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ABSTRACT

Numerical Investigation of Carbontetrafluoride Inductively Coupled
Plasma Source Considering Silicon Dioxide Etching Process Using a
Parallel 2-D Axisymmetric Fluid Model

Department of Mechanical Engineering

Student: Yuan-Ming Chiu Advisor: Dr. Jong-Shinn Wu

This thesis reports development and validation of a parallel 2-D axisymmetric
plasma fluid model which includes the fluid modeling equations for plasma transport,
the Maxwell’s equations for induced electric field, ambipolar diffusion for
electrostatic electric field, and surface kinetic-model for modeling SiO, etching. This
model is discretized by using the semi-implicit finite difference method with
preconditioned Krylov subspace (KSP) method for discretized modeling equations.
The fluid modeling code is parallelized using domain decomposition method through
the use of MPI protocol. We employ this plasma fluid model to study plasma physics
and chemistry of tetrafluoromethane (CF,) gas discharge considering the etching
process of a SiO; substrate in different inductively coupled plasma (ICP) sources. The
results show that CFs* is the dominant charged species, and F concentration is
comparable to that of electron. Reactive F atom is the most dominant radical in CF,
discharge. In addition, the major etching products from the the substrate are SiF,,
COF; and O; in all ICP reactors considered in this thesis. Finally, the results show that
it is possible to design an ICP reactor with relatively high and uniform etching rate
with both gas inlet and coil arranged along the cylindrical wall. Researches in this
thesis are divided into four major parts. The first part is the description of the fluid

moldeing equations. The second part is the numerical schemes and algorithms for
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solving the fluid modeling equations and corresponding parallel computing method.
The third part is the description of validation and parallel performance of the parallel
fluid modeling code. The fourth part is the description of applications of the
developed fluid modeling code for study the CF, discharge in various inductively
coupled plasma sources.

In the first part, the fluid modeling equations, derived from the velocity moments
of Boltzmann equation, the Maxwell’s equations and the surface kinetic model are
introduced in detail. The fluid modeling equations include the continuity equations for
charged and neutral species, the electron energy density equation, the momentum
equations by the drift-diffusion approximation for the charged species, the ambipolar
diffusion approximation for the electrostatic field. The power absorption that is needed
in electron energy equation is-solved-through the Maxwell’s equation. The surface
kinetic model (or site balance equations) for CF, discharge etching SiO, is also
introduced in this part.

In the second part, the numerical-schemes and algorithms for solving fluid
modeling equations and the corresponding parallel computing method are introduced.
The discretized equations are presented in detail. A combined method of
preconditioning and Krylov subspace method (KSP) are proposed to solve the large
sparse algebraic linear system formed at each time step. Parallel computing of the
fluid modeling code using domain decomposition is also reported.

In the third part, the validation and parallel performance of the developed
parallel 2D axisymmetric plasma fluid model are reported. Simulations are compared
reasonably well with the previous simulation and experimental results by Fukumoto et
al. [26][74]. Parallel performance study shows that the fluid code is scalable up to 26

processors on the IBM-1350 at National Center for High-Performance Computing in
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Taiwan using the combination of GMRES and Block Jacobi with sub-preconditioner
ILU with a problem size of 122x179.

In the fourth part, we employ our developed and validated parallel plasma fluid
model to study plasma physics and plasma chemistry of CF, discharge in different
geometries of ICP reactors: a typical ICP reactor, a GECRC, and a dome-shaped ICP
reactor. The plasma chemistry includes 96 gas-phase reaction channels and 27 surface
reaction channels. The spatial distributions of various plasma properties, etching
characteristics, and production rate are described in detail in the both GECRC and
dome-shaped ICP reactor. The numerical results indicate that CF3* is the dominant
charged species because the threshold energy of electron-impact dissociative
ionization reacting with the feedstock that produces CFs* is the lowest among all
dissociative ionization. In addition, F-concentration is comparable to that of electron
in the CF, discharge because dissociative-attachment energy of CF, is the lowest.
Furthermore, the reactive F atom.is found to be the most dominant radical in CF, ICP
discharge. The major etching products-from the substrate are SiF,;, COF, and Oy,
which is consistent with the previous experimental observations. Meanwhile, this
plasma fluid model is employed to study the etching characteristics in different
geometries of ICPs reactor for predicting etching rate and corresponding uniformity
on the substrate surface. The results show that the typical cylindrical ICP reactor with
both gas inlet and coils arranged along the cylindrical wall gives relatively high and
uniform etching rate because the dissociative ionization tends to peak off-axis to
affect plasma density profile most likely off-axis so that the discharge region is flat
and wide near the substrate. It proofs that this simulation tool could help to optimize

the designs of large reactors with very low cost.
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Finally, major findings and recommendations for future study are outlined at the
end of the thesis.
Keywords: Inductively Coupled Plasma (ICP), Fluid Model, Parallel Computing,

GECRC, Dome-Shaped ICP, CF4 Discharge, Surface Kinetic Model.
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CHAPTER 1
INTRODUCTION

1.1 Background and Motivation

Plasmas which are ionized gases also known as discharge consist of positive ion,
negative ion, electron and neutral species. In generally, plasma is treated as the fourth
state of matter since sufficiently heating of a gas could give sufficient energy to ionize
gas turning the gas into plasma. Plasmas are the most common phase state of matter in
the universe, and they can be found from stars, interstellar matters to earth. According
to ionization degree, plasmas can. be divided from. fully ionized gas (100%), such as
stars, solar and fusion, to partially ionized gases (10*~10°), such as aurora, flames,
and artificial plasmas. While generation of artificial- plasmas via heating is very
difficult to handle, it could be generated easily via electromagnetic wave in our daily
lives as well as in industry. Artificial plasma generated in the laboratory and industry
can be generally categorized by many aspects which include the type of power
sources (DC, RF and microwave), operating pressure, temperature (thermal plasma
Te=T; and low-temperature non-equilbirium plasma T, >> T;), and application (light
emission, material etching and material deposition, to name a few). The major fields
of application may include: plasma processing, thin film deposition, plasma spray and
bulk materials work, display systems, environmental and health applications, switches,
relays, focus, antennas and power systems [1][3].

For the past three decades, the applications of glow discharge for manufacturing
integrated circuit (IC) have increased tremendously in semiconductor industry, such

as etching and deposition. These plasmas are often operated at low pressure because
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of easier gas breakdown under this condition. Some low-pressure and high-density
plasma sources had been invented in the semiconductor industry. These may include:
capacitively coupled plasma (CCP), helicon discharge, electron cyclotron resonance
(ECR), ion cyclotron resonance (ICR), and inductively coupled plasma sources (ICPs).
In particular, among these high density plasma sources, inductively coupled plasma
sources have been playing an important role in etching and nano-material deposition
because of its advantages, such as high plasma density, controllable energetic ions, and
potential of generating chemically active radical species [1][3][4][6]. The feed gases
for ICPs’ etching process are usually noble gases (He, Ne, Ar, Kr and so on) and
halogen gases (Cl,, CF4, HBr and so on) in which fluorocarbon (CF,) is generally
encountered plasma etching of dielectrics in'semiconductor fabrication. Such etching
processes of dielectric usually damage-and charge Si-or SiO, contact layer; therefore,
understanding of how etching rates and selectivity of SiO,, caused by such a plasma,
vary under different conditions are extremely important for a better etching of new
devices [1][7][8].

Development of processing equipment for plasma etching had been
accomplished mostly by trial-and-error approach; however, it was found that this
approach was often time-consuming and very costly as the etching reactors become
more complicated. It is generally difficult and very expensive to directly measure
plasma properties within an ICP chamber. Due to the advancement of modern
computer technology and numerical schemes, plasma modeling becomes an
invaluable tool for understanding complex plasma physics and chemistry in ICP
etching process. Indeed, plasma modeling for a realistic discharge system with
complicated plasma chemistry (gas-phase and surface) and a large reactor size is often

very time-consuming. [1][8][9]. Fortunately, parallel computation can efficiently
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reduce the computational time [10], although there have been very few reports in this
regard in the community [79]. Thus, it is important to develop and validate a parallel
computational tool which can simulate the complex etching process of any ICP source

considering realistic plasma physics and chemistry.

1.2 Overview of Low-Pressure Non-Equilibrium Plasma

Sources

The common features of low-pressure non-equilibrium plasma sources include
operations under low-pressure environment for easier gas breakdown (lower voltage)
and different kinetic temperatures among different species (electron’s temperature >>
ion’s temperater ~ neutral’s temperature)..In general, the electron temperature is in the
range of 1-10 eV, while the temperatures of -ions.and neutrals are not far from the
room temperature. For polyatomic gas discharge, energy relaxation of rotational and
vibrational temperatures is also‘impotant in maintaining the discgarge. For a glow
discharge confined in a bounded space, there exists a large quasi-neutral region in the
central part of the space with thin sheath regions closed the bounded walls. Because
of frequent electron collision with neutral species, electronic excitations of neutral
species and light emission due to de-excitation of electrons are very common in a
glow discharge.

In this section, various kinds of low-pressure non-equilibrium plasma sources
often found in semiconductor fabrication industry and especially the inductively

coupled plasma source will be introduced.



1.2.1 Classification of Low-Pressure Gas Discharges in

Semiconductor Fabrication

Several commonly seen low-pressure plasma sources, incuding direct current
plasma (DCP), capacitively coupled plasma (CCP), electron cyclotron resonance
(ECR), inductively coupled plasma (ICP) [1][3][4][5][6], are introduced in turn next.

1.2.1.1 Direct Current Plasma (DCP)

The direct current plasma is the simplest laboratory discharge, but it provides the
basic understanding of fundamental discharge phenomena for other more complex
discharges. When a sufficiently high electric field is applied between two electrodes
placed in a gas, gas breaks down into positive ions and electrons, which is so-called
gas discharge. The mechanism .of gas breakdown in a DC plasma can be explained
briefly as follows. First, a few electrons exist naturally in the universe and emitted
from the electrodes due to the cosmic radiation from space. When a voltage is applied
on an electrode, the electrons are accelerated by the electric field near the electrode
and collide with the gas for exchanging energy and momentum. The most important
collisions are the inelastic collisions that lead to excitation and ionization of neutral
molecules. The excitation collisions, followed by de-excitations with the emission of
radiation, are responsible for the terminology, glow discharge. The ionization
collisions generate new electrons and ions. The ions are accelerated by the electric
field toward the cathode, where they release new electrons due to ion or neutral
bombardment, which is the so-called secondary electron emission. The electrons are
accelerated in the sheath near the cathode, giving rise to new ionization collisions that
generate new ions and electrons. These processes of secondary electron emission at

the cathode and ionization in the plasma bulk make the glow discharge a



self-sustaining plasma. DC plasma with addition of magnetic field near the cathode
(e.g., permanent magnet) can be used to deposit the material substrate as the anode
using the sputtered atom which releases from material placed on the cathode.
Nevertheses, it is seldom to apply DC plasma directly in industry. The reasons are
described as follows. Firstly, the cathode is easily eroded by the ion bombardment
which often releases metal material that is undesirable in materials processing.
Secondly, although operated in low-pressure environment, the gap voltage often has
to increase to several kVs for an acceptable plasma density for several practical
applications. When a time-varying voltage is applied, the role of the electrodes
becomes less important because electrons can oscillate in the plasma between the two
electrodes. This is the so-called capacitively coupled discharge which is introduced

next.

1.2.1.2 Capacitively Coupled Plasma (CCP)

As one of the electrodes of DC plasmais applied by an alternating voltage and
the other grounded, each electrode acts alternately as either the cathode or anode,
which is a typical capacitively coupled plasma (CCP). In a typical CCP, probability of
heavy charged particles bombarding to the electrodes becomes low since they cannot
respond quickly enough to the high-frequency oscillation of electric field. If one or
both of the electrodes are non-conducting materials the charge accurmulated on
electrodes will be partially neutralized by the opposite charge accumulated during the
other half cycle. However, the frequency should be high enough so that half the
period of the alternating voltage is less than the time during which the insulator would

be charged up and bombarded. Otherwise, there will be a series of short-lived



discharges with the electrodes successively taking opposite polarities instead of a
quasi-continuous discharge.

The frequencies generally used for these alternating voltages are typically in the
radiofrequency (rf) range (100 kHz ~ 100MHz). The term “capacitively coupled”
refers to the way of coupling the input power into the discharge, and the sheaths near
two electrodes form one kind of capacitor. The electrons may have obtained energy
from the oscillating electric field by the so-called Ohmic heating, and stochastic
heating especially in low-pressure environment. Additionally, heating of the electrons
can also be realized in the bulk plasma, when the bulk electric field is significant. This
happens in the case of electronegative gases where radial losses due to ambipolar
diffusion to the walls are important. However, for plasma processing applications,
plasma density and mean free-path-of particles. in a typical CCP are relatively low,
which is not favored in etching process. In recent years, there have been new ideas by
adding another lower frequency power source, named-as dual-freqency CCP [80], for
a better control of bombarding flux and-energy of ions, which is used for etching

purpose.

1.2.1.3 Electron Cyclotron Resonance Plasma (ECR)

Electron cyclotron resonance (ECR) plasma is generated from the interaction
between an electric field at microwave frequency and a superimposed magnetic field,
in which the electrons are in resonance with the microwave field. A characteristic
feature of microwave is that the wavelength of power source (2.45 GHz) is
comparable to the dimension of the plasma apparatus. ECR reactor consists
essentially of two parts: a resonance region and a process region (with the surface to

be treated). The plasma flows along the magnetic field lines from the resonance
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region into the process region, where energetic ions and free radicals from the plasma
can bombard the surface. When a magnetic field B is applied, the charged particles
are confined and gyrating around the magnetic field lines with an angular cyclotron
frequency that is a function of local magnetic field. When the cyclotron frequency is
in resonance with the 2.45 GHz, very high power absorption by the electrons can be
expected. This would lead to a high-density plasma generated in the chamber.

While the goals of high rates and low damage have been required in
semiconductory fabrication industry, there are some disadvantages of the ECR
technology. Firstly, the ECR resonance can lead to "mode hopping". Real wide-range
fully automatic tuning of the microwave energy is difficult or impossible. It is very
expensive to scale the technology. up'to-large. wafer sizes. Operation outside the
resonance (at pressures > 2 mtorr) .can:lead to microwave energy transferring to the
wafer [1][5][6].

A much simpler processing. technology such as-"Inductively Coupled Plasma"
can possibly address all of the above-problems. Today many major suppliers of
plasma equipment utilize the ICP or similar technologies for high rate and low
damage etch applications. The description of inductively coupled plasma will be

introduced next.

1.2.1.4 Inductively Coupled Plasma (ICP)

In the inductively coupled plasma source, as shown in Figure 1 and Figure 2, the
plasma chamber is surrounded by a high-frequency oscillating current coil. Simply
speaking, the rf current in the coil generates an rf magnetic flux, which penetrates into

the plasma region. According to Faraday's law, time-varying magnetic flux density



induces an azimuthal rf electric field, which accelerates the free electrons and sustains
the discharge.

Inductively coupled plasma sources have the same required advantages,
including the simplicity, no requirement for D.C. magnetic field, and operated in RF
range rather than in microwave range. In contrast to ECRs, which can be configured
to achieve plasma density n, >10* m3, inductively coupled discharges may have
density limit, n,< 10 m™3, for an efficient power transfer to the plasma. However,
the practical plasma density, 10''<n,<10*® m™, for an efficient inductive discharge
operation, is still typically 10 times higher than that of a capacitive RF discharge in
the same pressure range (~1 Pa).

Major advantanges of ICP «sources ~can be summarized as follows:
[11[31[4][5]16]:

1. High etch rates are achieved by high ion density (>10'" m™) and high radical

density.

2. Control over selectivity and damage-is achieved by lowering ion energy.

3. Separate control over ICP and electrode RF provides high process flexibility.

4. ICP source has combined effect of chemical and ion-induced etching.

5. ICP can be used for deposition in ICP-CVD mode, offering very dense films at

lower temperature than PECVD and lower damage deposition onto

temperature sensitive substrates.

1.2.2 Some Fundamentals of Plasma Physics

Plasma is loosely described as an electrically neutral medium of positive and
negative particles (i.e., quasi-neutral). It is important to note that although these

charged particles are unbound, but they are not totally free. When the charges move,
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they generate electrical currents with magnetic fields, and as a result, they are affected
by each other’s fields. This governs their collective behavior with many degrees of
freedom. A definition of plasma could have three criteria: the plasma approximation,
bulk interaction, and plasma frequency [2].

The first criterion is plasma approximation. Charged particles must be close
enough together that each particle influences many nearby charged particles, rather
than just interacting with the closest particle. The plasma approximation is valid when
the number of charge carriers within the sphere of influence of a particular particle is
higher than unity to demonstrate collective behavior of the charged particles. This
sphere is often called the Debye sphere whose radius is the Debye screening length.

The second criterion is bulk interaction. The Debye screening length is short
compared to the physical size of the-plasma. This criterion means that interactions in
the bulk of the plasma are more important than those at its edges, where boundary
effects may take place. When this criterion is satisfied, the plasma is quasi-neutral.

