the
excitation coil in the capacitive coupling model, the coil is divided into “n" parts,

and each k" part has a different voitage VX, [V](k=1, 2, ..., n) as shown in Fig.

coilrt
4.3(a). The dielectric window capacitance C, and the dielectric window-to-bulk
plasma sheath capacitance C,, are each broken into “n" elements as well.

These “n" pairs of series connected C¥ and C';,_p [F] capacitors (k= 1, 2, ..., n)

are connected in parallel to the bulk plasma.

When n = 1, the model is simply the preliminary capacitive coupling
model as shown in Fig. 4.2. The rf coil voltage V. is applied to these three
series capacitances C,, C,,, and C,,. The rf plasma potential for n = 1,

Vea(n=1) [V], which is equivalent to V, , is given by:

C.C
V. (n=1)= W wp V.
o (0 =1) CuiCoy+CuCpqy +C.Cuy o

W w-p

(4.25)

When n > 1, the voltage across the first branch V!, is equal to V., and
across the k™ branch V3, (k=1, 2, ..., n) is taken from the measured voltage
distribution in Fig. 4.9 in Section 4.2.3. Across the n" branch V_,, is equal to 0
V, also as shown in Fig. 4.9. As seen in Fig. 4.3(b), V&, (k=1,2, .., n)is

treated as “n” independent rf voltage sources. The equipotential plasma

assumption allows us to treat the plasma as a highly conductive body, which
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neglects the plasma impedance, and “n” branches are connected at the common

point in the plasma as shown in Fig. 4.3(b).

(a) :f_’ 4 Excitation

:Vctoimvéim v:oilrf " V Coil

i) C
C

\0—

vcoimT @

2 k n
\ vcoim cailrt vcollrf

1L L L
VcoilrfT @ TT T T Cuep

Figure 4.3 The spatially distributed capacitive coupling model: (a) basic model
with the plasma fixed at an equipotential. Excitation coil, dielectric window and
dielectric window-to-bulk plasma sheath capacitances are divided into “n”
distributed parts, (b) Simplified circuit model used for the rf plasma potential

calculation.
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The capacitances C;, and C;,_, of the k™ branch are given as:

ot =Sw (4.26)
n
A, 1
CK . =€ €y — (4.27)
s dy_, N
Vk
d = Ap —=2 (4.28)
T Tk,
4 3 Vk it
0.3398p%,_, +1.375p% )" +8pl,_, = —= (4.29)

T

fork=1,2,..,n

Eq. (4.17) and (4.18) are also modified to satisfy both the Kirchoff voltage and

current laws for all n branches:

V:oilrl = v\:rf + vv‘:-pd + vp-grf (430)
2:=1 C:'V:rf = Z:=1 C:l-pvv':-mf = Cp-gvp-grf (4‘31)
fork=12,...,n

Finally, Eq. (4.20), (4.22), (4.24), (4.26) — (4.31) are solved simultaneously to
find Vg
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Figure 4.4 shows the rf plasma potential, V,,, calculated using the above
theory as a function of the number of series elements "n" for a given plasma
conditon. One can see that the calculated V,, rapidly converges with
increasing "n“. In this work, we use n = 5 in all theoretical calculations. The
calculated V,,; for n = 1 is about 2.5 times as large as V,, for the other “n”. This
is due to the invalid assumption that the rf voltage on the excitation coil is

spatially constant.

Normalized theoretical
rf Plasma Potential

L L L 1 i i L

o 1t 2 3 4 5 6 7 8
Capacitor - Dividing Number n

Figure 4.4 Theoretical rf plasma potential calculated using the capacitive
coupling model for various integral numbers of lateral capacitors n. The
calculated rf plasma potential is normalized to data forn = 1.
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4.1.3 Dielectric window sputtering caused by capacitive coupling

As mentioned in Chapter 1, the capacitive coupling in ICP sources
causes unwanted dielectric window sputtering.>**'° This sputtering requires
frequent replacement of the expensive dielectric window and contaminates the
plasma. In this section, we qualitatively describe the mechanism of the
dielectric window sputtering caused by the capacitive coupling.

First of all, we study the case without rf potential on the dielectric window
surface. At the initial condition when plasma is generated, the ion current
incident to the dielectric window surface, |, [A], is determined by the ion flux at

the plasma-sheath boundary, [, [m2-s™], as:

= el, =en,ug (4.32)

The electron current impinging on the dielectric window surface is much larger
due to its smaller mass compared to the ion mass at pre-steady state conditions,
which is before the sheath formation is completed. The dielectric window
surface is negatively charged up with the surface potential, &, [V]. This
potential difference between the plasma and the dielectric window surface,
which is equivalent to the dielectric window-to-bulk plasma sheath voltage, V,,
[V] (= &, - d), repels low energy electrons, while high energy electrons (E, >

eV, [eV]) can reach the dielectric window surface. Increasing V,., decreases
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the electron current to the dielectric window surface.

V.., is determined by the plasma itself to satisfy I'; = I, on the dielectric
surface at the steady state, when the dielectric window surface potential
becomes the floating potential (d,, = @), so that the sheath voltage becomes
Vup = ®, - ®,. The floating potential is typically a few Volts with respect to the
ground in our plasma condition. As discussed in Section 2.2.1, V., = ®, - &, =
5.2T, is satisfied for Ar plasma gas. The sheath voltage accelerates the
positive ions from the plasma to the dielectric window surface. The ion energy
is typically 10 — 20 eV in this case. These low energy ions do not cause
significant sputtering.