The third criterion is plasma frequency. The electron plasma frequency is large
enough as compared to the electron-neutral collision frequency. When this condition
is valid, electrostatic interactions dominate over the processes of ordinary gas kinetics.
Briefly, collision frequency must be so sufficient that kinetic and statistical theory is
valid.

In the following, some fundamentals of of plasma physics, including sheath,

Debye length, Bohm velocity and plasma frequency, are described in turn next.

1.2.2.1 Debye Length
Debye length is the distance scale over which mobile charge particles screen out

electric fields in plasmas and other conductors. In other words, the Debye length is the
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distance over which significant charge separation can occur. A Debye sphere is a
volume whose radius is the Debye length, in which there is a sphere of influence, and

outside of which charges are screened. Debye length is expressed as [2][3][4][5]:

-
N (L.1)
an,

where & is the permittivity of free space, T.is the electron temperature in eV, q is
the elementary charge, and "q is the background gas density. Overally speaking, it is

a measure of the shielding distance or thickness of the sheath.

1.2.2.2 Plasma Sheath
The sheath is generated by the interaction of the plasma with the boundary
material. As positive charges -and electron diffuse thermally to wall, the sheath is
formed that is caused by the velocity of electron is much larger than the velocity of
positive ions. Physically this means that the electron density must be always less than
the ion density in the sheath region. The-function of a sheath is to form a potential
barrier so that the more mobile electrons are confined electrostatically in the bulk. The
height of the barrier adjusts itself so that the flux of electrons that have enough energy
to overcome the barrier to the wall is just equal to the flux of positive ions reaching
the wall.
1.2.2.3 Bohm Velocity
As the ions enter the sheath, they are accelerated by the large electric field and
their density must decrease to maintain a constant flux. If this decrease is too fast, the
ion density will fall off well before the electrons (which diffuse a bit into the region of
positive potential) vanish, leading to a net negative charge, which would then increase

the ion velocity. The stable solution must occur when the ions entering the sheath
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have enough initial velocity to ensure that the sheath remains positive charged. The
sheath can exist only if the initial ion velocity exceeds the critical condition at the
presheath position, which is called Bohm sheath criterion. In the presheath region, a
weak electric field penetrating into the plasma near the sheath edge, which accelerates
the ions as they enter the "main" sheath. The initial velocity at the preshaeth position
which could allow ion transport from the plasma bulk into the main sheath is known

as Bohm velocity [3][4]:
Ug > Ug = e (1.2)

where ug is ion velocity, ug is Bohm velocity and M is ion’s mass. It only depends on

electron temperature and mass of ion.

1.2.2.4 Plasma Oscillations (plasma frequency)

An important property of plasma is the time scale for plasma oscillations to occur.
Plasma oscillations, also known as ‘‘plasma frequency” and “Langmuir frequency”, are
rapid oscillations of the electrons in conducting media such as plasmas or metals. The
oscillations can be described as instability in the dielectric function of a free electron
gas. In other words, under assumption of quasi-neutral plasma, if an electron is moved
from its equilibrium position, the resulting positive charge exerts an electrostatic
attraction on the electron, causing the electron to oscillate about its equilibrium position.
Because the interaction between electrons is strong, they all oscillate together at a
characteristic frequency that depends on the nature of the particular plasma. Electron

plasma frequency is shown as [2][3][4]:

2

w,, = |30 (1.3)

pe
Some
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where @p. is plasma frequency, &ois permittivity of vacuum, and m. is electron
mass. The electron plasma frequency is the fundamental characteristic frequency of
plasma that determines the time scale of a plasma response to external electric

perturbations.

1.2.3 Classification of Plasma Chemistry

A major part of any plasma modeling is the description of the chemical reactions
occurring in the gas phase and at surfaces in the plasma reactor. This description
consists of a set of reaction paths with kinetic rate parameters for each reaction. For a
low-pressure plasma process, the gas-phase reaction mechanism typically comprises a
large set of electron-impact collisions as well as fast reactions between neutral
radicals, ion-neutral reactions-and 1on-ion reaction. According to kinetic theory, the
elementary processes can be-expressed by some collision parameters such as cross
section, reaction rate coefficient and collisional frequency where the transport
coefficients and the rate constants related to ‘electron are calculated by solving the
Boltzmann equation [3][4]. For the current study, we consider a relatively complex set
of plasma chemistry involving CF4 gas, which will be presented in CHAPTER 2.
Several important types of plasma chemistry often seen in gas discharges are

described briefly for completeness in the following in turn .

1.2.3.1 Electron-Impact Reactions

Electron-impact reactions are by far the most important type of gas-phase
reaction. Thus, mechanism development begins with the compilation of available
electron-impact cross sections, starting with electrons impacting the atoms and

molecules. There are a multitude of possible electron-impact excitation processes that
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can occur for any target atom or molecule, but the mechanism development must
focus on those collisions that are most likely to affect etching and deposition
processes.

Plasma-enhanced etching and deposition chemistry depends on the kinds and
impact fluxes of ions and radicals from the plasma bulk to the wafer surface.
Therefore, processes such as ionization, excitation leading to dissociation, and
dissociative ionization are of primnary importance. Moreover, a more complicated
molecule would naturally have a number of paths such as dissociation and
dissociative ionization. Many of the process gases typically used for materials
processing applications also have electronegative properties where the amount of
negative charges are sometimes comparable to that of electrons, so that electron
attachment, dissociative attachment,—and detachment reactions also need to be
considered in the modeling.

Excitation of molecules resulting from electron-impact need to be considered
because the mean electron energy that drives-ionization and dissociation processes is
determined from a balance between the plasma power source and collisional energy
losses. Hence, all processes that lead to significant energy loss of the electrons need to
be considered. Typically, the data for electronic excitation to the lowest few excited
states that sometimes refer to metastable excitation should be also included for a

proper modeling, but not all the higher excited states.

1.2.3.2 lon Related Reactions
lon-neutral and ion-ion reactions often play a significant role in the plasma
chemistry. In addition, mutual neutralization between positive and negative ions is an

important loss process for ions in an electronegative discharge, and may also result in
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atom transfer or molecular re-arrangements. A high density of negative ions in an
electronegative discharge may also lead to appreciable electron detachment processes.

In general, the dominant positive ion in the discharge is expected to be related to
the molecule or atom with the lowest ionization potential, provided the corresponding
neutral is of sufficient abundance in the plasma. Charge-exchange reactions also
provide a route for energy exchange between the ion and the neutral species. If the
difference in ionization potential between two species is large, enough energy may be

released by the charge transfer that may cause dissociation.

1.2.3.3 Neutral Related Reactions

Electron-impact reactions can -generate «a large amount of different radical
species that participate in the etching-or deposition processes at the wafer. In addition
to surface reactions, these neutral species may react in the gas phase. Although radical
recombination reactions are important, they often require stabilization by collision
with a third body. It is sometimes reasonable to neglect these reactions entirely in a
high-density plasma due to the very low-pressure environment. However, in some
plasma such as SiH,, the neutral reactions which form several large clustering species

have to be considered.

1.3 Overview of Inductively Coupled Plasma Source (ICPs)

Inductively coupled plasma sources (ICPs) have been using frequently in
semiconductor fabrication industry to produce high-density plasma for materials
processing such as etching and deposition. The ICP source is the simplest type of
high-density plasma source because it does not require an external magnetic field like

ECR. The plasma in an ICP source is produced by radio frequency (RF) coils parallel
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to the plasma source. The RF coils are separated from the plasma by a dielectric wall,
and the discharge is typically operated with the frequency in the range of 1~40 MHz.
The dielectric wall is part of the vacuum barrier and may be flat, domed, or
cylindrical. Radio frequency currents in ICP coils induce opposing electric field (RF
currents) in the plasma, which are concentrated primarily within a skin depth of the
plasma surface, generally a few centimeters. The plasma thus acts as the secondary
transformer with the ICP coils as the primary one.

The RF current in the plasma is carried primarily by electrons which rapidly
transfer power to the plasma by frequent electron-neutral collision. High voltages on
electrodes are not required in an ICP source, which leads to a very low plasma
potential and low loss of charged particles-to the wall. For example, the high plasma
density produced in ICP sources, typically > 10%’ m*; which implies that the substrate
sheath is relatively thin and fewer ion scatterings in the sheath as compared to
capacitive coupled plasma sources because the debye length is relatively low [1][6].

Figure 1 and Figure 2 show the-typical reactors of ICP with planar and
cylindrical types of coil. In general, an ICP source consists of inductive coils, plasma
chamber, RF generator, quartz window, match network and pumping system.
Substrate hosting a wafer is often located at the bottom. Moreover, a dc voltage could
be applied to the substrate for controlling the processing condition. A radio frequency
(RF) current generator produces an oscillating current in an induction coil that is
arranged around the chamber. The induction coil creates an oscillating magnetic field
which produces an oscillating electric field being vertical to magnetic field according to
the Maxwell’s equations. The induced electric field alternately induces an oscillating
current that is generated by the ions and electrons in the plasma. However, the

magnitude of electromagnetic field, which transfers energy for electron to react
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ionization, is relatively low if ICPs is operated in high presuree. Therefore, nonthermal
ICP plasma discharges are usually operated at low pressure to make mean free path of
electoron long enough to obtain sufficient energy and to make high electron
conductivity to transfer the energy from skin depth to plasma bulk. From the
viewpoint of an equivalent circuit, the characteristics between the inductive coil and
plasma can be interpreted as a transformer. For an effective coupling of the plasma
with the RF power supply, it requires a low plasma resistance. Thus, when ICPs are in a
gas-discharge state, they are convenient to reach high currents, high electric
conductivity and high electron density at relatively low electric field and voltage. The
principle of heating plasma in an ICPs is related to electromagnetic field according to
the Maxwell’s equations,
OlepE) o4& mab

1 .
—VxB= ‘]total + g7 (14)
M ot ot ot

where B is inductive magnetic field, J IS ‘total current density and x4, is

total

permeability of free space. The time-dependent current in the azimuthal direction
induces time-dependent magnetic field in the r and z direction. We can calculate the
time-dependent induced electric field in & direction generated by the time-dependent
magnetic field in term of Faraday’s Law as

@

VxE=- 1.5
o (1.5)

Time-dependent induced electric field in the azimuthal direction can be applied
to accelerate electrons leading to more energetic electrons to sustain the discharge. It
has to be noted that power transferred from the electric field to the plasma is within a
skin depth layer. The conductivity, wave, skin depth and Ohmic heating (power

absorption) of ICP will be described in the following [3].
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1.3.1 Dielectric Constant and Conductivity
Electron and ions in the plasma respond differently to an oscillating electric field
because of the very large difference of masses between them. It can be shown that
plasma acts like a dielectric medium in the range of GHz frequency. The plasma
permittivity or dielectric constant is derived by combining the Maxwell’s equations

with the equation of motion. We can obtain an effective plasma dielectric constant as

[3]

a)+jum) jo

a)f)e Gp
SPZSO 1—a)(— =6‘0+— (16)

where o, is the plasma conductivity and it can be written as

2
Eq
o, =t (1.7)
w + ij

where @, is plasma frequency, ‘@ is frequency of applied current, and v,, is
collisional frequency. At a lower frequency (@ <a,.) or in a low presuree (lower

collisional frequency), o, is relatively high to act plasma like a good conductor.

1.3.2 Wave and Skin Depth in ICPs

Because plasma usually acts like a good conductor, the EM wave can only
penetrate into distance within skin depth. To understand mechanism more, we start
from wave propagation. The electric and magnetic fields of a RF EM wave, oscillating

transverse to the direction of propagation x, have a spatial dependence given by E(x) ~

Eo exp(jkx), where k =,/e,w/cis the propagation constant and c is the speed of light.

For a low-frequency RF field, where @ <@p.and \/gis imaginary, the electric field
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attenuates according to E(X) = Eyexp(-@,.X/c) = E;exp(-x/g) . The attenuation distance

for RF fields in the plasma is given by the collisionless skin depth [3] as
1.7cm

pe ~ \/I (18)

where n. is the electron density in cm™. The skin depth is typically a few cm for the

o=clw

partially ionized low-pressure plasma that is relatively long enogh to heat low pressure
ICPs comparing to real conductor (skin depth in ~mm), and the skin depth determines

where the RF power is deposited in inductively coupled plasma (ICP) sources.

1.3.3 Ohmic Heating in an ICPs

Collisional heating (it is also named Ohmic heating or Joule heating) is present
in all discharges as a result of the transfer of energy from the acceleration of electron
in an electric field through collisional processes. Especially, under a sufficient large
collision frequency but @ <wy. . the dominant electron heating mechanism is
collisional heating because the collision frequency is very high. Although the electric
field in the bulk plasma is small comparing to skin depth, it gives rise to a significant
electron heating due to electron-neutral collisions. Collisional heating can be derived
from the electron force equation. Since the mass of ion is much larger than electron,
ion is very difficult to gain energy from an oscillating electric field. A significant
electron heating due to electron-neutral collisions is given by the power absorption as

Pas = J(1)- E(t) (1.9)

where the total current induced by electric field is shown as

(t) = Re[J a1 (1.10)

‘] plasma

and the current with a phase show as

J plasma = JpE~ (111)
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Substituting (1.10) and (1.11) into (1.9), we could rewrite (1.9) as
Pass (1) = Re[J .8 ]- Re[Ee™] (1.12)
The time average power per unit volume absorbed by the plasma is given by [3]
Pus = [} e BVt =[] po (0 (113)
The ICP source is usually operated at the radio-frequency range with

U << wgp << @wpe , Which is typical for a low-pressure RF discharge. Electrons could

obtain the sufficient energy due to long mean free path in that reange frequency.

1.4 Literature Survey for Modeling ICP

The development of fluid model-has been lasting for more than five decades. The
early work using zero-dimensional or one-dimensional fluid models investigated the
capacitively coupled discharges. Due to limitation of computer resources, the focus was
on validations and refining modeling:techniques by studying fundamental plasma
physics. By the end of 1980s, the improvement of computer performance had improved
the early work to combine the comprehensive chemistry with the Maxwell’s equations,
although it is still limited as one-dimensional. Later on by the end of 1990s, several
two- and three-dimensional fluid models with detailed chemistry in studying
inductively coupled plasmas were developed because of the necessary knowledge in
design and optimization of new plasma processes in the semiconductor fabrication
industry.

Until now, some groups applied the fluid model by solving momentum equations
of ions and/or electron to analyze the dynamics of thin sheath. However, most of these

were applied to electropositive plasmas such as Ar, Xe, He, and C,H, [11][12][13].
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Some other groups employed an approach, named ambipolar diffusion, to deal the
presence of negative ions in plasma without considering the effect of sheath. Most of
these were employed to simulate electronegative plasmas, such as Cl,, CF4, and SiHy,,
which are important etching processes used in semiconductor industry [11][12][13]. In
addition, there has been nearly no study about parallel computing of fluid modeling
for ICPs. Table 1 and Table 2 summarize the list of past studies in modeling
electropositive and electronegative inductively coupled plasmas using fluid model

respectively. More details of the review are described in the following.

1.4.1 Numerical Modeling of ICPs

A plasma model is a computer program.that numerically solves a system of
equations describing the physical and chemical processes occurring in the plasma.
Modeling and numerical simulations of plasma processing can be useful in many ways.
An improved understanding of a plasma processing system can be achieved by
comparing predictions from numerical simulations with experimental observations.
The optimization of existing processes or the development of new plasma processes
that offer better processing results may follow such an understanding. Modeling and
simulations based on reliable physical or chemical modeling of a plasma processing
system can significantly reduce the number of associated experiments that otherwise
would have to be performed. Additionally, such modeling and simulations can also be
used in the computer-aided design of new process system and to optimize fabricating
processes within the framework of existing processing system.

Plasma simulation methods include kinetic and continuum methods [11][12][13].
The method for kinetic modeling is the Particle-In-Cell and Monte-Carlo-Collision

(PIC/MCC) method, in which the plasma is modeled by a system of charged
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superparticles that move in a self-consistent electromagnetic field and collide following
given collision cross sections for different processes. Fundamentally, the PIC/MCC
method solves the Boltzmann equation directly using no more than collision Kinetics;
however, it is generally very time-consuming and becomes impractical for a
multidimensional simulation with complex plasma chemistry if the pressure is not too
low. An alternative method, fluid model, is generally applied to simulate the plasma
under imtermediate to high pressure conditions. It consists of the continuity equations,
momentum equations and energy equations for various neutral and charged species in
the plasma, which are obtained by taking velocity moments of the Boltzmann equation
[14]. In addition, the Maxwell equations are often required to couple with fluid
equations to obtain a self-consistent 'electric .field. Among these equations, the
momentum equation is the most difficult one to solve due to its highly nonlinear term.
Therefore, a method called the drift-diffusion approximation is used, instead of solving
the momentum equation directly when the momentum-transfer collisional frequency is
larger than the radio frequency (RF). However, the diffusion approximation may
become highly questionable when the plasma density is high and the pressure is very
low in the range of mtorr for a typical ICPs (i.e., collisionless sheath). Alternatively,
the assumption of ambipolar diffusion [3] that does not consider the effect of sheaths
has been employed successfully in the fluid model, in which the fluid model is still

valid in a plasma bulk that was demonstrated by Meyyappan [52].