As discussed in section 4.1.2, the capacitive coupling creates the
capacitive current pathway through the three capacitances (C,, C,., and C,,).
Each capacitance has a voltage drop, V,q, V,..q and V., depending on the ratio
of 1/C,, 1/C,, and 1/C,,. V. represents the rf plasma potential, V,,, as
discussed in section 4.1.2. The dielectric window-to-bulk plasma sheath rf
voltage, V...« represents the rf potential on the dielectric window surface. V,is
typically from 2 to 10 V in our plasma condition. V,,,, spatially varies due to the
spatial distribution of the rf coil voltage. We discuss the V,,., below the center
of the spiral excitation coil, where high rf voitage is applied. At this location, V,,.
on Often exceeds 100 V. This condition, V ;<< V,., allows us to assume V,, =
0 for simplicity. Note that in our plasma condition, electrons can respond

instantaneously to the rf field variation in the sheath between the plasma and the
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wall surface in high density plasma due to w,, >> w,, While ions can not due to w,;

<< wy. Therefore, ions respond only to the average of DC electric field.
Suppose V,, 4 is applied on the dielectric window surface. At the pre-

steady state condition, the potential on the dielectric window surface, @, is the

summation of the DC floating potential, ®,, and the rf window surface potential,

Vo s follows:

Dys(t) = D + V. 51COS(04t) (4.33)

Figure 4.5(a) and (b) shows the dielectric window surface potential, ®., and the
ion and electron currents incident to the dielectric window surface, |, and |, [A],
respectively, over a rf period. The ions respond only to the DC electric field.
Therefore, |, has a constant value. |, is solely determined by the plasma-sheath
boundary condition, which is |; = el’; = en,ug = (const) regardless of the dielectric
window-to-bulk plasma sheath voltage, V,,, (= ®, - d4). In this case, the ions
are accelerated by the time averaged sheath voltage, (V, ) (= @, - @).
Since electrons can respond to the instantaneous electric field, the electron
current, |, varies over a if period. Note that the instantaneous electron current
increases exponentially with decreasing sheath voltage, V,,,, due to Maxwellian

electron energy distribution. Therefore, when V,, reaches its minimum, a large

electron current flows onto the dielectric window surface. And this |, is much
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larger than I; due to the much smaller electron mass compared to the ion mass.
The larger net electron current compared to the ion current (I, >> I)) further builds
the negative potential on the dielectric window surface, which tends to reduce

the electron current until the steady state condition, when |, = |; is satisfied.

(a) Dielectric window surface
potential

(1) 4

VARV,

(b) Dielectric window surface
current

JUL S I +1,

A\

Figure 4.5 Dielectric window surface potential and current at pre-steady state
conditions. (a) potential d(t), (b) current I(t). Note that when @, is higher
than the floating potential ®,, large amount of electron current |, flows, while ion
current |, remains constant.
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At the steady state, the DC component of the dielectric window surface
potential is no longer the DC floating potential, ®,, due to the further negative
charge buildup and becomes the negative DC self bias, ®,, [V], while V,.4 is
constant, as shown in Fig. 4.6(a). Therefore, the dielectric window surface

potential, &, is:

cbds(t) = (Dse" + Vw,p,,COS((D,'t) (4.34)

As seen in Fig. 4.6(b), the net ion and electron currents over a rf period are the
same. The ion current is approximately unchanged because the ion current is
independent of the sheath voltage, V,,. The electron current is reduced to
satisfy |, = I. The exponential relationship between |, and V,,, gives a large
electron current spike for the short moment when V.., is smaller than @, — @,

Therefore, min.(V,.,) is typically close to @, — ®,.

min.(V,.p) = min. (@, — (1))

= min. (P, — (Pggy + VyypiCOS(41))).

=@, — Dggy — Vo0 (4.35)
= ¢p - ¢' (4.36)
therefore,
(Dwf = (D' - Vw-prf (4.37)
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As V, sincreases due to the increased capacitive coupling, the DC self bias, @,

decreases and becomes negative. V. is approximately:

Vw_p = (Dp - (Dds

= (bp - {((Df - vw-prf) + Vw-prlcos(mdt)} (438)

Since ions can respond only to the DC component of V., the ions are

accelerated to the energy E;:

E, = e<V,.,> = 8(D, — Dyp) = (D, — B+ V.50 (4.39)

As V,. increases due to the capacitive coupling, the DC self bias, @, linearly
becomes more negative, which results in increased ion energy, E; [eV],
impinging on the dielectric window surface. Large E, creates significant
dielectric window sputtering, since the sputter ratio monotonically increases with
increasing the ion energy in our experimental conditions.'’ In order to avoid

this problem, we must reduce V,,, caused by capacitive coupling.
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(a) Dielectric window surface
potential

(1) ¢

(b) Dielectric window surface
current

n4 W | +1,

| \,~

Figure 4.6 Dielectric window surface potential and current at steady state
conditions. (a) potential ®(t), (b) current i(t). Note that the time-averaged
potential <d,> becomes DC self bias ®,,, where the time-averaged electron
current <l > is equal to I..
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4.2 Experimental Results and Discussion
4.2.1 Equipotential verification by rf plasma potential measurement

In order to simplify the capacitive coupling model, we assumed that the
plasma is an equipotential body, which allows us to neglect the plasma
resistance in the circuit model. The equipotential plasma body approximation is
verified by measuring the spatial distributions of the rf plasma potential, V,, [V].°
Figure 4.7 shows the radial distributions of the rf plasma potential, V,4(r), at two
distinct distances z below the dielectric window: z=4.5cmand z=8cm. One
can see that in 20 mTorr argon, V,, is less than 4 V while the coil voltage is very
large, in the range of 1000 V, and V,, is nearly uniform spatially, indicating that

our equipotential bulk plasma assumption is indeed valid.