1.4.2 Electropositive ICP

Table 1 summarizes the past studies we have found in the literature for
simulating electropositive ICPs using fluid modeling. In 1993, Ventzek and Kushner et

al. [15] were the first group to publish a 2-D hybrid model consisting of
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electromagnetic, electron Monte Carlo and hydrodynamic modules, and an offline
plasma chemistry Monte Carlo simulation. They used this method to predict the
distributions of the plasma density, plasma potential and ion fluxes for Ar, Oy,
Ar/CF4/O, gas mixtures operated at low pressure (10-20 mTorr).

In the same year, R. Stewar and Graves et al. [16] presented a 2-D fluid model that
consists of the continuity equations for electron, ions and neutrals, the momentum
equations for ions, drift-diffusion approximation for electron and neutral, the energy
density equation for electron and the Poisson’s equation for electrostatic potential. In
this literature, they applied the assumed power profiles with solving the Maxwell’s
equation. They present the effect of neutral gas pressure on the plasma uniformity for
an argon discharge in the range of 1-20 mTorr.and the comparison between the fluid
model and the global model. The same-group, Stewar et al. [17], improved their model
to include the Maxwell’s equations. As a result, they had studied the power heating
driven by external planar or cylindrical coils.

Lnmberoupoulos and Economou [18}-used a 1-D fluid model to investigate the
spatiotemporal dynamics of a pulsed-power inductively coupled argon plasma at 10
mTorr. Their model involved the continuity equations for all species, the drift-diffusion
approximation for electron, the momentum equations for ions, the energy density
equation for electron, the Maxwell’s equation for induced electric field and the
Poisson’s equation for electrostatic electric field. Furthermore, an addition of RF bias
applied in the model for modeling accelerated positive ions. The spatiotemporal
dynamics and sheath thickness of argon plasma at 10 mTorr were investigated in detail

by their model.
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Later, Gao and Wang et al. [20] develop a 2-D hybrid Monte Carlo/fluid model, in
which the method,is similar to Stewar, et al. [17], except they have obtained the
electron energy distribution function (EEDF) through Monte Carlo simulations. They
have further applied this model to investigate the mode transition of ICP [21], and
study the variation of plasma parameters and EEDFs due to various discharge

conditions [20].

1.4.3 Electronegative ICP

Table 2 summarizes the past studies we have found in the literature for
simulating electronegative ICPs using fluid modeling. Modeling electronegative ICPs
is more challenging than modeling electropositive.ICPs. A 2-D fluid model applied to
Cl, was first developed by Lymberopoulos and Econamou et al. [22] in 1995. In their
simulation, they assumed that the drift-diffusion approximation is still valid using a
concept of “effective electric field”, rather than solving the full momentum equations
directly. In fact, this method only works well for capacitive coupled plasmas, and it
would be a failure for inductively coupled plasma if assumation of azimuthal variation
is axisymmetric. We actually double that method and model they report.

In 2001 and 2002, Ramamurthi and Economous et al. [23][24] did not apply
effective electric field in their model. In contrast, a method, named ambipolar diffusion
for dealing with the flux of charged particles, was adopted. A self-consistent fluid
model, including the Maxwell’s equation for power deposition, the electron energy
density equation and the species mass balance, was proposed. The important
assumptions of their model are summarized as follows: (1) The charged particle flux
can be described by the drift-diffusion approximation since the pressure is larger than

10 mTorr, and (2) Electron heating is assumed to be collisional. The other assumptions
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are similar to those of most other studies in the literature. The model was used to study
a pulsed-power chlorine discharge sustained in an ICP reactor with planar coil.

Hash and Meyyappan et al. [25] employed the ambipolar diffusion for solving the
continuity, electrostatic electric field and momentum equations using the
drift-diffusion approximation. They also solved the energy equations of neutral species
and electron. The space charge induced electric fields are given directly by the
Boltzmann relation assuming that the plasma is quasi-neutral. The most important
result they have found was that the neutral gas in ICP reactors heats up significantly in
the plasma. The model was applied to study CF, discharge in a GEC chamber.

In 2006, Hsu and Graves et al. [19] had developed a fluid model in which they
assumed the plasma is ambipolar and quasi-neutral so that the total flux of charged
species outside the sheath is zero. The -model equations for neutral species include
overall mass continuity, momentum balance, energy balance and mass continuity for
each species. In addition, the-equations for charged-species include the continuity
equations for positive and negative ions,-the energy density equation for electron,
electric field from the balance of the summed flux of charged species and the
Maxwell’s equations for induced electric field. They have considered plasma
chemistry involving Ar, mixtures of Ar and O, and mixtures of Ar/O,/Cl,. Moreover,
they model the plasma as quasi-neutral everywhere. In their study, a comparison
between the simulation and the experiment was performed.

Until very recently, Fukumoto et al. [26] present a two-dimensional fluid model,
which assumes ambipolar diffusion, for etching SiO, substrate in a CF,; ICP source,
taking into account the plasma and surface chemistry of etch product species. The
surface reaction model assumed Langmuir adsorption Kkinetics with the coverage of

fluorine atoms, fluorocarbon radicals and polymers on SiO; surface. Their numerical
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results indicated that etch products become a significant fraction of reactive ions and
neutrals in the reactor, which in turn changes the plasma characteristics. While the
plasma model include the surface kinetics, the density and the distribution of etch
products in the reactor were changed by varying the ion bombardment energy on the
substrate surface, gas pressure, mass flow rate and coil configuration, which arises in

part from gas-phase reactions depending on plasma electron density and temperature.

1.4.4 Tetrafluoromethane CF, Discharge in ICPs

There have been some reports about modeling of tetrafluoromethane (CF,)
plasma in either capacitive coupled plasma or inductively coupled plasma that is used
for etching purpose. Some of these reports focused on global modeling considering
only gas-phase reactions [29][30][31}[32], and some of them only considered feeding
gas-phase reactions and highly simplified surface reactions using the concept of stick
coefficients without taking any etching products into.account [25][33][34][35]. It was
found that etching products from the substrate ‘significantly influence the composition
of the gas phase species in a CF4 glow discharge while etching SiO, and Si [36]. The
etching of SiO, consumes F atom to form SiF,4, but the oxygen, released from the
etching of SiO,, reacts with CFx radicals to form CO, CO, and COF; [37].

Etching products were observed as important gas-phase reactants by several
experiments. For example, Coburn et al. [36] found that the escaping oxygen hinders
polymerization on the SiO, surface by forming volatile CO, CO, and COF,, which
allows etching process to continue under substrate surface without oxygen. Hikosaka
et al. [38] used a quadrupole mass spectrometer (QMS) to measure CO™ and SiF;" in
high power CF, discharge and found that they are produced mostly from quartz walls

that could significantly deteriorate the etching selectivity of SiO; in an ICP reactor.
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O’Neill and Singh [39] studied the surface effect on the concentration of gas-phase
reactants in high-density etching plasmas by using ultraviolet-adsorption spectroscopy.
COF," and CO™ were detected in gas phase with oxygen radicals produced from a
quartz substrate in CF4 and CF4/Ar ICPs [40][41][42]. The spatial concentrations of
etching products such as SiF and SiF, were resolved through laser-induced
fluorescence in inductively driven discharges containing C,Fs and C4Fg by Hebner
[43][44]. Later, Cruden [45] applied Fourier transform infrared spectroscopy (FTIR)
to detect SiF4, CO and COF, from window etching products in a gaseous electronics
conference reference cell (GECRC). Significant amounts of etch products,
SiF,"/COF," (x=1~3), of quartz window were also detected by Rao et al. [48][49] and
Zhou et al. [50]. To summarize, for.an accurate modeling of CF, ICP discharge, fluid
model has to consider not only the gas-phase plasma chemistry but also the surface
reactions.

Because etching products-are important as well as gas-phase reactants resulting
from feedstock gases in a high-density-plasma, both the complex gas and surface
chemical reactions in CF4 plasma have to be considered in fluid model to reproduce
the major characteristics of etching process. Zhang et al. [51] were among the first
group working on combination of plasma gas and surface model. They used a hybrid
model coupled with a surface kinetics model to simulate CF, discharge for etching Si
in CF4. Fukumoto et al. [26] employed a fluid model coupled with a surface site
balance model to simulate CF, plasma etching SiO, in a reactor with simple geometry
without considering detailed gas-phase reactions of CF4. Since they solved the
Maxwell’s equations using the Biot-Savart’s law analytically and fluid model without
parallel computation, their method can only be applied to simple reactor geometry.

The Biot-Savart’s law is analystic solutions which do not consider the plasma induced
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electric field. In addition, the computational time may become prohibitively high for
the fluid modeling combining with surface kinetic model when considering very
complex gas phase and surface reactions. Thus, how to speed up the fluid modeling
for a realistic inductively coupled plasma source is important, which is one of the
major objectives in this thesis.

In conclusion, some groups adopted solving full momentum equations of ions
instead of drift-diffusion approximation for electropositive plasma, and some groups
used drift-diffusion approximation of charged species coupling with flux balance and
ambipolar diffusion but for electronegative plasma. For CF, discharge, thses reports
almost used drift-diffusion approximation and flux balance to study typical cylindrical
reactor and GEC chamber. The summarization of literature survey was list as Table 1

and Table 2 in detail.

1.5 Specific Objectives and Organization of this Thesis

1.5.1 Specific Objectives of the Thesis

The specific objectives of the thesis are summarized as follows:

1. To develop a parallel 2D axisymmetric fluid model coupling with the
Maxwell’s equations and a surface kinetic model,;

2. To validate the above fluid model code by comparing with previous
simulations and experiments wherever available;

3. To parallelize the fluid model on distributed-memory machine using Message
Passing Interface (MPI) [73];

4. To study the parallel performance of the above parallel fluid modeling code;
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5. To apply the parallel fluid modeling code to predict plasma characteristics
with etching SiO, substrate in a CF, discharge considering complicated gas-phase and
surface reactions;

6. To investigate plasma and surface characteristic in different configurations of
ICP sources such as gaseous electronic conference reference cell (GECRC) and

dome-shaped reactor.

1.5.2 Organization of the Thesis and Research Framework

First, Figure 3 shows the research framework of this thesis. This framework
consists of Background, Motivation; Objectives, Computational Model, Validation,
Results and Discussion. It is clear that there are three major sets of results discussed:
GECRC, dome-shaped reactar, and comparision among different geometries of ICP
reactors. Chapter 1 describes the background and motivation of focusing on the fluid
modeling of inductively coupled plasmas-in-this thesis. Chapter 2 presents in detail a
2-D fluid model consisting of fluid modeling equations, the Maxwell’s equation and
surface model, and corresponding numerical schemes and algorithms. Chapter 3
presents the validation and parallel performance of the developed fluid modeling code.
Chapter 4 describes the results of simulating CF4 plasma in GECRC and dome-shaped
reactors using the fluid modeling code presented in Chapter3. In addition, comparison
of etching characteristics at the substrate surface using various kinds of ICP reactor
configurations is also presented. Finally, Chapter 5 summarizes the major findings of

this thesis and recommendations of some possible directions for future research.
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CHAPTER 2
NUMERICAL METHODS

2.1 Introduction

In this chapter, we will describe proposed fluid model for studying the plasma
physics and chemistry of ICP sources. The model consists of the fluid modeling
equations, the Maxwell’s equation and the surface site balance equations, and the
ambipolar diffusion assumption for static electric field. In the case of electronegative
plasma, the thin sheaths near the walls_are not considered in the model since the
sheath thickness are typically only hundreds of microns in the high density plasma for
a typical ICP source. It was found that the accuracy of the solution is not affected
much without considering the existence of sheaths. Thus, we assume that the
electronegative plasma is ambipolar and quasi-neutral without considering thin
sheaths, which had been adopted by Hsu et al. [19], Ramamurthi et al. [23][24], and
Fukumoto et al. [26].

Figure 4 shows the architecture of the proposed simulation model. The model
consists of several key modules which include: Chemistry Module, Geometry Module,
Electric Field Module, Electron Module, Ton Module, Neutral Module, Maxwell’s
Equations Module and Surface Kinetic Module. Figure 5 illustrates the major physical
and chemical processes that occur within a plasma processing reactor. It shows an
inductively coupled plasma reactor (e.g., GECRC) with a top coil that induces an
azimuthal electric field. The electrons are accelerated by absorbing energy through the

movement in the induced electric field and collide with neutral species for ionization,
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excitation and dissociation, to name a few. This necessitates the consideration of
electrodynamics and gas kinetics at the same time. In addition, the species in
discharge region diffuse (and drift for charged species) to react with wall and
substrate by considering the transport phenomena and surface kinetics. Finally, the
etching products and etching properties are predicted as a steady solution is obtained.
In this following, all the important model equations, including the fluid model
equations, the Maxwell’s equations, the surface site balance equations, CF, gas-phase
reactions, surface reactions with SiO, substrate, are introduced in turn. Finally, the
numerical schemes and algorithm in solving these nonlinear coupled partial

differential equations are presented.

2.2 Fluid Model Equations

In this study, because Knudsen number (Kn= A’/L where A is mean free path and L
IS a characteristic dimension of the reactor) for electron is approximately 0.05 and for
CF, is approximately 0.01, the fluid  approximation was used. The Peclet number
(Pe=LU/D where U is velocity and D is mass diffusion) for CF, is approximately 0.09,
and the Reynolds number (Re=LUp/u where p is mass density and p is viscosity) for
CF, is approximately 1200. Therefore, it is reasonable that the fluid model is valid, and
the transports of neutral species adopt only effect of diffusion in this situation. The
summary of these nondimentional numbers was summarized in Table 12. From the
moments of the Boltzmann equation, we can obtain the macroscopic conservation
equations that describe the averaged quantities, such as species density, mean velocity
and energy density [2][3]. These equations involve continuity equation, momentum
equation and energy density equation. In the fluid model, the general continuity

equations for all species can be written as
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an"‘+V-(nu )=R -R

t a“a a,source a,sink

(2.1)

Momentum equations for all species can be written as

mana{agt“ +(a, -V)Ua} =q,n, (E+u,xB)-Vp, +;ﬁaﬂ (2.2)
where ¢ denotes for electron, charged species and neutral species; n, is the density of
the o species; U, is the velocity of the a‘hspecies; R, surce 1S the rate of generating
the " species per unit volume; R, sinc is the rate of destroying the " species per unit
volume; m, is the " species mass; q, is the charge of the o species; E is the

electrostatic field; B is the external applied magnetic field; p, is the pressure

generated by the o species; %Paﬂ is the summation of momentum transferred by

the " species colliding with other species 4

In addition, the temperature of electron is governed by the electron energy density

equation as
o0(3 3 _ S =
—| =nkT, [+V-| =n kTG, |+nKk,T,V-0, =—V-Qe+ZEaﬂ (2.3)
ot\ 2 2 =

where k, is the Boltzman constant; T, is the electron temperature; Q. is the

electron energy flux; Z‘z Es is the summation of energy transferred by the & species

colliding with the other species g.

For the momentum equations, the drift-diffusion approximation is often used
instead of solving the momentum equations directly. Firstly, we assume that the
background species is at rest or the velocity is small and that the momentum transfer
frequency v, is a constant, independent of the drift velocity. Secondly, we assume the

plasma properties vary slowly with time; we can thus neglect the inertial term
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(U-Vu) and the magnetic forces in the momentum equations. In turn, pressure and

collision can be written as 2 Eos =~MaNuU,U, ang p, =nk,T, respectively.
a#p

Thirdly, only the stead-state solution is considered. Then, the momentum equation (2.2)

can be further simplified as

qn,E-v(n kT, )-m,nv,d, =0 (2.4)

a ‘a"a"a

After rearranging the above, we can obtain

_ 1 q
=— v(n kT =
u manal)a (a B a)+mU

a o

E (2.5)

With this, one can obtain flux T, as

- ~ 1 q,n, =
I =nt =- vin kT )+—=E
m o (aBa) m.ov (26)

a - a a -~ a

Equation (2.6) can be rewritten as

[, =n,d,=-V(D,n,)*unE (2.7)

a a-a

Equation (2.7) is the so-called the drift-diffusion approximation as mentioned
earlier. In the drift-diffusion approximation, the transport of charged particles is
described as the combined effect of a drift flux caused by an electric field, and a
diffusion flux caused by density gradients. At a fixed RF frequency of 13.56MHz, the
range of pressures for which the drift-diffusion approximation can be properly applied
depends mainly on two criteria. The first is the characteristic time of the charged
particle has to be much smaller than the RF oscillation period, i.e., 7, >> fy-. This
condition means that we assume charged particles react almost instantaneously to
variations of the electric field. This applies well to electron, which is very light and has

a very small characteristic time. The second is the collisional mean free path has to be

Vv
much smaller than the characteristic gradient lengths, i.e., U—“ =4, << L. The above

two criteria correspond to the transport of charged particles is dominated by collision.
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In a typical ICP chamber, the mean free path for electron is ~ mm in a ICP chamber
(e.g., 20 mtorr), which is much smaller than the chamber size. Therefore, the
drift-diffusion approximation can replace the full momentum equations for all charged
species in the present study. Thus, the continuity equations for all charged species using

the drift-diffusion approximation can be rewritten as

on _
8ta +V 'Fa = Ra,source - Ra,sink (28)
Similarly, the electron energy density equation can be rewritten as
o(3 _ _
a EnekBTe =-V- Qe - ere ’ Es + Pabs - |:)coll (29)
= 5 = 5nk,T . .
where Q. = k;T.L, —Erenizev(kBTe) is the electron energy flux, v, is the

electron-neutral collision frequency, « Py, 1S the externally deposited power per unit
volume through coils, and <P, s the power lost per unit volume due to
electron-neutral elastic collisions. Eventually, (2.7), (2.8), and (2.9) are solved together

numerically in our simulation model that will described in detail later.