S 6

55} —8—z=45cm

>

B 4 —&—z=8cm

5 ———

5 3

= 2

o -

&

8 1F

o

= 0 1 1 1 1
0 2 4 6 8 10

Radial Position r (cm)

Figure 4.7 Radial spatial distribution of the measured rf plasma potential at two
distances z below the dielectric window: z = 4.5 (circle) and 8 cm (triangle).
The absorbed plasma power P, = 100 W, in p = 20 mTorr argon ambient.
Note that the rf plasma potential is uniform at entire plasma region.
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4.2.2 Measurement of dielectric window capacitance

Three capacitances (C,, C,., and C_ [F]) are employed in the capacitive
coupling model. C, is related to the dielectric window and excitation coil
geometry. We experimentally measure C,, because numerical calculation of
the dielectric window capacitance C, may cause a significant error due to the
complicated geometry of the “spiral” excitation coil.®

An electrically grounded conducting sheet is placed under the dielectric
window as shown in Fig. 4.8 to simulate the high density plasma. This forms a
capacitor with the excitation coil and the grounded sheet as the two conductors,
and the dielectric window as the capacitor dielectric. A known capacitor is then
placed in series with the formed capacitor, and a low frequency (f ~ 100 — 1000
Hz) voltage signal is applied across the series capacitor circuit. The low
frequency test signal is preferred for the measurement of the dielectric window
capacitance to minimize the effect of the excitation coil inductance on the
measurement, which is large at 13.56 MHz. In other words, the rf voltage may
be spatially distributed along the coil at ff frequencies. The window
capacitance is found from the ratio of the measured voltages across the two
capacitors. The capacitance of the dielectric window, C,, is found by this means

to be 13 pF.
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This voltage is measured .
Known _1_
Capacitance /

Excitation Coil

() () <

O oXNe
i

RS

(f =100 - 1000 Hz)

Conducting
Sheet

Figure 4.8 Schematic of the measurement technique of the dielectric window
capacitance. The dielectric window is considered a capacitor with two
electrodes (the excitation coil and the conducting sheet). The voltage
measured between the two capacitances is used to calculate the dielectric
window capacitance.

4.2.3 Measurement of the rf voltage distribution along excitation coil

The 13.56 MHz rf potential distribution along the excitation coil is
measured using a high impedance voltage probe at various points along the coil,
while an electrically grounded conducting sheet, which roughly simulates the
inductively coupled plasma, is placed under the dielectric window.® Figure 4.9
shows the measured rf potential distribution along the excitation coil, where the
horizontal axis, ¢[m], is the linear distance from the center to the end of the coil.

The potential drop along the excitation coil is non-linear along its length,
indicating that the distributed coil impedance varies with position along the coil.

At the center of the coil, the magnetic flux produced by the rf current tends to
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cancel itself out due to the proximity of other turns, resulting in a reduced
inductance. On the other hand, near the outside edge of the excitation coil, the
magnetic flux does not cancel itself out as much, resulting in higher inductance
locally near the outside of the coil. It is judged that this is the origin for the
observed non-linear voitage drop across the coil. Even if a plasma exists under
the dielectric window instead of the electrically grounded conducting sheet, the rf
potential distribution still follows the relation in Fig. 4.9, because the changes in
the rf coil impedance, when including the plasma impedance for various plasma

conditions, is small enough to be neglected.

0.8
0.6

coilrf

> 04 F Jinear

impedance

0.2

0 1
0 50 100 150
Coil Position (cm)

Normalized rf Coil Potential

Figure 4.9 Normalized rf potential distribution measured along the excitation coil
as a function of position along the coil length ¢. The dotted line shows the
linear impedance assumption along the excitation coil. The measured V* 4(¢)
indicates non-linear impedance characteristic along the excitation coil.
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4.2.4 Capacitive probe and RPA methods
(a) Retarding potential analyzer (RPA)

The rf plasma potential as measured by the capacitive probe has been
compared to the ion energy distribution impinging on the grounded chamber wall
as an independent verification of the capacitive probe's accuracy.® A retarding
potential analyzer (RPA) is used to measure the ion energy distribution.'?'s
The resolution of the RPA is estimated to be a few eV at our experimental
conditions.*

The structure of the RPA is shown in Fig. 4.10. The differentially
pumped RPA is separated from the main chamber by a grounded orifice 200 mm
in diameter and 100 mm thick. The pressure in the RPA is typically less than
1x10° Torr. The RPA consists of two grids, the electron repeller grid and the
ion energy discriminator grid, and Faraday cup ion collector. The electron
repeller and ion energy discriminator grids are made of 304 stainless steel mesh
(100 lines/cm, transmission T = [open area]/[total area] ~ 35 %). Dimensions of
the RPA are 2.4 mm between the grounded orifice and the electron repeller grid,
9.5 mm between the electron repeller grid and the ion energy discriminator grid,
and 0.8 mm between the ion energy discriminator grid and the opening in the
Faraday cup ion collector. Both the electron repeller grid and the Faraday cup
ion collector are negatively biased (~ - 40 V). The potential of the discriminator

grid is swept from O to +60 V and current to the collector electrode is measured.
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The ion energy distribution is calculated from the derivative of the |, - V, plot, in

standard fashion.®

—

Va0V

lon (E, < eV
V, (0 to +60.V) (E; < eVy)

fon (E, > eV,)

V (-40) —ppl T |
\ l. (ion)

Figure 4.10 Schematic drawing of the RPA. lons and electrons are both
incident into the RPA. Electrons are repelled by V, = -40 V. V, is scanned
from O to 60 V to discriminate ions, and |, is measured to obtain I, — V,
characteristics.

(b) Comparison of rf plasma potential

The width of the ion energy distribution (IED) impinging on a grounded
wall or substrate diverges when the rf plasma potential exists.'>'®* We measure
the width of IED, and calculate the rf plasma potential, V,,, from the measured
IED, the measured DC plasma potential, ® ¢ [V], and the measured plasma

parameters such as the plasma electron density at the plasma-sheath boundary
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n, [m*®] and the electron temperature T, [eV]. Accuracy of the capacitive probe
is verified by comparing with V,, calculated using the above method.

In the case of a collisionless sheath, an ion traversing the sheath gains an
energy related to the difference between the instantaneous value of the plasma
potential and the potential of the surface it impinges on. If the plasma potential
has a rf component, then the ion energy distribution (IED) will have some energy

spread, AE [eV]. This energy spread may be estimated as follows:'>'¢

J2ed o /M
AE=8V, Y2

(4.40)
3dg, o0y

where d,, [m] is sheath width, M is the ion mass (= 6.64 x 10" kg for argon ion),
doc and V,, are the DC and rf components of the plasma potential, respectively.
We use equation [61] in Reference 7 to calculate the sheath width d,.

Note that d,,, is the real sheath width and different from the "capacitive" sheath

width d,
Aeno = Ao {8 +p+2p% + -1% p? } (4.41)

where p is rf sheath oscillation parameter and 3 is 2.612 in argon feedstock gas.

The Debye length A, [m] is calculated from the measured n, and T,. The DC
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plasma potential, ®,5c, in Eq. (4.40) is taken from knee of the experimental
Langmuir probe | - Vg characteristic. The ion energy spread AE is taken from
the measured ion energy distribution using the RPA placed as shown in Fig. 2.1.
V.« is calculated from Eq.(4.40) and (4.41).

Figure 4.11 shows a typical measured | - V, plot (solid line) and the |IED
calculated from the first derivative, dl/dV, (filled circle). The minimum energy
and the maximum energy are arbitrarily defined as the energies greater than 5 %
of the peak current. The energy spread AE is the difference between the

minimum energy and maximum energy.

.8 12 ¢
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s> 1¢F
'3 2 s —— Collector Current
= © 08 @ First Derivative
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32 ¢t
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g i 0.2 F
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10 20 30 40

Discriminator Voltage V4 (V)

Figure 4.11 Normalized ion collector current I, and first derivative versus
discriminator voltage V, as measured by the RPA for the ICP conditions of P, =

125 W and p = 2 mTorr. AE is the energy spread of incident argon ions from
the bulk plasma to the sheath.
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Figure 4.12 shows V,, measured by both the capacitive probe (filled
circle) and the RPA (filled triangle). One can see that these two independent
results are in good agreement in spite of using two very different measurement

techniques. This verifies our two measurement methods within expected

errors.
g 15
>§. 12 } —@— Capacitive Probe
= —&— RPA
€ 9
Q
0
e 6t
o]
&
g 31
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Absorbed plasma power P, (W)

Figure 4.12 rf plasma potential as measured separately by both the capacitive
probe and the RPA, in 2 mTorr argon. These two independent results are in
good agreement.

4.2.5 Measured rf plasma potential results

To verify the validity of the capacitive coupling model, we measure the rf
plasma potential, V,, which is equivalent to V,, [V] in the capacitive coupling
model. As discussed in section 4.2.4, the accuracy of V,, measured by the
capacitive probe is verified with a separate method using a retarding potential

analyzer.
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Figure 4.13(a) — (d) show the measured (circle) and theoretical (triangle)
V.« versus P, for four pressures in the 1 — 20 mTorr range of argon feedstock.
The theoretical V,, is calculated using the measured value of V. [V], ne (M),
and T, [eV] in the capacitive coupling model introduced in Section 4.1.2.
Overall, the theoretical V,, agrees well with the measured results. One can see
that the decrease in V,,; with both increasing P, [W] and with increasing Ar gas
pressure. These same trends occur for both the measured and the calculated

Vi -
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Figure 4.13 Both measured and calculated rf plasma potential as a function of
P..s in the argon pressures of (a) 1, (b) 2, (c) 5, and (d) 20 mTorr. The
measured and calculated results are in good agreement.
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4.2.6 Trend of rf plasma potential

We can explain the V,, - P, characteristics by using the capacitive
coupling model. Here, for illustration we oversimplify the number of capacitor
branches to n = 1, which leads to a wrong value of V,; (~ 2.5 times larger than
that with n = 5), but still maintains almost the same functional relationship
between V,; and P,,.

For the 1.9 cm thick dielectric window, the dielectric window capacitance
C. is much less than the dielectric window-to-bulk plasma capacitance (C,,,) or
the bulk plasma-to-grounded wall capacitance (C,,), i.e. C, << C,, and C,, <<

C,; Therefore V,, may be approximated as:

(4.42)

where C,, is constant (= 13 pF), so V,,; can be expressed as a function of Vg
and C,,. In our experimental conditions, V., increases from 1200 to 2800 V
when the absorbed plasma power, P,.,, increases from 60 to 875 W at 2 mTorr

argon pressure. From Eq. (4.22) and (4.24), d, is expressed as:

dpy = Aox(0.3398p, ) + 1.375p, 2 + ) (4.43)
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d,, is composed of two factors, the Debye length A5, [m] and the factor

(0.3398p° + 1.375p% + §). Ap, varies from 0.194 to 0.032 mm when the

absorbed plasma power increases from 60 to 875 W. On the other hand, the
term (0.3398p, . + 1.375p,;2 + §) varies only from 3.07 to 2.69. The
"capacitive" sheath width d,, is roughly proportional to the Debye length A,,, and

therefore C,, is roughly proportional to 1/Ay,. Therefore, V,; can be simply

expressed to the first order as:

d

Vprf = Veomfcw E:,T:-;\,- (4.44)
Vp« © VeoiCulot (4.45)

The rf plasma potential is, therefore, approximately a function of the applied rf
coil voltage, V., and the Debye length, Ao, Ap, is solely a function of the
plasma density at the plasma-sheath boundary n, (Eq. (4.11)). From Eq. (3.7),
the plasma density is proportional to the absorbed piasma power, P,,. The rf

plasma potential is expressed as:

C
Vo o Vg \/ni (4.46)
% Vg 2 (4.47)
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In our experimental conditions, V., increases only 2.3 times while P,

changes 3.8 times, indicating that V,,; is more strongly influenced by P,,. This

is the main reason V,,; decreases with increasing P.
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CHAPTER 5 COMBINED MODEL INCLUDING INDUCTIVE AND CAPACITIVE
COUPLING
5.1 Combined Model

Figure 5.1 shows the air core transformer circuit model' (inductive
coupling model) discussed in Chapter 3 combined with the new capacitive
coupling circuit model,2 which consists of three capacitors and one resistor, as
discussed in Chapter 4. The series combination of the dielectric window
capacitance C,, [F], the plasma resistance representing the capacitively coupled
power dissipation, R, [Q], which is neglected in CHAPTER 4, and the two sheath
capacitances C,, and C, [F] are added in parallel to the inductive coupling
model.