In brief summary, the current fluid modeling includes the following model equations:
1. The continuity equations for various ions with drift-diffusion approximation;
2. The continuity equations for various neutral species;
3. The electron energy density equation with electron current density from flux

balance relation;

4.  Quasi-neutrality enforcement for the electron number density;
5. The flux balance relation for the electrostatic electric field;
6. The Maxwell’s equations for the electron power absorption.

More details of the model equations are introduced in turn in the next few sections.
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2.2.1 Transport Equations for Charged Species

The continuity equation for ions can be written as

on _
~+V.-I', =R -R

a,source a,sink
ot

(2.10)

where n, isthe ¢ ion number density, R,ue and R, . aresource and sink terms
of o ion species, respectively, resulting from chemical reactions. Based on the

drift-diffusion approximation, T, is the " ion flux that can be written as

r,=-D,vn,+un E (2.12)
where E, u,,and D, are the electrostaic electric field, the mobility of the " ion,
and the diffusivity of the & ion, respectively. In the current study, the mobility of
ion in background neutral species /3 is_calculated by using the Langevin mobility
expression at low electric field and the mobility of ¢ ion in the background gas
mixture is obtained using the Blancs law [33]. In addition, corresponding diffusivities
of all ion species are calculated through the Einstein relation.

Instead of solving sheath dynamics directly, flux balance of ions and electron is
assumed in the current study, which is similar to previous studies [3]. Thus, the
electrostatic electric field can be written as

~2..Dvn -> DVn -DVn,

Y Y Ny un +un,

(2.12)

where the subscript +, — and e refer to positive ion, negative ion and electron,
respectively. T',,I"_,I, are the particle fluxes, D,,D_,D, are the diffusivities, and
a1, 1, are the mobilities. On the other hand, electron number density and electron
flux are obtained from the enforcement of quasi-neutrality and flux balance based on

the assumption of ambipolar diffusion, which are expressed as:
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2. D=2 T +T, (2.13)

D.n.=> n+n, (2.14)

2.2.2 Transport Equations for Neutral Species

The general continuity equation for neutral species, assuming diffusion dominated

flow under low-pressure condition, can be written as

on
6_tk +V- (Dkvnk) = Rk,source - Rk,sink (2-15)

where N, is the density of the k™ neutral species, Risource and Resinc are source and

sink terms of the k™ ion species, respectively, summed from various chemical reactions
involving the k™ ion species, and Dy is the diffusion coefficient of the k™ neutral
species in a mixture of background gas. The latter is obtained by the Blancs law with
binary diffusion coefficient calculated using Chapman-Enskog kinetic equation [27] as
follows:

D, = 0.0018585 x10* x T3(NT+ Ml) / P04 (2.16)

k |

where T(k°), M (a.mu.), M,(a.m.u.),gkI (,Oo\) ,and Q2 are the gas temperature, the

molecule weight of the k™ and jth neutral species, Lennard-Jones parameter, and the
dimensionless collisional integral, respectively.

The Neumann boundary condition is applid at the axis of symmetry. The
1 . .
thermal flux of 2 n,/8kyT, /7z1\/| . Isenforced at all solid surfaces. Feedstock gas CF,

is taken as a gas flowing into the discharge region from a gas inlet, and an adjustable
amount of all neutral species at the outlet boundary are pumped out of the chamber by

a pumping outlet. The flux of feedstock gases entering the reactor chamber is
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proportional to the preset mass flow rate Sj, (sccm) at the inlet so that the total flux of
gas inlet is T, = 2.6868x10% .S, / Area Where Area is the total inlet area. The loss of
neutral species due to pumping is controlled by the flux T, at the gas outlet boundary,
which is adjusted to maintain a preset chamber pressure throughout the simulation. The

adjusting method of pumping rate is described in the section 2.6 (boundary condition).

2.2.3 Electron Energy Density Equation

The electron energy density equation is expressed as,

aa”ts +V.Q, =—el, B~ 38,60 - 3% nkgv, (T, =T, )+ Py, (2.17)
|

3 . . .
where n, (=EnekBTej is the electron energy.density, T, is the electron temperature,
css IS the energy loss for the I™ inelastic electron-collision, k, is the Boltzmann

constant, v, is the exchange momentum collision frequency between electron (mass

m,) and background neutral (mass-M), T, is the background gas temperature, Pass

is power absorption given by Equation (2.34) and Q. is the corresponding electron

energy density flux as,

-~ 5 - 5nkgT
=2k, T.T, - =t ey(k,T
Qe 2 B'ete 2 meUe (B e) (218)

where T, is the electron flux obtained from Equation (2.13). In addition, boundary

condition at walls based on thermal diffusion is applied as Q, = 2kgT.I, [3], and

Q. =0 at the axis of symmetry.
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2.3 Maxwell’s Equations for Electron Power Absorption
Calculation

2.3.1 Vector Wave Equation

The electromagnetic field in plasma generated by the antenna coil can be obtained
by solving the general homogeneous vector wave equation that is derived from the
Maxwell’s equations. Because the arrangement of the coils and is generally
approximately as axisymmetric, only the azimuthal component of electromagnetic

field needs to be computed. The Maxwell’s equations are written as

V-E= % (Gauss’s law) (2.19)
0
V-B=0 (Divergence-free magnetic field) (2.20)
_ 0B :
VxE = _E (Faraday’s law) (2.21)
1 0E

VxB =, + o (Ampere’s law with Maxwell’s correction)
C

(2.22)

where p., s the total space charge density, and c is speed of light. pg, IS

expressed as ptotaI:pfree+pbound . HOWGVQr, pfree :O and pbound zo in the

quasi-neutral plasma bulk. Then, applying the curl to (2.21) and using vector identity,

we obtain:
v(V.E)-v’E =—§(v B) (2.23)
Because O, =0 inplasma, we obtain v.E =0 . Then we substitute (2.22) into (2.23)

to obtain the vector wave equation as

-~ 9=
VZE = 1, 6‘]total +ia E

ot c? ot?

(2.24)
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where i = J e + Joouns T 9 potarizaion 1S @ general form of current density. J ., is the

free current density caused by the movement of free electrons. J, ., is the bound

current density caused by magnetic polarization. J ..o 1S the polarization current

density caused by electric polarization. Equation (2.24) is a general form of vector
wave equation, which provides the temporal and spatial evolution of electromagnetic
wave. In the current study, we are interested in solving the EM wave evolution within

an ICP chamber, which consists of various regions including plasma region, quartz

region, coil region and air region. In each region, the form of J, is different, which

total

is described next in turn.

2.3.1.1 Plasma Region
We can write the total current density through the-Ohm's law if the bound current
and polarization current are ignored, because the plasma bulk acts like a conductor. For
most conductors, the current density is proportional to the force per unit charge that is
the Lorentz force E +V x B . However, the induced magnetic field is small such that
only electrical force needs to be considered. Thus, the total current density in plasma is

proportional to the electric field:

Jw = J e =0,E (2.25)

total —

where o, as shown in equation (1.7), is the effective plasma conductivity. We can

further separate it into real and imaginary parts as follows:

2 2
& 0 U NN
0™ pe™m - 0™ pe -
o, = - =0, g +io,, (2.26)
2 2 2 2 P, P
@ +0, @ +0L,
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2.3.1.2 Quartz Region
We can ignore both the free current and bound current densities because their
effects are small in the quartz region. Therefroe, we only consider the polarization

current density as follows:

- - P 0O(gyxE)
oot = po.=5=—;t (2.27)

where p is the electric polarization, &, is the permittivity of vacuum, and X is the

electric susceptibility. By substituting Equation (2.27) into Equation (2.24), we can

obtain
_ D’y 7E 1 O°E O°E O’E &, 0°E
2 r
V=t g el ) g S et G =
(2.28)
where ¢, is relative dielectric-constant is set to be 3.8 for quartz. The term in the

right-hand side is refered to be the so-called displacement current density.

2.3.1.3 Coil Region
In the coils, only the free current desity exists. Thus, the total current density is

expressed as

J J e = J, COS 00t (2.29)

total — ¥ free

where J_ is the amplitude of applied RF current density in the coils. The coil is 6 mm

0

in diameter throughout the study, unless otherwise specified.

2.3.1.4 Air Region
Since there is no any free current in the air, the total current density is zero. As

follows:
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‘]total = 0 (230)

2.3.1.5 Maxwell’s Equations in Alternative Form

We now consider plasma driven by a small amplitude time-varying current that
produces a small amplitude time-varying electric field. The coil current density and
induced electric field can be written in complex function known phase domain solution,

respectively, as

J(t)=J,cos at =Re[J &'*] (2.31)

E(t) = E cos et = Re[ Ee/*] (2.32)

where fo and E are the amplitudes of the current density and the electric field,
respectively, in complex variable. If the induced electric filed is assumed as axially
symmetric, and the azmuthual induced electric field can be written as Ew = E; +iE,

where E; and E, are the real and imaginary parts of the induced electric field

respectively. The coil current density only exists in the azimuthal direction and can be
written as 30 =J,; where J; is the real part of the applied current density. For the
convenience, all E,, E, J; arein the azimuthal direction, and we do not denote ¢
in the subsrcipt in later description. By substituting the complex form of Ew and 30

as shown in the above into Equation (2.24) and by comparing the real and imaginary

parts on both sides, respectively, we can then obtain the following:
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2
()

V’E, — oo, Ep + 00 o E, +C—2ER =0
) »? (2.33)
VB, 00, | B, —py00 o Eq +C_2EI —Hod g =0

2.3.2 Power Absorption

The power deposition per volume by the applied RF current only through induced

electric field in the azimuthal direction is calculated as [3]

P,. = J(1)-E(t) = Re{Je" |Re{Ee | = jRe ()}t
= %{(GDVRER +o,,E )ER + (Gp,REI —O0p) ER)EI }

(2.34)

where o is a plasma conductivity as shown in Equation (2.26). In most practical
applications, given the specified absorption power, the-input coil current density in the
simulation is adjusted iteratively such that the calculated absorption power matches the
specified value. As the convergence is reached, the corresponding plasma properties
will be used to obtain the electron energy distribution in the plasma. The adjusting

method of input coil is described in section 2.6 (boundary condition).

2.4 Heat eqution

If the substrate is heating, the heat equation is involved to resolve the
background temperature, which will affect the transport of species. The heat equation
describes the distribution of heat (or variation in temperature) in a given region over
time. For a function T(r,z) of cyclindrical spatial variables (r,z) and the time variable

in a steady state, the heat equation is
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V- (kvT)=0

, (2.35)
=Vk-VT +kVT =0

where k is thermal conductivity which could be obtained from Chapman-Enskog

theory [27]
k =(C, +10.3931)2.669 x10* (/M) (2.36)
= (C, +10.3931)2.669 x10"° ZL
QM

where C, is heat capacity which is obtained from thermal properties database of CEA
format, T is gas temperature, o is Lennard-Jones parameter, 2 is collision integral, and
M is molecular weight. The boundary condition of equation (2.35) is specific thermal

temperature at substrate, and the temperature is 400 K at metal and quartz wall.

2.5 Surface Kinetic Model

In the current study, we-have implemented a surface kinetic model considering
silicon dioxide (SiO,) etching process based onsite balance concept at the substrate.
With this, etching products can incorporate into the fluid modeling of CF4 plasma and
the distribution of etching rate on the substrate can be obtained from the simulation.

Table 8 summarizes the surface reactions of SiO, etching and related coefficients
required for modeling [54][55]. In this surface model, fluorine (F), fluorocarbon
radicals (denoted as CFy), and a surface polymer (P) consisting of clustering molecules
are considered to react with surface sites. A concept of surface “coverage,” ¢ (0<6<1),
is applied to all these species in the surface layer under effects of ion and radical fluxes
impinging on the substrate. The etching mechanisms considered in the surface model
include: (a) physical sputtering, (b) ion-enhanced etching with F atoms and CFy
radicals, and (c) thermal etching. The etching process continues as long as &» do not

occupied whole surface sites (6p<1). The deposition mechanisms considered in the
42



surface model include: (a) direct ion deposition and (b) “stitching” or ““ion-enhanced
deposition” of CFy radicals on the surface. A simultaneous mechanism of ion enhanced
etching of polymer with F atoms is also considered. Therefore, the various kinds of
surface coverage, including fluorine atom (6¢), fluorocarbon radicals (fcex) and
polymer (6p), have to be involved in the surface model, which are solved by a set of

equations of surface site balance in a steady state. These equations are written as [54]:

d(o
%:SFQ—HTOT e =20y =0 (2.37)
d(Oep, )
% = Z Scri (1= Oror cri = YeOcrion = Berxferxion —KrecOcrddr =0 (2'38)
i
d(0p

)
T:ZXin,irmN + BsOcexlion + BsOpOcrxiplion = PripOpOr plion =0 (2.39)
i

where Oror=0r+0cex+6p is the sum of coverage:(i.e. 1-6tot1 IS uncovered area). Sg and
Scrx are sticking coefficients for F and-CF, on surface SiO;. Be, Borx, Bs and Bese
are etching coefficients of ion enhanced chemical etching by F atom, etching
coefficient of ion enhanced chemical etching by CF,, etching coefficient of ion
enhanced deposition of radicals, and ion-enhanced etching of polymer by F. y. and
Yai are etching yields for sputtering and direct ion deposition respectively. x; denotes
the ratio of i ion flux to total ion flux. Moreover, T'r, T'oxn and Tcei are F atom flux,
total ion flux and fluorocarbon flux. Besides, F and CF, react not only with SiO,
surface but also with polymer layer. Surface coverages for F and CF, on polymer
surface in a steady state are denoted as frp and Ocrep, respectively, expressed in a
similar method [54]:

d (G sp)
dt

d (@cex/p)
dt

=Sgp (L= Oror/p)Te = Be/pOr/plion =0 (2.40)
= ZSCFi/P(l_HTOT/P)rCFi —YeOcrxion — BerxrpOcrxiplion —KrecOcrxiple =0
i

(2.41)
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where Gro1=0rpt+Ocryp. Because the treatments of site balance for fgp and Gcrp ON
polymer surface are similar to those of 6 and fcg, 0n SiO, they are listed in Table 8 for
reference [54][55]. In this study, the surface model is used to estimate etching products
and etching rate through calculation of radical and neutral fluxes depleted from SiO,
surface. When incident fluxes of F, CF,, and ions are determined by fluid model, the
surface site coverages can be obtained via solving site balance Equations (2.39)-(2.43).

The above coverages are then employed to determine the net fluxes of etching
products generated from SiO; etching into gas phase,. Before etching rate is calculated,

the flux of etching yield has to be estimated through [54]

[Ysio, = Z XiYspi (1= Oror )lion + BeOrTion + BerxOcrxlion + Kree (1= Ocrx —0p)Te
i

(2.42)
where yspi is etching coefficient of physical sputtering. After etching yield is

determined, the etching rate could be calculated by

Etching rate = T'yg;o, / osio, (2.43)

where Osio, is the density of SiO,, and is taken be 2.64 x102m=. Since the flux of F

is always much larger than those of CF, and ions, the mechanism of surface reactions
must be etching process (i.e. 6p<1), and the SiO, deposition yield does not occur in the
simulation. In addition, Table 9 summarizes the list of surface reactions at metal walls

based on concept of sticking coefficients.

2.6 Boundary Conditions

The boundary conditions used in the current plasma fluid model are summarized

as follows:
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1. Flux balance for electron:
r,=)r->r (2.44)

n.=>n, —->n (2.45)
2. Continuity equation for ions:

I; =0.61n, BT,

(2.46)

3. Continuity equation for neutral species:

T, :%nJSkBTg /M, (2.47)

Sticking coefficient at metal wall (Table 9);
Surface reactions at the substrate (Table 8).

4. Electron energy density-equation:

T, =2T,T, (2.48)
5. Vector wave equation for electromagnetic wave:

E, =0 on the grounded surfaces and central axis.