The two resistances R, [Q] (representing inductive power dissipation) and
R. (representing capacitive power dissipation) are primarily a function of plasma
density n, [m®]. Two different power transfer mechanisms cause plasma power
delivery mode jumps from the capacitive-dominant mode to the inductive-
dominant mode.® In the pre-ignition or the low plasma density region, most of
the power transfer to the plasma is from capacitive coupling, and R, dominates
the power consumption. As plasma density increases by applying more

delivered power, Py, [W], more power is dissipated inductively and R, tends to

be dominant.
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J
T <,

Figure 5.1 Schematic drawing of the combined inductive/capacitive coupling
model. The plasma is coupled to the excitation coil both through the magnetic
coupling coefficient k (inductive coupling) and through the three series
capacitances (capacitive coupling).

Ideally, the inductive coupling does not influence the plasma potential.
This is analogous to a standard electrical transformer, where the secondary
circuit is electrically isolated from the primary circuit. Rather, the plasma
potential is determined primarily by the plasma-wall surface relationship in order
to satisfy the requirement that the net ion and electron currents to the wall
surface must be equal. The capacitive coupling changes the plasma-wall
surface relationship by adding rf current to the wall surface. In short, the main

role of the capacitive coupling in the high plasma density region is not power
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transfer from the power supply, but to set the rf plasma potential, V,, [V], and DC

self bias, &, [V], on the dielectric window.

5.2 Effect of Changing the Dielectric Window Thickness

To control both inductive and capacitive coupling from the excitation coil
design point of view, one can change either the geometrical configuration of the
coil or the distance between the coil and the plasma. The distance between the
excitation coil and the plasma can be modified by changing the dielectric window
thickness. We derive theoretically and measure experimentally the changes in
electrical parameters in the ICP system such as the rf coil voltage, V. [V], and
the rf plasma potential, V,, [V], as the window thickness is changed. V,, is
directly influenced by the capacitive coupling, but also indirectly by the inductive
coupling, because the full excitation coil-plasma interaction determines these
electrical parameters. Therefore, a thorough investigation of V,, by varying the
dielectric window thickness helps to unravel the coupling pathways between the

excitation coil and the plasma.

5.2.1 Procedure

Herein, the dielectric window thickness is changed while keeping
constant ICP conditions (P, and gas pressure p). Then the corresponding
change in the rf plasma potential, V,, is investigated. We assume in this

analysis that in a given ICP system, at a specified P, [W] and gas pressure p
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[Torr], the effective plasma secondary “coil” will have the same impedance
regardless of the magnetic coupling coefficient k between the excitation coil and
the plasma “coil”. This assumption allows us to vary only the magnetic coupling
coefficient k and the dielectric window capacitance, C,, as we vary the dielectric
window thickness, d,, [m], while ali the other plasma parameters such as R,, L,
[H], L, [H], n, and T, [eV] remain constant.

We apply the various dielectric window designs described in Chapter 3 to
our combined model including inductive and capacitive coupling. The three

dielectric window designs are:

(i) A simple 1.9 cm thick quartz window, d, = 1.9.
(i) A simple 2.2 cm thick quartz window, d,, = 2.2.

(iif) A hybrid 2.5 cm thick quartz and air combination window, d,, = 2.5.

We experimentally derive the magnetic coupling coefficient k as discussed in
Chapter 3 and the dielectric window capacitance C,, in the same way discussed
in section 4.2.2. Figure 5.2 shows the measured capacitance of the dielectric
window, C',(d,), and measured relative magnetic coupling coefficient k(d,)
normalized to the data for d,, = 1.9 cm dielectric window (k,(1.9) = C',(1.9) = 1)
for simplicity. k(d,) data in Fig. 5.2 is same as those in Fig. 3.7. The
measured k is limited to relative values to insure simplicity of measurement.

The dielectric window capacitance,C',(d,), decreases with increasing thickness
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of the dielectric window, d,,. It decreases more rapidly fromd, =2.2tod, =2.5
than fromd, = 1.9 to d, = 2.2. This variation occurs because the hybrid d,, =
2.5 cm dielectric window includes a lower permittivity air gap layer between the
two quartz plates. On the other hand, the measured k, decreases

monotonically with increasing d,,. Note that k(2.2) is close to C',(2.2), while

C .(2.5) is smaller than k,(2.5).

1.1
14t
0.9

2

08| _ox
- 0.7 —&—C'w

0.6 |
0.5

1819 2 212223242526
Dielectric Window Thickness d,, (cm)

Figure 5.2 The measured relative magnetic coupling coefficient k, and dielectric
window capacitance C’, normalized to the data for d,, = 1.9 cm (k,(1.9) = C'(1.9)
=1). Note that k,(2.2) is close to C',(2.2), while C,(2.5) is smaller than k(2.5).