6. Electrostatic electric field
Concentrations of electron and ions are zero at all surfaces.
7. Background temperater
T =specific temperature at the substrate.
T =400 at metal wall
T =VT atgas pump
8. Applied current
The applied current will be modified by a specific power absorption Powsy,

and the current is varied through below fomular
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ow,, — Pow

I (new) = I + | x factor x (P ) (2.49)

Pow

set

where | is original current, I(new) is modified current, factor is 0.01 in this study,
Pow is power absorption from Ohmic heating, and Pows is specific absorbed power.

9. Pumping rate

The pumping rate will be modified by a specific pressure Py, and the pumping

rate is varied through below fomular

P, .—P
S(new) =S + S x factor x (——) (2.50)

set

where S is unmodified pumping rate, S(new) is modified pumping rate, factor is
0.0001 in this study, P is pressure from sum ot total neutral and charged species, and

Pset IS specific pressure.

2.7 Gas-Phase Reactions of CF, ICP Source

To properly model gas-phase etching products.in-a tetrafluoromethane discharge,
we have extended the gas-phase reactions-of CF, in a fluid model by adding related
reactions of etching reactants, such as oxygen-containing species and tetrafluorosilane
species, as compared to the previous study [26]. For a proper description of the
gas-phase plasma chemistry related etching products, in addition to CF,4 related species,
we also take O, and SiFy into account in the model. Table 3 summarizes an overview of
various species considered in the simulation along with their corresponding
Lennard-Jones parameters and polarizabilities. Total number of species is 32, which
include electron, F*, CF," (x=1~3), 0%, O,", CO", SiF," (x=1~3), F,, O", F, CF, (x=1~4),
F2, O, O,, CO, CO,, COF, COF, Si, SiF4 (x=1~4). Table 4 lists the reactions of electron
impact with CFy (x=1~4) and related gas-phase reactions involving CFy (x=1~4), in
which the above do not consider negative charged fluoride, F. In contrast, Table 5 lists
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the reactions related to F". Table 6 summarizes the reactions related to electron-impact
and gas-phase reactions for oxygen containing species. Table 7 lists the reactions
related to electron-impact and gas-phase reactions of etching products SiF.

In brief summary, we consider 96 gas-phase reaction channels in the fluid model.
Rate constants of electron-impact related reactions are calculated on the basis of energy
dependent cross sections using a Boltzmann equation solver named BOLSIG+ [66].
After calculated by the Boltzmann equation solver, the electron mobility, electron
diffusivity and rate constants of electron impact related channels are stored as a
function of electron temperature. Through these tables, the rates, mobility, and
diffusion coefficients can be computed depending on electron temperature calculated
by the electron energy density equation. 'In addition, the rate constants of the remaining
gas-phase reactions in Table 4, Table-5, Table 6, and Table 7 are available in the
databases like NIST [67] and NIFS [68]. In some cases, since the uncertainties of
reaction rates were not obtained completely, some rate parameter were estimated and
adjusted to improve agreement between simulations and experiments based on physical

understanding of the reaction process.

2.8 Numerical Discretizations and Algorithms

2.8.1 Discretizations of Conservation Equations
In this thesis, we descritize the plasma fluid modeling equations through the use
of finite-difference method. By employing the backward Euler scheme for time
integration for time-dependent euqaions, the equations in spatial coordinates are

discretized using the finite-difference method in cylindrical coordinate system (r,z),
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which is denoted as (i,J) in typical grid point. If the quantity (vector) is on the half
grid point, we denote it as i+1/2 or j+1/2.

2.8.1.1 Discretizations of Continuity Equations

Since continuity equaiotn for different species are similar, we only present the
discretiations for the continuity equation for charged species, Equation (2.10). The

resulting discretized equation in cylindrical coordinate system (r, z) can be written as

n(t;(iA,tj) - nztz(i,j) 1 (r; +0.5Ar, )ra(i%,j) ~(r—0.54r )ray(if%,j) ra(tj%) _Fa(i,z—% B
+= + =S,
At I, Ar, Az,
(2.51)

where I, is the distance from original point to grid point i, ¢ can be ion or neutral
species, Ar; and Az; are the.grid size at grid (i,j) in the r- and z-direction,

respectively, and S, is source term at grid point (i,j). In order to solve (2.51) in a

matrix form, we rearrange the above into the following form:

D, . .
N i j){_ fiy = —0.5- Ny S My i Ey il}
(-1, A, , :

D, . _
N jl){_ ZM_O-E"Z'SM% iaE, jl}
G Az , ,

j-1

1

D D, .
nl(lj) —*h Irl+05 fi+S /ulrlErl ri—lﬂ_o'5 fiy- IzulrllErll
At Ar Ar

i-1

DIz,j — F DlZ]l
+z—+0.5-z-s,y,z’jELj+z -05-z- S.ﬂquEz,_l

Azj Z;

-1
D
Mt~ 2 +05-2-5, 4, ;
J(i, j+1) AZ 1 Mz, Zj
i

D_
nl,(i+l,j){_ri +0.5- fi-S 1ulr| ri

—_

EI’

Ar,

(2.52)
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2.8.1.2 Discretizations of Electron Energy Density Equation

The electron density enegy equation is descritized as

3 t+Al t+At 3 t
S MeipTein =5 Mo e +1(ﬁ +0.5Ar, )Qe(H 4 —(r =054, )Qe(i_%,,-) N Qi) = Rugijr
At r, Ar, Az

i i J
=—el,-E— Eloss T Pintfl

(2.53)
where T, is in an unit of eV. In order to solve (2.53) in a matrix form, we rearrange the

above into the following form:

TQH{_ B T (n.D,), ., }

4 2 T2 Ar,

Te,j-l{_ Z, %fell zi 2 ( )

j-1

3n, 5- 5 (neDe - SA 5 (n ( )
e(i.1) oar Thiy er+l+r+i_ - —i_rer,;-"r'_—

o A & E - (2.54)

" n.D,),. ¢ %3 .
+Zfi§r Lt riﬁi)“_ zi§F 1+Zzi§¢ e,

4 e,z+ 2 AZJ 4 ez 2 2 Azj{]-
_ n.D,), .
Te i+ t L 1—‘ez+1 riEg
’ 2 Az,
= nD, | . _
Te|+1 r-+i El—‘ 1 r+| §< - - 3neTe re E —5|oss + P
4 2 Al"i AL

2.8.1.3 Discretizations of Maxwell’s Equation
The real and imaginary parts of the vector wave eqution (Equation (2.33)) can be

discretized, respectively, as

49



1E, ki ~Epriny N 2E, risy N 2B rany 2B, rap
. Ar_ +Ar, Ar(Ar_ +Ar)  Ar_(Ar_ +Ar)  Ar_Ar,

N 2E, q(ju) N 2E, r(i) 2B, ki)
Azj (Azj_l + Azj ) Azj_l(Azj_l + Azj ) Azj_lAzj
2
— M@0, B o)+ 1000 (0BG c_ Eorapn =0

(2.55)
o, 0(i+1) Eq; 1(i-1) " 2E¢>,|(i+1) n 2E¢>,|(i—1) _ 2E(p,|(i,j)
r.(Ar_, +Ar,) Ar(Ar_ +Ar)  Ar_(Ar_ +Ar) Ar_Ar,

+{ 2B, 1) " 2B, 10 _2E¢,l(i,j)}
Azj(AzH+Azj) AZH(AZH+AZJ.) AZ; ,AZ;

E

>
4{_ HoO | +C_2jE,p,|(i,j) — K0, RE¢ RGLj) — = foy®] fRG, 1)

(2.56)
The above equations can.be rearranged to a matrix form. The resulting real part

is written as

2 ~ 1 -
Ari—l(Ari_l +Ari) r, (Ari—1+Ar) #.R(i-1)

2
+{ (A +AZ. )}E“'R“_“

2 0 +_a)2 E
— o .
Ar 1Al’i _1AZJ- ’LIO p,l C2 (/7,R(|vl)

|
{Az L +Az, )}Ew,R(jm
oo
b

(2.57)

2 E
L +Ar) Ari(ArH+Ari) PRID

+ a"’pR} E,iip =0

The resulting imaginary part is written as
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1 2
- + E(p 1(i-1)
r(Ar_, +Ar) Ar_ (Ar_ +Ar)|

{ Az, Az, +Az, )}E“’"””

2 2 +| — U000 +w_2 E

ArI 1Ari z,,Az, Ho®Tp, o2 .10 1) o5
{Az L AT )}E"’"“*”

2
+ E(p 1(i+1)
r (Arifl + Ari) Ar (Ar_ +Ar)]
{_ Ho@WO g }E¢,,R(i,j)

= Hywd fRG, })

2.8.1.4 Discretizations of Heat Equation
The heat equation (Equation (2.35)) is descritized in cylincrical coordinate,

which is shown as

(2.59)

ok oT ok oT 16T 0°T 0°T
——+——+ki——+—+— =0
or or 0z oz ror or 0z

In order to solve (2.59) in a matrix form, we rearrange the above equation into the

following
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2.60
ki+1,j - ki—l,j ki,j ki,j T ( )
- 7 + i1, ]
(ar_, +Ar Y r(Ar +Ar)  0.5Ar_ (Ar_ +Ar)
_ ki,j+l - ki,j—lz + ij Ti i
(AZH + Azj) O.SAZH(AZFl + Azj) ’
~ Ki ; ~ ki T
0.5ArAr_, 05Az,Az, | "

A i, n K, T. =0
(Ar_, +Ar Y r(Ar, +Ar)  0.5Ar(Ar, +Ar)| "

2.8.2 Numerical Algorithms for Solving Discretized

Equations

As mentioned earlier, the set of nonlinear coupled partial differential equations,
including the Maxwell’s equation, the  electron energy equation, the continuity
equations for neutral species and ions, and the surface kinetic model, is discretized
using the finite-difference method to form a linear algebraic system as Ax=b at each
time step, where A denotes the matrix representation of a linear operator, b is the
right-hand-side vector, and x is the solution vector. Since the rate of convergence of
iterative Krylov projection methods for particular linear system depends on its spectra,
preconditioning is typically required to alter the spectrum and hence accelerates the rate
of convergence rate. Thus, we have employed the combination of iterative Krylov
subspace method and a preconditioning technique to solve this matrix system [70].

In this study, we have tested two types of Krylov subspace methods, which include
generalized minimal residual method (GMRES), and biconjugate gradient method

(BCGYS). As for the preconditioning, we have tested successive over-relaxation (SOR),
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block Jacobi method (BJACOBI), additive Schwarz methods (AMS) and LU

decomposition (LU).

2.8.3 Numerical Procedures

The simulation begins by solving the Maxwell’s equations to obtain the
electromagnetic fields in the azimuthal direction and power deposition from a
specified coil current that induces an azimuthal electric field. Through the electron
energy density equation, the distribution of electron temperature is then obtained for
calculating the electron related transport properties, rate constants, and source/sink
through a prepared lookup table. Then, the ion and neutral continuity equations are
solved using the most updated.plasma properties to obtain the distributions of
concentrations ions and neutrals. Accordingly, the electron density is obtained from
the quasi-neutrality assumption. Meanwhile, the etching products depleted from SiO,
etching into gas phase are obtained by solving surface kinetic model (site balance
equations). In turn, the effective plasma conductivity is re-calculated using the most
updated electron density. All the discretized equations are solved semi-implicitly
(with most updated information) and sequentially one after one at each time step. The
simulation continues until the steady-state solutions are obtained. In this study, a
multi-scale time-marching approach is adopted in this study. For the charged species
including electron and ions, we have employed a smaller time step because the
electron is very light. In contrast, we have employed a much larger time step for those
abundant neutral species to save the computational required for reaching the

quasi-steady state of the discharge.
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2.8.4 Implementation of Parallel Computation

In the process of simulation, the resulting algebraic linear system of each
equation is solved independently by the Krylov subspace method with or without
parallel preconditioner provided by PETSc library [72] through domain
decomposition technique implemented by using MPI [73]. Among the iterative linear
solvers of Krylov subspace, we have employed the GMRES and BCGS to solve the
linear systems obtained by discretization since it has been shown to be the most robust
linear matrix solver for most of the cases. Besides, in the preconditioning we test the
performance of two sub-domain solvers such as LU (direct) and incomplete LU (ILU;
iterative) factorizations. For preconditioners, we have selected the popular
preconditioners such as Black Jacobi, successive over-relaxation (SOR), Additive
Schwarz Preconditioners (ASM) and LU. The detail parallel performance will be

presente using combination of Krylov subspace method and preconditioner later.
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CHAPTER 3
VALIDATION
AND
PARALLEL PERFORMANCE

In this chapter, we validate our developed code by comparing with previous
simulation and experimental results of a typical cyclindrical ICP chamber. After
validation, parallel performance of the developed fluid code for simulating an ICP

source is presented in turn.

3.1 Validation

In this section, we presents validation of the developed fluid modeling code by
comparing with previous simulation and experiment of Fukumoto et al. [26][74] in a
typical cylindrical ICP chamber. Figure 8 shows the schematic diagram of the ICP
reactor under consideration. The plasma reactor is 30 cm in diameter, and 9 cm in
height. The dielectric window is at the top of the chamber with five turns of coil right
above it, and the wafer is 20 cm in diameter at the bottom of the chamber. Table 10
summarized the corresponding test conditions. The major operating conditions consist
of: a frequency of 13.56 MHz of power source, a gas pressure of 20 mTorr, an ICP input
power of 250 W, and a gas flow rate of 200 sccm. In addition, because of the simple
geometry of the ICP chamber, an exact solution of Maxwell’s equation based on the
Biot-Savart’s law was used as the boundary condition at the plasma-dielectric window

interface in [26].
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Figure 9 gives the prsent simulation results of chemical compositions of typical
charged species averaged over the entire region of the ICP reactor along with the
simulation results of Fukumoto et al. [26] for comparison purpose. In addition, Figure
10 gives their results of mass spectra measurements [74]. The results show that the
trend and the quantity of the predicted concentrations of CF," (x=1~3) agree well with
the experimental results [74], in which all show consistently the order of ion
concentration as CF," > CF," > CF,". Figure 10-15 show a series of the present
simulation results of several important plasma properties along with previous
simulation results of Fukumoto et al. [26]. These plasma properties include feedstock
CF, density, electron density, electron temperature, F~ density, CF;" density, and
chemical compositions of ion species. ‘/Again, results showthat the present simulations
agree reasonably well with those of Fukumoto et al.-[26]. Thus, we conclude that the
current fluid modeling code is valid at least under the similar conditions as simulated

and measured by Fukumoto et-al. [26][74].

3.2 Parallel Performance

Table 11 summarizes the computational time of the present parallel fluid
modeling code for the CF4 ICP with a grid size of 122x179 with 32 species, which
leads to about 700,000 unknowns in total. Two thousand time steps were run
throughout the tests using the Generalized Minimal Residual Method (GMRES) as the
linear equation solver in combination with various preconditioning techniques,
including the Additive Swartz Method (ASM), block Jacobi, and Successive Over
Relaxation (SOR), on an IBM-1350 clusters at NCHC (National Center of

High-Performance Computing) of Taiwan. Note that the IBM-1350 consists of 2,048
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cores in total with 4 cores per node, in which Intel X5450 Processor 3.0 GHz Quad
core of CPU with 16 GB of RAM is used per node.

Figure 16 shows the corresponding data of parallel performance tests as those
summarized in Table 11. The results indicate that the combination of GMRES and
block Jacobi (or ASM) using iLU as the sub-domain solver gives the best
performance, and this combination is scalable for up to 26 processors for the problem
size of 122x179 with 32 species. However, because there are 4 cores in a node of
IBM-1350 with a restricting memory, the performance is not as good as the ideal
value using 4 processors. In addition, we do not show the cases that combine
subdomain solver LU for preconditioner with GMRES because this combination costs
more than ILU due to its large grain-size in the current test case with fewer numbers
of processors. In brief summary, we-can reduce greatly runtime at least 10-20 times
with the developed fluid modeling code for studying very complex plasma physics

and chemistry of in an ICP chamber.
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CHAPTER 4
RESULTS AND DISSCUSION

In this chapter, we employ our validated fluid model to study CF, discharge in
GECRC (section 4.1) and in dome-shaped reactor (section 4.2). Then, we employ
developed fluid model to investigate the etching rate, coverage, and fluxes on the
substrate in different geometries of ICP reactors: t typical reactor with planar (top)
coils, typical reactor with cylindrical (side) coils, and dome-shaped reactors, which is

described in the section 4.3.

4.1 CF, Discharge in Gaseous Electronics Conference

Reference Cell (GECRC)

Figure 18 shows the diagram of the-GECRC, which is applied for etching SiO,.
There are four turns of coil insulated from the plasma by a quartz window (1.2 cm in
thickness and 8 cm in radius), which are driven by a current with a radio frequency (RF)
of 13.56 MHz that induces electric field heating in the azimuthal direction. A wafer
substrate is located at the central bottom of the reactor. A gas inlet ring for feedstock gas,
CFy4, is located at the outer top of the chamber, and the pumping port is located at the
outer bottom of the chamber.