To calculate V,, using the combined model, we first vary k(d,) and
calculate V_,; from the inductive coupling model for a given plasma condition.
This iterative procedure is same technique discussed in detail in Chapter 3 to
derive the theoretical R;’ and |X;'| [Q], where experimental data of Z, [Q], Ve

and |4 [A] for d, = 1.9 and k,(d,) data are the basis of the calculation. The
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calculated V.4 is used in the capacitive coupling model to derive V4, where

C.(d,) also varies with the dielectric window thickness d,,.

5.2.2 Measured and theoretical rf plasma potential

We both measure and calculate the rf plasma potential, V., while
changing the dielectric window thickness, d,. Figure 5.3 (a) — (d) shows the
theoretical V4 versus P, for the three dielectric window thicknesses, d,, in 1 -
20 mTorr of argon. From Fig. 5.3, one can see no major difference in V,,
between the chosen d, = 1.9 cm and d, = 2.2 cm dielectric window cases.
C.(2.2) is smaller than C,(1.9). Therefore, one would expect to see a decrease
in V.. However, increasing the dielectric window thickness reduces the
inductive coupling from the excitation coil to the plasma, which results in
increasing the coil voltage for a given plasma condition. Figure 5.4 (a) — (d)
shows the measured V,; for 1 — 20 mTorr of argon. One can see the increase
in V. as d, increases for all pressure range. The increase in V4, required by
the reduction of the inductive coupling, offsets the decreased C,,.

V.« decreases for d = 2.5 cm hybrid dielectric window case. This is
because the decrease in C, is more dominant than the increase in V, as d,
changes from 2.2 to 2.5. This behavior is seen over a wide pressure range

from 1 to 20 mTorr.
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(c) 5 mTorr

8
—O—dw=1.9
--A--dw=2.2
6 | —{3—dw=2.5

) -

0 200 400 600 800
Absorbed plasma power P, (W)

rf plasma potential V4 (V)
(N EN

o

(d) 20 mTorr
8
—O—dw=1.9
6 oA - dw=22
——dw=2.5

n

0 200 400 600 800
Absorbed plasma power P,y (W)

rf plasma potential V4 (V)
'

o

Figure 5.3 Theoretical rf plasma potential calculated using the combined
inductive/capacitive coupling model for three dielectric window thicknesses d,, =
1.9, 2.2, 2.5 cm in argon pressures of : (a) 1, (b) 2, (c) 5, and (d) 20 mTorr.
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(c) 5 mTorr
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Figure 5.4 The rf coil voltage measured at the excitation coil input for three
dielectric window thicknesses d,, = 1.9, 2.2, 2.5 cm in argon pressures of : (a) 1,
(b) 2, (c) 5, and (d) 20 mTorr. Note that V. increases as d,, increases.
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Figure 5.5 (a) — (d) shows the measured V., versus P, for various
dielectric window thicknesses, d,,, for 1 —20 mTorr of argon. The measured V,
follows the same tendency as the theoretical V,,,, especially in the low pressure
range. Thatis, V 4(1.9) is close to V,4(2.2), and V,,(2.5) is about 20 % smaller
than those two. Therefore, the new combined inductive/capacitive model
explains very well the trend in rf plasma potential caused by whole excitation
coil-plasma interaction through both inductive and capacitive coupling pathways.
Although a good agreement is achieved in the theoretical and measured V,,,
there is some difference in the high pressure range. This is possibly due to the
spatial gradient in the plasma density which the capacitive coupling model does
not fully take into account. The plasma density at the plasma-sheath boundary
strongly influences the sheath capacitance. The non-uniformity in the plasma

density is more significant in high pressure.
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(c) 5 mTorr
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Figure 5.5 The measured rf plasma potential for three dielectric window
thicknesses d, = 1.9, 2.2, 2.5 cm in argon pressures of : (a) 1, (b) 2, (¢) 5, and
(d) 20 mTorr. Note that the data for d, = 1.9 and 2.2 cm are close together,
while the data for d,, = 2.5 cm is distinguishably smaller.
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5.2.3 Discussion

The effect of both inductive and capacitive coupling pathways on the rf
plasma potential, V,,, is both theoretically and experimentally derived in Section
5.2.2. Below, we simplify the combined model for the rf plasma potential
calculation and obtain the fundamental relationship in coupling parameters
which determine the rf plasma potential. This simplified relationship helps us to
optimize the rf plasma potential from the excitation coil design point of view.

From the capacitive coupling model, the rf plasma potential, V4, is a

function of the coil voltage V.. the dielectric window capacitance C,, and

absorbed plasma power P, as seen in Eq. (4.47), where V_, < V,C_/ ,/Pa,,s .

V.ia is primarily determined by the inductive coupling. From Eq. (3.9),
R, is proportional to k. Therefore, R,'(2.2) = k,(2.2)* x R;'(1.9) and R;'(2.5) =
k(2.5)° x R)(1.9). The rf coil current for d, = 2.2 and 2.5, |,4(d,), is derived

from the following equation:

()= e 1)

K.(d,)?R,"(1.9)

| P.os
k.(d,)yR,'(1.9)

(5.2)
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For a constant total input impedance of the circuit, Z,, ( = Zi + Z), Voo IS

proportional to I as well from the following equation:

Vcoim (dw) = IZinl : Ieoilrf (dw ) (5.3)

oc Iziﬂl Pabs
k.(d,)YR,'(1.9)

(5.4)

Applying Eq. (5.4) into Eq. (4.47), the rf plasma potential is:

oc |Zi"| Pabs Cw (dw )
V.. (d,) [k,( R | (5.5)

Izin le (dw )

"k (d, YR, (1.9)

(5.6)

Experimentally, Z.,, might change slightly with changing d,, due to the change in
the parasitic inductive coupling between the excitation coil and the vacuum
chamber, and Z;' changes with varying k and plasma conditions as shown in Eq.
(3.9) and (3.10). However, the change in Z, with changing the plasma
conditions and dielectric window thickness as measured by the rf plasma
impedance monitor is less than 5 % in our experiment. Therefore, V,, is

approximated as:
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C.(dy)

k. (d, ),/Rp'(1 .9)

Vprf (dw ) o< (57)

P.s is eliminated in Eq.(5.7), and V,,, is simply described by C,(d,), k(d,) and
R,'(1.9) using the combined inductive and capacitive coupling model.

As discussed in Section 5.2.2, V 4(2.2) is close to V,,(1.9). This is
because C,(2.2) / k(2.2) = 13.34 is close to C,(1.9) / k(1.9) = 13.30 in Eq. (5.7),
while C,(2.5) / k(2.5) = 12.02 is smaller than these two cases. In order to
reduce the rf plasma potential, we can either decrease the dielectric window
capacitance, C,, or increase the magnetic coupling coefficient k for a fixed
plasma condition.

Thus, this new combined model increases understanding of the
interaction between the excitation coil and the plasma through both inductive
and capacitive coupling. This model helps engineers to design the excitation
coil from coupling point of view and optimize electrical parameters such as rf

plasma potential and power transfer efficiency.
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CHAPTER6 SUMMARY AND FUTURE WORK

Both inductive and capacitive coupling pathways in an ICP system are
studied in this dissertation to better elucidate the excitation coil-plasma
interaction.

The inductive coupling model has been developed previously by Piejak
et al. This model is useful to explain the inductive power transfer mechanism
from the excitation coil to the plasma. However, the validity of the model has
been unclear due to non-linear plasma impedance and parasitic effects such as
parasitic capacitive coupling. From the inductive coupling model, the plasma
impedance transferred to the primary circuit, Z;’ [Q], should be proportional to k?
for a given plasma condition. We experimentally verified this relationship
between the measured Z; and k. Since it is difficult to obtain the absolute
value of k, we developed a new method to obtain the relative change in k from
local magnetic flux measurements in the plasma chamber area. Measured
values of Z;' and k agreed with values obtained from the inductive coupling
model developed by Piejak et al.

Parasitic capacitive coupling from the high voltage excitation coil to the
plasma causes process problems such as the dielectric window sputtering. We

developed a capacitive coupling model in order to better understand these
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problems. The capacitive current pathway is represented by three
capacitances, the dielectric window capacitance, the dielectric window-to-bulk
plasma sheath capacitance and the bulk plasma-to-chamber wall sheath
capacitance. We employed the rf sheath theory developed by Godyak et al. for
the calculation of the sheath capacitance. The measured plasma electron
density n, [m™] and electron temperature T, [eV] were used in the capacitive
coupling model to calculate the rf plasma potential, V. [V]. V., was measured
using a capacitive probe in order to compare with the theoretical data. The
accuracy of the capacitive probe was independently verified by the comparison
with V, measured by the ion energy distribution (IED) impinging on the ground
wall surface. The theoretical V,, derived from the capacitive coupling model
agrees well with the measured V,, which proves the effectiveness of the
capacitive coupling model.

Finally, we developed a combined model of inductive and capacitive
coupling to understand the complete coupling pathways from the excitation coil
to the plasma. The rf plasma potential is not only directly influenced by the
capacitive coupling, but also indirectly influenced by the inductive coupling. We
varied the thickness of the dielectric window in order to change both inductive
and capacitive coupling from the excitation coil to the plasma and measured V.
The combined model well explains the relationship between the measured V,,

and the dielectric window thickness. The combined model is useful to optimize
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the electrical parameters in the ICP system in terms of the excitation coil-plasma
interaction.

One of the suggestions for future work is to measure the sputter rate of
the dielectric window and relate the sputter rate with the capacitive coupling by
applying the coupling model developed herein. Furthermore, we can better
design the dielectric window and excitation coil configuration to reduce the
dielectric window sputtering. Our model should be compared to data of the
dielectric window sputtering experiment.

Another suggestion is to study the relationship between the rf plasma
potential and the dielectric window erosion in etch gas chemistries.
Fluorocarbon-based gas is typically used for silicon dioxide etching. In general,
the dielectric window is made of quartz, which is a crystalline silicon dioxide or
alumina (Al,O,) ceramic. Therefore, the radicals, which are intended to etch
the silicon dioxide film, also etch the dielectric window more rapidly. If there is
a large DC self bias on the dielectric window surface, high energy ions as well as
the radicals impinge on it, which enhances the etching of the window material.
The contribution of the dielectric window erosion will be greater by the chemical
etching process than the physical sputtering process. We can use our
capacitive/inductive coupling model to find the solution for the minimization of

dielectric window erosion.
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Appendix

Symbols and Physical Constants in the Dissertation

a, radius of torroidal plasma current path [m].
a, radius of cylindrical Langmuir probe tip [m].
A area of the two plates for parallel plate capacitance [m?].
A, electrode area [m?].
A, surface area of grounded chamber wall [m?)].
A, area of particle loss [m?].
A, plasma-sheath boundary area for cylindrical Langmuir probe tip [m?].
A, surface area of dielectric window [m?].
B magnetic flux density [Wb/m?].
B time varying magnetic flux density, dB/dt.
B, magnetic flux density normal to plasma coil plane [Wb/m?].
B, time varying magnetic flux density, dB,/dt.
c, coil to which rf current is applied.
C, coil to which magnetic flux is coupled.
C capacitance between two parallel plates [F].
Co total of three series capacitance of capacitive probe (4 pF).
Cog bulk plasma-to-chamber wall sheath capacitance [F].
C., rf sheath capacitance [F].
C. dielectric window capacitance [F].
C. normalized dielectric window capacitance.
c¥ dielectric window capacitance for k™ branch [F].
C., dielectric window-to-bulk plasma sheath capacitance [F].
K

wp dielectric window-to-bulk plasma sheath capacitance for k™ branch [F].

d separation of the two plates for parallel plate capacitance [m].

dog capacitive sheath width for bulk plasma-to-chamber wall sheath [m].

dgn effective capacitive sheath width [m].

deno sheath width [m].

d, length of cylindrical Langmuir probe tip [m].

d, dielectric window thickness [m].