The test conditions for CF, ICP discharge simulation in GECRC include a gas
pressure of 30 mTorr, a CF,4 flow rate of 150 sccm, and a deposited power of 150 W.
Several grid convergence tests show that a grid of 66 x 113 points suffices. The

temperatures of the ion and the neutral species are assumed to be constant at 0.026 eV
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and 400 K, respectively. The ion bombardment energy is set at 100 eV at the substrate

boundary and 20 eV on the quartz windows.

4.1.1 Spatial Profiles

In this section, we present the distributed profiles of species in CF; GECRC
discharge. The results are compared with the available experimental data. In the
discussion below, the “core region” and the “edge region” refer to the central and the
edge space, respectively, between the quartz window and the substrate. The “outer

region” refers to the cylindrical space surrounding the parallel plates.

4.1.1.1 Induced Electric Field, Power Absorption and Electron

Temperature

Figures 19(a) and 19(b)-show the real and the imaginary parts of the induced
electric field in the azimuthal direction, respectively. In addition, Figure 19(c) shows
the power deposition through Ohmic heating of electrons. The real part of the electric
field caused by plasma shows a maximum intensity of approximately 50 V/m in the
core region, where the electron temperature is high. The imaginary part of the induced
electric field caused by the coil current shows a maximum value of approximately
1,500 V/m near the coils and approximately 500 V/m in the gas phase, and it decays
rapidly by an order of magnitude within several centimeters into the high density

plasma, as expected. The total induced electric field is obtained from the magnitude of
the complex induced electric field, which is given by |E|-JE& +EZ, , which indicates
that the total electric field induced by the coil current is dominant, but the electric filed

induced by plasma can be ignored when considering the contribution of the region
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10~20% away from the core region. Therefore, absorption of inductive power is
deposited mainly by the imaginary part of the induced electric field within a few
centimeters of the dielectric roof. In this case, the plasma conductivity reaches its
maximum value in the bulk plasma and decays toward the quartz, while the electric
filed reaches its maximum value at the dielectric and decays towards the plasma.
However, the power deposition of the plasma is stronger than the square of the
imaginary part of the electric field. Therefore, the peak power deposition is
approximately 1.5 W at 1 cm below the quartz, and the power deposition becomes 0.2
W away from the quartz and toward the plasma bulk at a height of 2.5 cm. Figure 19(d)
illustrates the contours of the electron temperature, which follow a toroidal shape from
the quartz to the core region, corresponding to-the power absorption of plasma. The
electron temperature is highest. near-the coils in the core region, where the power
deposition is the highest. Although the power peaks in the confined region near the
dielectric, electron thermal conduction at the low operating pressure helps to heat the
whole plasma. The electron is cooled in-the outer region, due to either the lower

electron thermal conductivity or the higher collision frequency.

4.1.1.2 Production Rate

Figure 20(a) illustrates the profile of the feeding gas CF4, which shows the
gradient profile from the gas inlet to the gas outlet, and the feeding gas is mostly
consumed by electron collisions and pumping outlet in the reactor. While the electron
temperature and the feeding background gas CF, are determined, the reaction rate for
production and destruction of each species are specified to influence the species
distributions during computation. Therefore, the absolute reaction rates are studied to

obtain information on the absolute importance of a reaction, which tells both the
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important process and its importance level. In the following, we present the absolute
reaction concentration rates (i.e., concentration per second) of the most important
reactions in steady state, which are the product of the reaction rate and the reactant
concentrations in s*m™. Figure 20(b) presents the production rate of the momentum
transfer reaction, where the electrons collide with the background feedstock gas CF,.
Obviously, the highest frequencies of electron collision occur in two regions: the core
region, where electron has a high concentration, and the gas inlet, where CF,4 has a
relatively high concentration. Figure 21(a), Figure 21(b) and Figure 21(c) show the
relative contributions of dissociative ionization, which are significant production of
electron and charge ions. In Figure 21(a), it can be observed that the dissociative
ionization that dissociates CF4 contributes for.90% in generating electron and CFs"
because its threshold energy (14.8 eV)-is lower than those in the reaction channels to
produce CF," (20.8 eV) and CF* (23.9 eV). Although dissociative ionizations to
produce CF," and CF" are not dominant reaction processes in CF, discharge, they have
a significant influence on the production-of F in the core region, as shown in Figures
21(b) and 21(c). The production rate of CF, (x=1~3) from dissociating CF, is shown in
Figures 21(d), 21(e) and 21(f). The production of CF, (x=1~3) decreases with
decreasing x because their dissociative thresholds increase with decreasing x. In Figure
21(d), CF3 is completely governed by the electron impact dissociation from CF,
because it has the lowest threshold energy among the CF,, which has threshold energies
of 5.67 eV (CF3), 9.32 eV ( CF,) and 14.7 eV (CF). The dissociations of CF, that
generate CF and CF; provide relatively lower productions than the dissociation of CF,
that generates CF3. The productions of F~ are shown in Figures 22(a), 22(b), 22(c) and
22(d), which are the dissociative attachment of CF,4, CF3;, CF;, and F», respectively. We

see that dissociative attachment of CF, clearly dominates the production of F" in the
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discharge. This type of reaction boosts up the production of F~ and the destruction of
electron, and F shows high concentration in the outer region near gas inlet due to the

threshold energy of attachment is relatively low.

4.1.1.3 Electron and Negative Charge lons

The concentrations of negatively charged species like electron and F were
illustrated in Figures 23(a) and 23(b) respectively. The electron density peaks at
2.5x10'" 1/m? at the center of the core region, where electrons are produced in high
quantity by the relative ionized reactions with high electron temperature (FO1~F10).
Most electrons are lost by diffusion into the chamber walls, and a small amount of
electron is lost by dissociative attachment to'CF; and CF, to form negative ions F
(FO1~F03). The static electric fields-push the electrons toward the center, causing the
electron density to decrease. The predicted high concentration of Fis 4 x 10" m= in the
simulation. The profile and quantity of electron-and F* are reasonably consistent with
the results measured by Rao et al.[48]. F-ions are mainly generated from two reaction
paths. One path is dissociative attachment to the feedstock gas CF,4, and the other is
dissociative attachment to CF3;, which were dissociated from CF4 near the gas inlet
because it has a lower threshold energy than the other reaction paths. Because F is lost
significantly via ion recombination, its density is lower in the core region, where CF3"
has maximum value, than at the gas inlet. For the other negative ion O°, the main source
of O is dissociative electron attachment to O, (Ox18 and Ox19), and it presents the
largest concentration in the core region. However, this ion is a minor negative charge
species, due to its low concentration of 10*® m™, and we do not show its contour here.
All negative ions are related to attachment and recombination of negative and positive

charges.
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4.1.1.4 Positive lons

Figure 24 shows the distributing profiles of (a) F*, (b) CF", (c) CF,", and (d) CF3".
The concentrations of CF," (x=0~3) peak at the core region due to electron relating
ionization from the feedstock gas CF4 (FO1~F10). The comparison between CF," gives
CF3*(~2x10 m®) > CF,*(~4x10'* m®) > CF*(~1x10'°* m®) > F*(~1x10* m™®), which
was observed by some experiments [42][48]. The phenomenon is consistent with the
threshold energy of electron-impact dissociative ionization reacting to the feedstock
gas CF4: 23.9 (CF") > 20.8 (CF,") > 14.8 (CF"). Moreover, the CF;" concentration
peaks not only at the core region but also at the outer region near the gas inlet because
of its low threshold energy of dissociative ionization. Figure 25 shows the
oxygen-containing charged species: (a) 0%, (b) O," and (c) CO", and Figure 26 shows
the silicon-contain charge species: (a)-SiF", (b) SiF,"and (c) SiFs", which are produced
from volatile oxygen-containing and silicon-contain neutral species liberated in the
etching process. O and O," are-generated via ionization of their mother gases O and O,
(Ox01, Ox04, Ox19, Ox20 and Ox21).-CO™is the product of ionized CO, which is
produced from the gas phase of COF and COF, (Ox28). SiF," (x=1~3) are products of
dissociative ionization from their mother gases SiFx (SFO1~SF06), and they were
restricted in the central region by the electric field of ambipolar diffusion. The
concentration of SiFs" is higher than those of SiF* and SiF," because the threshold

energy of SiF3" is lower than those of SiF* and SiF,".
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4.1.1.5 Neutral and Radical Species

The contours of F and CF4 (1~3) were shown in Figure 27. These contours are
dominant neutral species to etch SiO,, and they have relatively high concentrations,
which are only less than the feedstock gas concentration. Additionally, the threshold
energy and the rate coefficients of the dissociated reactions strongly influence the
distributions of these radical species, and the threshold energy of dissociating feedstock
gas CF, by electron is 14.7 eV(CF) > 9.32 eV(CF,) > 5.67 eV(CF3). Neutral F atoms are
produced principally through electron-impact dissociation reactions of the feedstock
CF,4 (F11~F13) in the core region, where the electron density and electron temperature
are relatively high. Because-a higher threshold energy of reaction is necessary to
dissociate the feedstock CF, to-form CF or CF,, the distribution peaks in the region of
high electron temperature, i.e., in the core region. Because the necessary threshold
energy to dissociate CF, to generate fragment CF; is lower than those to produce CF
and CF,, the concentration of CFj is high in both the core region and the outer region
near the gas inlet.

When the reactive radicals CF, (0~3) and the reactive ions approach the SiO,
layers, including the substrate and the dielectric windows, the etching products are
computed to produce through the surface model. Such etching products as O, O,, COF,

COF; and CO are liberated into the plasma as the reactive radicals bombard. Once these
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etching products merge into the gas, the properties of the plasma will change, due to the

impact of electrons on these etching products. The following discussion will include O,

0,, COF, COF, and CO, which spill from the etching processes of SiO,, and their

gas-phase products, such as O(1D), O,(a) and CO,, which are generated from

electron-impact and gas-phase reactions. First, Figure 28(b) gives the distribution of O,

which has a strong downhill-like gradient from the core region toward the edge region

on the dielectric and the substrate surface. O, is mainly produced through the surface

mechanisms of ion-enhance chemical etching by F (S3) and ion-enhanced chemical

sputtering (S4), leading to a high'F surface coverage, which is discussed in next section.

O, is lost via electron-impact reactions (Ox10, Ox16 and Ox17), which produce

considerable quantities of O, O(1D).and O(a). The profile of O is given in Figure 28(a).

The maximum value of O concentration in the central core region occurs due to a high

dissociation of O,. Although O is liberated from physical sputtering (S1), it also

recombines to form O, on the substrate surface (W15). Figures 28(c) and 28(d) show

the profiles of O(1D) and O(a), which are excited species of O and O, (Ox02, Ox10),

and they follow the distributions of O and O, struck by electron to form excitation

reactions depending on the electron. Meanwhile, the distributions of carbonous oxide

products from the etching substrate, such as COF, COF,, CO and CO,, are given in

Figure 29. COF is mainly produced in the surface reactions with fluorocarbon radicals,
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but it is lost via collision with such radicals as CFx. While a portion of COF; is

produced on the substrate via etching, most of it is produced in the reaction between

CF; and O near the gas inlet region, where the concentration of CF3 is high. CO and

CO; are mainly distributed in the core region, where the gas reaction of COF, and CFy

(Ox31, Ox32, Ox34, Ox36, Ox38 and Ox39) and the surface reactions (S7) occur.

Figures 30(a)-(e) show the distributions of SiFy (x=0~4), which have a strong
downhill-like gradient from the central core region to the substrate edge region because
these species escape through the etching processes, depending on the fluxes of radicals
and ions transported to the SiO, layer. SiF, (x=0~4) are also produced on the SiO,
dielectric windows and on the substrate surface as x increases. SiF, is the dominant
etching product while etching:SiO, in CF,4 discharge, which was also observed in many
experiments [37][45][45]. Although the volatile SiF, (x=0~3) strongly depend on the
surface coverage of CFy (Ocrx); the volatile SiF4 strongly depends on the surface
coverage of F (6g). When 6 is the dominant coverage on either the substrate or the
dielectric windows, Ocrx only covers the substrate because the low ion energy is
presented at the dielectric windows. The distribution of F, in Figure 30(f) shows a large
concentration near the gas inlet because F, molecules mainly come from the detached
recombination of F and F (FN11), which are rich near the gas inlet, and it is assumed

that F, would not interact with wall, due to its full chemical bond.

66



4.1.2 Chemical Ingredients

The chemical ingredients of the charged and the neutral species averaged over the
core region of the reactor were shown in Figure 31 and Figure 32 respectively. The
positive ion CF3" is the obvious dominant charge with a concentration of ~10%" 1/m®.
Regarding the significant charges CF,", the trend of CF3* > CF," > CF" is observed in
the simulation because of their threshold energies to fragment CF,4, which is consistent
with the experiments [48][49][68]. The concentration of the negative ion F in
simulation of CF, discharge is about 10'® 1/m° and it is comparable to the
concentration of electron in our simulation, which was also measured by Rao et al. [48].
Moreover, Because CF, is fed from the gas inlet, it is the most numerous species as the
background gas. F is the dominant; radical species.with a concentration of 10%° 1/m?,
which explains the large value of fluorine coverage. At a given pressure, the number
density of CF, weakly increases as a function of the increasing x (x=1~3), as it has been
observed in the APMS measurement [42] and FTIR measurement [50]. The COF,
concentration is approximately equal ‘to the" SiF, concentration because they are
assumed not to react with the wall, which was observed in the FTIR measurement

[45][47].
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4.1.3 Surface Coverage

Figure 33 shows the surface coverage as a function of r direction on the substrate.
The fluorine surface coverage is the dominating coverage in our simulation because the
fluorine atom fluxes are much larger than the fluorocarbon radical fluxes. However,
because the low ion energy is assumed at 100 eV in the model, deposition of polymer
surface coverage occurs when ion-enhanced deposition becomes more important. As a
result, a balance between the etching process and the polymer deposition will determine
the amount of coverage. It can be observed that etching mainly occurs in the region

where fluorine fluxes have to be larger than or equal to the magnitude of fluorocarbon
radical fluxes, i.e., I't 2I'c , and ICPs always generate high fluorine fluxes [54]. The

ratio of averaged 0. 6, (1_p. ~ g =p)inoutresult is approximately 0.6: 0.15:
F CFx P

0.2. Thus, the etching process.is mainly controlled by fluorine surface coverage, which

makes the etching products almaost entirely generated from fluorine surface coverage.

4.1.4 Etching Rate and Fluxes to Substrate

Figure 34 shows the fluxes of the ion CF,", the fluxes of the radical CF, and the
etching rate, which has absolute values that are plotted as a function of the radial
direction on substrate. The fluxes decrease smoothly toward the edge, as expected due
to the decreased power absorption and static electric field, which has patterns that are
consistent with the distributing profiles of the respective species. Obviously, the
composition of fluxes to the substrate are 90% F atoms, 9% CF, radicals, and 1% CF,"
ions overall. In other words, the flux ratio of fluorine atom to ions is approximately 100,

and the flux ratio of fluorocarbon radicals to ions is approximately 10. Therefore, the
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fluorine fluxes always dominate the etching process because the fluorine fluxes are
higher than the fluorocarbon radical fluxes. However, when power is given, the
predicted etch rate is between hundreds to a thousand nm per minute, which is
reasonable compared to the experiment [50][54], and this rate decreases gradually near

the edge of the substrate because the fluxes decrease radially.
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4.2 CF, Discharge in a Dome-Shaped ICP Reactor

Figure 35 shows the diagram of the dome-shaped ICP reactor. The dome-shaped
chamber includes a gas inlet ring through which a reaction gas (CF,) is supplied, a
vacuum pump for maintaining the inside of the chamber to be vacuum and exhausting
the reaction gas after completing the reaction, and a gas outlet. A gas inlet ring is
located at the central rim of the chamber, and the pumping port is located between inner
substrate and the chamber wall. The dome-shaped roof is assumed a half sphere with
radius of 20 cm. Six turns of antenna coil are insulated from the plasma by a
dome-shaped roof of quartz window (2 cm in thickness), which are driven by a current
with a radio frequency (RF) of 13.56 MHz that induces electric field heating in the
azimuthal direction. A 12-inch wafer substrate is located at the central bottom of the
reactor.

The test conditions for CF, ICP discharge simulation in GECRC include a gas
pressure of 20 mTorr, a CF,4 flow rate of 230 sccm, and a deposited power of 200 W.
The temperatures of the ion and the neutral species are assumed to be constant at 0.026
eV and 400 K, respectively. The ion bombardment energy is set at 100 eV at the
substrate boundary. A grid of 221 x 351 points is used to test, in which each length of
grids is 1 mm in r-direction and 1 mm in z-direction in this simulation. This grid size
leads to about a total 2.5 million unknowns, and has to perform via parallel computing
to reduce running time whit in one day. Because no experimental data is available, we
could not compare our results to other’s experiment but the results are acceptable
through comparing with previous results from GECRC and typical reactor. In the
following sections, these results are obtained in dome-shaped ICP with above condition,

which is not mentioned again.
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4.2.1 Spatial Profiles

In this section, we present the distributed profiles of species in CF, dome-shaped
inductively coupled discharge. The discussions of results follow like discussions of

GECRC discharge but of dome-shaped reactor.

4.2.1.1 Induced Electric Field, Power Absorption and Electron

Temperature

Figures 36(a) and 36(b) show the real and the imaginary parts of the induced
electric field in the azimuthal direction, respectively. In addition, Figure 36(c) shows
the power deposition through Ohmic heating of electrons. The real part of the electric
field caused by plasma shows a maximum intensity of approximately 20 V/m in the
core region, where the electron temperature is high. The imaginary part of the induced
electric field caused by the coil current shows a maximum value of approximately 500
V/m near the coils and approximately 300 VV/min.the gas phase, and it decays rapidly
by an order of magnitude within several centimeters into the high density plasma, as

expected. The total induced electric field is obtained from the magnitude of the
complex induced electric field, which is given by |E|=yEZ +Ef, , which indicates that

the total electric field induced by the coil current is dominant, but the electric filed
induced by plasma can be ignored when considering the contribution of the region
~10% in the discharge region. This contribution is not as high as in GECRC because the
size of dome-shaped reactor is larger than GECRC. Therefore, absorption of inductive
power is deposited also mainly by the imaginary part of the induced electric field within
a few centimeters of the dielectric roof in not only GECRC bus also dome-shaped

reactor. In dome-shaped reactor, the plasma conductivity also reaches its maximum
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value in the bulk plasma and decays toward the quartz, while the electric filed reaches
its maximum value at the dielectric and decays towards the plasma. The peak power
deposition is approximately 1.5 W at 1 cm below the dome-shaped quartz, and the
power deposition becomes 0.2 W toward the discharge in the central region. Figure
36(d) illustrates the contours of the electron temperature corresponding to the power
absorption of plasma. The electron temperature is highest near the coils, where the
power deposition is the highest. Although the power peaks in the confined region near
the dielectric, electron thermal conduction at the low operating pressure helps to heat
the whole plasma. The electron is cooled in the outer region, due to either the lower

electron thermal conductivity or the higher collision frequency.

4.2.1.2 Production Rate

The importance of production rate has been mentioned in section 4.1.1.2. Here,
we first present the profile of background-feeding gas CF, in Figure 37(a), which
strong determine the production ‘rate -and-plasma property. The figure shows the
gradient profile from the gas inlet to the gas outlet, and the feeding gas is mostly
consumed by electron collisions in the central discharge region and pumping outlet in
the bottom. In the following, we present the absolute reaction concentration rates of the
more important reactions in steady state. Figure 37(b) presents the production rate of
the momentum transfer reaction, where the electrons collide with the background
feedstock gas CF4. Obviously, the highest frequencies of electron collision occur in the
central discharge region, where electron has a high concentration and relatively high
reaction rate. Figure 38(a), Figure 38(b) and Figure 38(c) show the relative
contributions of dissociative ionization, which are significant production of electron

and charge ions. In Figure 38(a), it can be observed that the dissociative ionization that
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dissociates CF4 contributes for 90% in generating electron and CFs;" because its
threshold energy (14.8 eV) is lower than those in the reaction channels to produce CF,"
(20.8 eV) and CF" (23.9 eV). Although dissociative ionizations to produce CF," and
CF" are not dominant reaction processes in CF, discharge, they have a significant
influence on the production of F in the core region, as shown in Figures 38(b) and 38(c).
The production rate of generating CFy (x=1~3) from dissociating CF4 is shown in
Figures 38(d), 38(e) and 38(f). The production of CF, (x=1~3) decreases with
decreasing x because their dissociative thresholds increase with decreasing x. In Figure
38(d), CF3 is completely governed by the electron impact dissociation from CF,
because it has the lowest threshold energy among the CFy, which has threshold energies
of 5.67 eV (CF3), 9.32 eV ( CF,) and 14.7 eV.(CF). The dissociations of CF, that
generate CF and CF, provide relatively lower productions than the dissociation of CF,
that generates CF3. The productions of F* are shown in Figures 39(a), 39(b), 39(c) and
39(d), which are the dissociative attachment of CF,, CF3;, CF, and F,, respectively. We
see that dissociative attachment of CF, clearly dominates the production of F" in the
discharge. This type of reaction boosts up the production of F~ and the destruction of
electron, and F shows high concentration in the region of gas inlet where the
background feeding gas is more because the threshold energy of attachment is
relatively low. Figures 40(a) and 40(b) give the production rate of O and O, ionization.
Figure 40(c) give dissociation of O, to generate O, and Figure 40(d) give excitation of
O, to generate excimer O,(a). Figure 40(a) indicates the maximum production in the
central region where electron and oxygen atom are high concentration. Figure 40(b),
40(c) and 40(d) indicate that the high production is near the substrate because O is

abundant etching product from F coverage. Otherwise, the relative low production
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rate at central region near roof where O, is relative low density is shown in these

figures.

4.2.1.3 Electron and Negative Charge lons

The concentrations of negatively charged species (e’, F" and O°) were respectively
illustrated in Figures 41(a), 41(b), and 41(c). Figure 41(a) indicates that the electron
density peaks at 1.3x10%" 1/m? at the central region of chamber, where electrons are
produced in high quantity by the relative ionized reactions with high electron
temperature (FO1~F10), and their relating production rate were described above. Most
electrons are lost by diffusion into the chamber walls, and a small amount of electron is
lost by dissociative attachment to CF3 and CF,to.form negative ions F* (FNO1~FNO03).
The static electric fields push-the electrons toward the center, causing the electron
density like onion-shaped gradient from center to wall. Figure 41(b) indicates that the
predicted high concentration of F. is 1:1x10* m= in the simulation. F~ ions are mainly
generated from two reaction paths. ‘One path-is dissociative attachment to the feedstock
gas CF,4, and the other is dissociative attachment to CF3, which were dissociated from
CF,4 near the gas inlet because it has a lower threshold energy than the other reaction
paths. Because F is lost significantly via ion recombination, its density is lower in the
central region, where CF3" has maximum value, than at the gas inlet. For the other
negative ion O, the main source of O is dissociative electron attachment to O, (Ox18
and Ox19), and it presents the largest concentration in the core region. However, O is a
minor negative charge species, due to its low concentration of 10*2 m, which is shown
as Figure 41(c). Here, all negative ions are related to attachment and recombination of

negative and positive charges.
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4.2.1.4 Positive lons

Figure 42 shows the distributing profiles of (a) F*, (b) CF", (c) CF,", and (d) CF3".
The concentrations of CF," (x=0~3) peak at the central reactor due to electron relating
ionization from the feedstock gas CF4 (FO1~F10). The comparison between CF," gives
CF3*(~9x10%® m™®) > CF,"(~3x10'° m) > CF*(~2x10** m®) > F*(~1x10"* m™®), which is
as same as simulation in GECRC. The phenomenon is consistent with the threshold
energy of electron-impact dissociative ionization reacting to the feedstock gas CF,:
23.9 (CF") > 20.8 (CF,") > 14.8 (CF5"). All of these ion species have profiles of
onion-shaped gradient.

Figure 43 shows the oxygen-containing charged species: (a) O, (b) O," and (c)
CO", and Figure 44 shows the silicon-contain charge species: (a) SiF*, (b) SiF," and (c)
SiF;", which are produced from-ionization of volatile oxygen-containing and
silicon-contain neutral species liberated in the etching process. These species are
restricted in the central region-and formed gradient in shape of onion by the electric
field of ambipolar diffusion. However, the-species of O," and SiF* shows maximum
gradient near the substrate depending on their relating mother gases and production
rate. O" and O," are generated via ionization of their mother gases O and O, (Ox01,
0Ox04, 0Ox19, Ox20 and Ox21), which was discussed in section 4.2.1.2, and their
profiles follow their production reaction paths shown in Figures 40(a) and 40(b). CO*
is the product of ionized CO, which is produced from the dissociation of gas phase of
COF and COF, (Ox28). SiF," (x=1~3) are products of dissociative ionization from their
mother gases SiF, (SFO01~SF06). The concentration of SiFs" is higher than those of
SiF* and SiF," because the threshold energy of SiF;" is lower than those of SiF* and

SiF,".
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4.2.1.5 Neutral and Radical Species

Figure 45 shows the contours of (a) F and (b)(c)(d) CF4 (x=1~3). These contours
are dominant reactive species to etch SiO,, and they have relatively high concentrations,
which are only less than the feedstock gas concentration. These reactive species also
have onion gradient because of electron gradient and related production rate, which
means the threshold energy and the rate coefficients of the dissociated reactions
strongly influence the distributions of these radical species, and the threshold energy of
dissociating feedstock gas CF4 by electron is 14.7 eV(CF) > 9.32 eV(CF;) > 5.67
eV(CF;). Additionally, F is rich comparing with other reactive species, because F
atoms are produced principally through electron-impact dissociation reactions of the
feedstock CF, (F11~F13) in the central reactor, where the electron density is relatively
high. CF3 shows relative rich because the necessary threshold energy to dissociate CF,4
to generate fragment CF; is lower than those to produce CF and CF..

When the reactive radicals CFy (0~3) and the reactive ions approach the SiO,
layers, including the substrate and the dielectric windows, the etching products are
computed to produce through the surface model. Such etching products as O, O,, COF,
COF; and CO are liberated into the plasma as the reactive radicals bombard. Once these
etching products merge into the gas, the properties of the plasma will change, due to the
impact of electrons on these etching products. The following discussion will include O,
0,, COF, COF; and CO, which spill from the etching processes of SiO,, and their
gas-phase products, such as O(1D), O,(a) and CO,, which are generated from
electron-impact and gas-phase reactions. First, Figure 46(b) gives the distribution of O,,
which has a strong downhill-like gradient from the core region toward the edge region
on the dielectric and the substrate surface. O, is mainly produced through the surface

mechanisms of ion-enhance chemical etching by F (S3) and ion-enhanced chemical
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sputtering (S4), leading to a high F surface coverage, which is discussed in next section.
O, is lost via electron-impact reactions (Ox10, Ox16 and Ox17), which produce
considerable quantities of O, O(1D) and O(a). The profile of O is given in Figure 46(a).
The maximum value of O concentration occurs in the central chamber near substrate
due to a high dissociation of O,. Although O is liberated from physical sputtering (S1),
it also recombines to form O, on the substrate surface (W15). Figures 46(c) and 46(d)
show the profiles of O(1D) and O,(a), which are excited species of O and O, (Ox02,
0x10), and they follow the distributions of O and O, struck by electron to form
excitation reactions depending on the electron. Meanwhile, the distributions of
carbonous oxide products from the etching substrate, such as COF, COF,, CO and CO,,
are given in Figure 47. COF is mainly produced in the surface reactions with
fluorocarbon radicals, but it is-lost-via collision with such radicals as CF,. While a
portion of COF; is produced on the substrate via etching, most of it is produced in the
reaction between CF; and O near the gas inlet region, where the concentration of CF3 is
high. Because COF, does not react with-metal wall, they show rich near the roof.
Because CO and CO, are complementary, the CO is rich near the roof where CO, is
poor via dissociation of CO; to produce CO (OX26). Meanwhile, CO; is rich near the
substrate where the gas reaction of COF, and CF, (Ox31, Ox32, Ox34, Ox36, Ox38
and Ox39) and the surface reactions (S7) occur.

Figures 48(a)-(e) show the distributions of SiF, (x=0~4), which have a strong
downhill-like gradient from the center to the substrate edge region because these
species produce through the etching processes, depending on the fluxes of radicals and
ions transported to the SiO; layer. SiF, is the dominant etching product while etching
SiO; in CF,4 discharge, which was also observed in GECRC experiments [37][45][45].

Although the volatile SiFy (x=0~3) strongly depend on the surface coverage of CFy
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(fckx), the volatile SiF, strongly depends on the surface coverage of F (6g). When 6k is
the dominant coverage on the substrate, Ocgc. The distribution of F, in Figure 48(f)
shows a large concentration near the gas inlet because F, molecules mainly come from
the detached recombination of F" and F (FN11), which are rich near the gas inlet, and it

is assumed that F, would not interact with wall, due to its full chemical bond.

4.2.2 Chemical Ingredients

The chemical ingredients of the charged and the neutral species averaged over the
entire region of the reactor are shown in Figure 49 and Figure 50 respectively. Because
experimental data is not available; we compare these results with previous GECRC
results. The positive ion CF3" is also the obvious dominant charge with a concentration
of approximately 5.0x10*® 1/m®, which is not as high as in GECRC, because discharge
region of dome-shaped reactor is larger than GECRC. Regarding the significant
charges CF,", the trend of CF3;* > CF,">/CF" is observed in the simulation because of
their threshold energies to fragment CF4, which is consistent with GECRC results
described in section 4.1.2. The concentration of the negative ion F" in simulation of CF,
discharge is about 10 1/m?, and it is comparable to the concentration of electron in
dome-shaped reactor simulation, which was also obtained in GECRC simulation.

For neutral species, because CF, is fed from the gas inlet, it is the most numerous
species as the background gas. F is the dominant radical species with a concentration of
10%° 1/m3, which explains the large value of fluorine coverage. At a given pressure, the
number density of CF, weakly increases as a function of the increasing x (x=1~3) but
CF, is comparable to CF3, which is not consistent with GECRC result. Another two

important species COF, and SiF, observed in experiment are also relative rich in
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dome-shaped reactor, and COF, concentration is approximately equal to the SiF,
concentration because they are assumed not to react with the wall and are produced

almost from important F coverage in etching process.

4.2.3 Surface Coverage

In the case of dome-shaped reactor. Figure 51 shows the surface coverage as a
function of r direction on the substrate. The fluorine surface coverage is still the
dominating coverage in dome-shaped reactor simulation because the fluorine atom
fluxes are much larger than the fluorocarbon radical fluxes shown in Figure 52. It can
be observed that etching process still mainly occurs in the this case because fluorine

fluxes are larger than the magnitude of fluorocarbon radical fluxes. The ratio of
averaged 6r : 0, : (1-0. -0, —0;) in dome-shaped reactor simulation is
approximately 0.8: 0.11: 0.08. Thus, the etching.process is more strongly controlled by

fluorine surface coverage in dome-shaped reactor than in GECRC, which makes the

etching products almost entirely generated from fluorine surface coverage.

4.2.4 Etching Rate and Fluxes to Substrate

Figure 52 shows the fluxes of the ion CF,", the fluxes of the radical CF, and the
etching rate, which has absolute values that are plotted as a function of the radial
direction on substrate in dome-shaped reactor. The fluxes decrease smoothly toward
the edge, as expected due to the decreased power absorption and static electric field,

which has patterns that are consistent with the distributing profiles of the respective
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species. Obviously, the composition of fluxes to the substrate are 90% F atoms, 9% CF
radicals, and 0.1% CF," ions overall. Comparing to GECRC, the ion fluxes decrease a
lot in dome-shaped reactor because the discharge region is far for substrate or is larger
than GECRC. It is found that the ion fluxes of order at approximately 10” 1/sm? in
GECRC decrease to approximately 1020 1/sm? in dome-shaped reactor. Thus, the flux
ratio of fluorine atom to ions is approximately 1000, and the flux ratio of fluorocarbon
radicals to ions is approximately 100. Therefore, the fluorine coverage occupies the
site of SiO, more in dome-shaped reactor than in GECRC. Because of more fluorine
coverage in dome-shaped reactor, it makes physical sputtering less. On the other hand,
if the fluorine coverage and fluorocarbon coverage is formed, the only way to remove
them is ion-enhanced chemical etching. However, decreasing ion fluxes make
ion-enhanced chemical etching hard. /It is obvious that etching rate is lower in

dome-shaped reactor than in GECRC.
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4.3 Comparison of Etching Rates in Different Type of

Inductively Coupled Plasma Reactors

This section reports comparison of etching properties in different types of
inductively coupled plasma sources (ICPs) with tetrafluoromethane (CF4) gas using

our developed parallel 2-D axisymmetric fluid model.