Quep capacitive sheath width for dielectric window-to-bulk plasma sheath [m].
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d,, capacitive sheath width for dielectric window-to-bulk plasma sheath for
k™ branch [m].

e electron charge (1.6022 x 10" C).

E, electric field at plasma-sheath boundaty [V/m].
E. electron energy [eV].

E ion energy [eV].

E; total energy loss per ion [eV].

AE energy spread in ion energy distribution [eV].
f, driving frequency (13.56 MHz).
| Langmuir probe current [A].

lo magnitude of rf displacement current through sheath [A].
l, current applied to ¢, [Al.

I collector current [A].

leoitt rf current through excitation coil [A].

by rf displacement current through sheath [A].

le electron current incident to dielectric window surface [A].

lesar electron saturation current for Langmuir probe | — Vg characteristic [A].

L, ion current incident to dielectric window surface [A].

lisat ion saturation current for Langmuir probe | — V; characteristic [A].

et saturation current for Langmuir probe | — Vg characteristic [A].

gt rf sheath current [A].

Jear saturation current density for Langmuir probe | — Vg characteristic [A/m?].
magnetic coupling coefficient.

k, relative magnetic coupling coefficient normalized to the magnetic

coupling coefficient ford, = 1.9 cm.

linear distance from the center to the end of excitation coil [m].

self inductance of c, [H].

self inductance of ¢, [H].

excitation coil inductance [H].

electron inertia inductance [H].

geometric inductance of ICP current path [H].

electron mass (9.11 x 10®' kg).

ion mass (6.64 x 10% kg for argon ion).

mutual inductance between c, and c, [H].

ion or electron density at plasma-sheath boundary [m™).

plasma electron density {m™®).

plasma ion density [m™].

plasma electron density at x = s [m~)].

argon gas pressure [Torr].

absorbed plasma power [W].

power loss in excitation coil (W].

rf power delivered to excitation coil [W].

power generated at rf power supply [W].
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Pron power loss in matching network [W].

Q electric charge [C].

r radial position [m].

fo ring radius of torroidal plasma current path [m].

R. plasma resistance for capacitive power dissipation [L].

Reoi excitation coil resistance [Q].

R, real part of the total rf input impedance of excitation coil including ICP
circuit [Q].

R, plasma resistance [Q].

R, plasma resistance referred to the primary side of air core transformer

[Q].

Rim termination impedance of oscilloscope [Q].

s location of electron sheath edge [m].

S, location of plasma-sheath boundary [m].

T transmission of electron repeller and ion energy discriminator grids for
RPA (~ 35 %).

T electron temperature [eV].

Ug Bohm velocity [m/s].

U ion velocity [m/s].

\' potential in sheath [V].

Vg probe voltage [V].

Vo T voltage at excitation coil input [V].

V'« Normalized rf potential distribution on the excitation coil [V].

V&« rfvoltage at excitation coil input for the k™ branch [V].

Vot 1 voltage on capacitive probe [V].

Vq discriminator voitage [V].

Vo rf potential induced around the loop of B-dot probe [V].

| rf plasma potential [V].

V.o«  rfvoltage drop across bulk plasma-to-chamber wall sheath [V].

Vv, repeller voltage [V].

Vo  rf sheath potential [V].

Vor rf voltage drop across dielectric window [V].

V., instantaneous voitage drop across dielectric window-to-bulk plasma

sheath [V].

V.ot [f voltage drop across dielectric window-to-bulk plasma sheath {V].

X distance from rf electrode (or grounded wall) [m].

Xeoi rf coil reactance [Q].

Xin imaginary part of the total rf input impedance of excitation coil including
ICP circuit [2].

X, plasma reactance [Q].

X, plasma reactance referred to the primary side of air core transformer
[Q].

z z-position from the dielectric window surface [m)].
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Z.i rf coil impedance [Q].
" total rf input impedance of excitation coil including ICP circuit [Q].

Z, plasma impedance [Q].

o rf gl)asma potential-capacitive probe voltage conversion factor (1.26 x
10%).

d normalized sheath width with no rf current in sheath (2.612 for argon).

€ permittivity of free space (8.854 x 102 F/m).

£ relative permittivity.

T, electron flux at plasma-sheath boundary [m2-s].

[ ion flux at plasma-sheath boundary [m*?-s™].

Ap Debye length {m].
Aoy Debye length at plasma-sheath boundary [m].
[TH permeability of free space (4r x 107 H/m).

M, relative permeability.

Ve effective momentum transfer collision frequency between electrons and
atoms [Hz].

Vi momentum transfer collision frequency between electrons and atoms
[Hz].

p rf sheath oscillation parameter.

Pog rf sheath oscillation parameter for bulk plasma-to-chamber wall sheath
capacitance.

Puw-p rf sheath oscillation parameter for dielectric window-to-bulk plasma
sheath capacitance.

Pw, If sheath oscillation parameter for k™ branch of dielectric window-to-bulk
plasma sheath capacitance.

G, complex plasma conductivity [Q'-m™"].

o, magnetic flux which transverses ¢, [Wb].

doop  Magnetic flux through B-dot probe tip [Wb].

oy rf magnetic flux induced by rf current applied to excitation coil [Wb].

o, potential at plasma-sheath boundary [V].

D, instantaneous dielectric window surface potential [V].
®, floating potential [V].

b, instantaneous plasma potential [V].

®,oc  DC plasma potential [V].

&, DC self bias [V].

Wpe plasma electron frequency [rad/s].

Wy plasma ion frequency [rad/s].

Wy radian driving frequency [rad/s].
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