4.3.1 Reactor Geometries

The testing reactor geometries of ICPs include typical reactor with planar (top)
coils, typical reactor with cylindrical (side) coils, and dome-shaped reactors shown in
Figure 53. Figure 53 gives (a) gas inlet ring set beside typical cylindrical ICP chamber
with planar coils, (b) gas inlet-ring-set beside typical cylindrical ICP chamber with
cylindrical coils (side), (C) gas inlet port set upon typical cylindrical ICP chamber with
cylindrical coils (side), (d) gas-inlet port set upon dome-shaped ICP reactor of elliptic
roof, (e) gas inlet port set upon dome-shaped-1CP reactor of spherical roof, (f) gas inlet
ring set beside dome-shaped ICP reactor of elliptic roof, and (g) gas inlet ring set beside
dome-shaped ICP reactor of spherical roof. Figures 54, 55, 56 and 57 show the
schematics of reactor geometries and coil configurations in detail respectively. The
typical ICP reactor has simple cylindrical chamber which has height of 10 cm and
radius of 20 cm. A 12-inch wafer is located on the bottom of reactor. Form this typical
rector, if we extend the flat roof to a shape of elliptic or sphere, it becomes the so-called
dome-shaped ICP reactor. The possible positions of gas inlet were also tested in these

ICP reactors.
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4.3.2 Testing Conditions

These simulations are examined under the same conditions: a gas pressure of 20
mTorr, a CF,4 flow rate of 230 sccm, and a deposited power of 200 W driven by 13.56
MHz frequency of current. The temperatures of the ion and the neutral species are
assumed to be constant at 0.026 eV and 400 K respectively. The ion bombardment
energy to the substrate is set at 100 eV at the substrate boundary. The grid resolution in
both radial and axial directions is 1 mm. This grid size leads to approximately a total 2.5
million unknowns as considering 32 species, and this grid size has to perform via

parallel computing to reduce running time within one day.

4.3.3 Spatial Profiles

Figure 58, Figure 59, Figure 60, Figure 61, and Figure 62 show the 2-D spatial
profiles for ne, streamline as well as a vector plot of CF3* flux and CF5* density, Te, CF4,
and production rate of dissociative ionization respectively. In Figure 58, it is obvious
that the concentration of electron accumulates near the gas inlet as gas inlet port located
upon the top roof of chamber ((c), (d) and (e)), or ne is peaked on axis as the inlet ring
located beside the chamber ((a), (b), (f) and (g)). Because the uniformity of n, known as
discharge region strongly affect those fluxes to the SiO, substrate, it can be predicted
that the etching uniformity in case of (b) must be the smoothest since n is peaked with
a more extended and flatter region from center to edge as comparing to others. In
contrast, for the cases ((c), (d) and (e)) of the gas inlet port set upon the root, n are
constrained near region of gas inlet port because it can be find that the negative ions are
mainly produced in gas inlet region where the electron temperature is relatively low so

that electrons have to follow the positive and negative ions out of the system to
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maintain discharge, or the discharge will be collapsed. Later we will present that the
discharge regions near the gas inlet port located upon the roof cause the etching
uniformity rough in these case. In contrast, the discharge regions in the cases of
dome-shaped reactor with gas inlet ring beside the chamber ((f) and (g)) are more
extensive than the cases of typical cylindrical reactors ((a) and (b)), and they are
deposited under similar power. Therefore, because of larger discharge region but the
same power in series of dome-shaped reactor, we find that the plasma densities near the
substrate in typical cylindrical reactors are richer than dome-shaped reactors. In this
regard, it can predict that the etching rate of typical cylindrical reactors with side coils
and top coils ((a) and (b)) will be higher than the etching rate of dome-shaped reactors
((f) and (g)). Before we show the comparison of etching uniformity and etching rate, we
conclude that etching uniformity in case of (b) is must be the smoothest with relatively
high etching rate. In the following, we will proof this point.

There are several effects that conspire to cause the density profile in Figure 58(b).
To understand these effects better, consider-first the profile of ion flux streamline in
Figure 59. The streamlines of ion flux also show that the discharge region is the widest
and smoothest in Figure 59(b) as comparing to other cases. It is evident that the ion flux
to the substrate is flat because the discharge extends from center to almost edge of
substrate. Second, in Figure 60(b), electron temperature is peaked near the quartz
region where the power is depositing beside the chamber and hence electron heating
takes place off axis, but the electron thermal conductivity is relatively high in low
pressure so that the plasma near center could obtain enough energy from off-axis region
to discharge. Moreover, electron temperature is strongly relating to the dissociative
ionization rate constant K(T¢) to affects the density profile. However, K(T¢) is not the

main reaction to make the discharge region so extended and smooth, because the
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plasma discharge is strongly influenced by combination of K(T.), ne, and background
gas feeding CF,4. Next we will clearly discuss the spatial profile of CF4 and production
rate of dissociative ionization that is the combination of n., CF4 and K(T,). In the Figure
61(b), the feedstock gas CF, flow from inlet ring into the chamber. Then, CF, is
dissociated in the inlet region where the K(T,) is relatively high, whose production rate
is shown as Figure 62(b). It is evident that the dissociative ionization tends to peak
off-axis to affect CF5" density profile most likely off-axis. In this case, the ion transport
plays a more dominant role in determining the radial density profile. Now going back to
the ion flux plot of Figure 59(b), it makes clear that ions born at large radius will
preferentially flow to top and bottom surfaces of the reactor, thus making it difficult for
ions to fill in the center of chamber.

On the contrary, Figures 59(¢), 59(d) and 59(e) indicate that the discharge
regions are constrained near the gas inlet, and the ion transport from discharge region to
the SiO; is far and non-uniform. A reason that makes density profile in Figures 59(c),
59(d) and 59(e) first is the electron temperature is relatively low and CF, is relative high
in that discharge region as comparing to other region, which are shown as Figures 60(c),
60(d) and 60(e). Negative ions tend to be generated in the low electron temperature
from electron dissociatively attaching to CF4. Therefore, more negative ions are
produced, and these negative ions are difficult to transport in radial direction to extend
the plasma discharge region. Another possible point is that the density of CF, fed from
top inlet port (Figures 61(c), 61(d) and 61(e)) present higher approximately two order
than those fed from side inlet ring (Figures 61(a), 61(b), 61(f) and 61(g)) under the
same flow rate. Hence it is obvious that although K(Te) is relatively low, the
concentrations of electron and CF, are relatively high to make production rate so higher

near top gas inlet in Figures 62(c), 62(d) and 62(e).
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On the other hand, for the cases of dome-shaped reactors with gas inlet ring
beside chambers (cases of (f) and (g)), the streamlines in Figure 59 describe that the
discharge regions in (f) and (g) are closer to substrate than those in (d) and (e). However,
it is clear that the streamlines to the substrate show only the diffusion effect dominant in
all dome-shaped reactors because the variation between positive and negative charged
particles causes small electric field that can ignore the drift effect. The production rates
in Figure 62(f) show higher rate than that in Figure 62(g) near the substrate. Therefore,
it could be predicted that the etching rate of SiO, in dome-shaped reactor with elliptic

roof is higher than that in dome-shaped reactor with spherical roof.

4.3.4 Fluxes, Coverage and Etching Rate

Figure 63 shows the radial profile of CF5" fluxes to the substrate. It is clear that the
CF3" flux in (b) is really smoother than other cases and the flux only slightly drop down
at end of substrate. In the case (@), the etching uniformity can be seen a little flat at
central part but drops down gradually at' middle substrate. In the case (c), as can be seen
from the figure, it is dramatic decrease for the CFs* flux from center to edge on
substrate, and it proofs that the dramatic decrease will affect the etching uniformity to
be rough. In contrast, the CF3* fluxes in dome-shaped reactors are much lower than
typical cylindrical reactors. Figure 64 presents the radial profile of F fluxes to the
substrate. All of F fluxes have similar trends that smooth decrease from central axis to
edge except for the case of (c). It is clear F flux in (c) drop down rapidly because the
discharge is constrained in front of gas inlet port and is closed to substrate so that larger
fluxes will flow to central substrate.

Figure 65 shows the radial profile of coverage of F atom on the substrate, and the

coverage of F is strongly and nonlinearly depending on the flux of CF3" and the flux of
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F. First, all coverages rise from central substrate to edge except for (b). In the (b), the
coverage decreases from center to edge on substrate but a climbing at edge because the
CF3" flux to substrate is flat and the F flux to the substrate is in a decrease so that F
covers less but CF3" etches more. In addition, it is appears that the coverages of F atom
in dome-shaped reactors are relatively higher than typical cylindrical reactors since the
CF3" fluxes are less in those dome-shaped reactors.

Let us discuss the radial profile of etching rate shown as Figure 66. As expected, it
is obvious that (b) shows the smoothest etching uniformity among all testing reactors.
In the case (a), the etching rate almost higher than other cases except (c), but rougher
than (b), and as smooth as (d), (e), (f) and (g). In the case (b), the etching uniformity is
smoothest, and the etching rate is relatively higher than dome-shaped reactor because
the discharge region shows off-axis.—In the case (c), the etching rate is highest but
roughest. In the dome-shaped reactor (d), (e), (f) and (g), the etching rates are not as
high as in typical ICP reactors, and they have as smooth as etching uniformity in case
(a). The etching rate is uniform in (b) because the CF5* flux slightly rise before 12 cm
but the F flux fall on substrate so that the F coverage fall among these testing reactor.
Moreover, “ion-enhanced chemical etching by F” and “ion-enhanced chemical
sputtering” make the coverage in (b) is relatively low. It is summarized that the case (b)
has relatively valuable to be applied in etching SiO, for semiconductor manufacture due
to perfect uniformity and relative high etching rate. The choices of coil position, reactor
geometry, and gas inlet position lead to distinctly different etching property. These
choices affect where the discharge region is so that these regions strongly influence the
fluxes to the substrate. The fluxes to the substrate make the coverage different to obtain
the different profiles of etching rate. It is obviously seen that the etching rates and

uniformities strongly depend on plasma discharge region.
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CHAPTER 5
CONCLUSION AND RECOMMENDATIONS
FOR FUTURE WORK

5.1 Summary

Major studies and findings of the current thesis can be summarized as follows:

1. We have succeeded in developing and validating a MPI-based parallel
2D-axisymmetric fluid modeling code, .using domain decomposition and
coupling with the Maxwell’s equation solver and surface kinetic model, which
can be used to simulate a future large-scale ICP source.

2. The developed parallel fluid modeling code can be scalable up to 26 processors
on a PC cluster, IBM-1350 at‘NCHC-of Taiwan, with a problem size of 122x179
grid points, 32 species, 96 gas reactions and 27 surface reactions for a CF4 ICP
simulation. In addition, the combination of preconditioning and Krylov subspace
iterative method using, respectively, the GMRES and the Block Jacobi
algorithms with ILU as the sub-domain solver gives the best parallel performance
for the fluid modeling code.

3. In all types of ICP reactors considered in this thesis (cylindrical-shaped, GECRC
and dome-shaped), the numerical results indicate that plasma induced electric
field is 10-15% of the coil-induced electric field near the coils (skin depth ~ 1 cm
in thickness) in the chamber, which was ignored by Fukumoto et al. [26] using

the analytical Biot-Savart’s law in solving the Maxwell equation directly.
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In all types of ICP reactors, simulations show that CF3" is the most dominant
charged species, followed by CF3*, CF," and CF", while the concentration of F is
comparable to that of electron in the CF4 ICP discharge. In addition, reactive F
atom is the most dominant radical, followed by CF3, CF, and CF alternatly.
Simulations show that F atom and CF3;" are the most dominant species of the
radical and ion fluxes toward the SiO, substrate, respectively, followed by CFj,
CF, and CF, and CF3*, CF," and CF" in the order of decreasing amount.
Simulations show that etching of SiO, substrate proceeds in two steps. The
substrate surface is first covered by radicals (F atom dominating up to 60% in
GECRC and 80% in dome-shaped ICP reactos), followed by surface reactions
with impinging ion fluxes (CF3" dominating up to 90%) and then release etchng
products into the plasma region.-In-addition, the-major etching products from the
SiO, substrate are found to be SiF,;, COF; and O, in.the order of increasing
amount, which coincides with the experimental observations [45].

Comparison of etching profiles shows that proper arrangement of gas inlet
location, geometry of chamber and coils position is critical in determining the
etch rate and uniformity at the substrate surface. Results show that the
combination of gas inlet ring located around top side wall and coils around the
side wall performs the best in relatively high etch rate and good uniformity at the

substrate surface.
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5.2 Recommendations for Future Work

The recommendations for future works are summarized as follows:

1. To develop a time-dependent Maxwell’s equation solver, such as
finite-difference and time-domain method, which can be used for
dual-frequency (or even triple-frequency) applications that have been often seen
in several industrial applications.

2. To perform important parametric studies on various kinds of ICP sources such
as cylindrical-shaped and dome-shaped reactors.

3.  To apply the developed fluid modeling code and modify the surface Kinetic
model for properly simulating ICP sources using SiH, as the precursor in
several experimental studies and-comparing the data wherever is available.

4.  To develop a numerical model-for solving the full momentum equations of ions
without the drift-diffusion approximation that fails in the nearly collisionless
sheath.

5.  To improve the fluid model using by incorporating a gas flow solver developed
in our group that can provide the thermal and flow field under rarefied
conditions using slip and jump boundary conditions for velocities and

temperature fields..
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TABLES

Table 1: Summary of fluid model used for electropositive inductively coupled

discharge.
D.P.
B. Ramamurthi
R. A. Stewart and R. A. Stewart Lymberopoulos Y.-N. Wang
and
D. B. Grave (1993) D. B. Grave and (2009)
D. J. Economou
D. J. Economou
Electric ) ] ) ]
) Poisson Poisson Poisson Flux balance Poisson
field
Drift-diffusion Drift-diffusion Drift-diffusion Flux balance Drift-diffusion
Electron Continuity eq. Continuity eq; Continuity eq. Quasi-neutral Continuity eq.
Energy eq. Energy eg- Energy eq. Energy eq. Energy eq.
Momentum Drift-diffusion
Momentum eq. Momentum:eq. . ] Momentum eq.
eg. with ambipolar
lons
o Continuit o Continuity Continuity
Continuity eq. Continuity eq.
y €q. eq. eq.
Background gas is Background o o o
Neutral ) . . Continuity eq. Continuity eq. Continuity eq.
uniform gas is uniform
Maxwell’s Power profile is Maxwell’s Maxwell’s Maxwell’s Maxwell’s
equation assumed equation equation equation equation
Gas: Ar
Gas: Ar Gas: Ar EEDF (M.C.)
) Gas: Ar ) 10 kHz
Annotation ) Typical (1D) Gas: Ar
Typical reactor ) (pulse power)
reactor Typical reactor

Typical reactor

Typical reactor
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Table 2: Summary of fluid model used for electronegative inductively coupled

discharge.
D.P.
B. Ramamurthi D. B. Hash C.C.Hsu H. Fukumoto
Lymberopoulos
and and and and
and
D. J. Economou M. Meyyappan D. B. Grave K. Ono
D. J. Economou
(2001) (2001) (2006) (2009)
(1995)
Electric field Poisson Flux balance Flux balance Flux balance Flux balance
drift-diffussion Flux balance Flux balance Flux balance Flux balance
Electron Continuity eq. Quasi-neutral Quasi-neutral Quasi-neutral Quasi-neutral
Energy eq. Energy €q. Energy eq. Energy eq. Energy eq.
drift-diffussion ~ /i = Yo \\ S S
) ] Drift-diffusion Drift-diffusion Drift-diffusion Drift-diffusion
with  effective - ; : ) ) ) ) )
lons with ambipolar } with ambipolar | with ambipolar with ambipolar
electric field
Continuity eq. Continuity-eq. Continuity eq. Continuity eq. Continuity eq.
Continuity eq. Mass eq.
Neutral Continuity eq. Continuity eq. Momentum eg. | Momentum eq. Continuity eq.
Energy eq. Energy eq.
Maxwell’s Maxwell’s Maxwell’s eq.
. Maxwell’s eq. Maxwell’s eq. Maxwell’s eq. . .
equation equation (Bio-S.)
Gas: CI2 (SEMS) Gas: Ar, Gas: CF4
Gas: CI2
Annotation _ Pulsed power Gas: CF, Ar(Cl,, Ar/O, Surface model
Typical reactor )
GECRC GECRC Surface model Typical chamber
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Table 3: Overview of the species included in the model and corresponding
parameters for transport properties.

_ o(A) 8(K°) a(A%)
species ] L Reference
L.-J. parameter  L.-J. potential polarizability

Electron 0 0 0 N/A

F* 2.968 112.6 0.6 [33]
CF* 3.635 94.2 1.8 [33]
CF,* 3.977 108 2.82 [33]
CFs' 4.32 121 2.82 [33]

o* 3.04 103.85 0.802 [19]
0, 3.433 113.0 1.5812 [19]
co* 3.59 110.0 1.95 [19]
SiF* 3.662° 95.82 4.62° [75]
SiF," 3.803°2 133.1° 4.62° [75]
SiF;* 3.943° 170.3° 4.62° [75]

F 2.968 1126 0.6 [33]

o 3.04 103.85 0.802 [19]

F 2.968 112.6 0.6 [33]

CF 3.635 94,2 1.8 [33]
CF, 3.977 108 2.82 [33]
CF, 4.32 y S 2.82 [33]

0 3.04 103.85 0.802 [19]

0, 3.433 113.0 1.5812 [19]
o(‘D) 3.04 103.85 0.802 [19]
0,(a'Ay) 3.433 113.0 1.5812 [19]
COF 3.941° 195.2° 1.95° Estimated
COF, 3.941° 195.2° 1.95° Estimated
Co 3.59 110.0 1.95° [75][76]
CO, 3.941 195.2 1.95° [75][76]
Si 2.91 93.6231 5.38 [75]
SiF 3.662° 95.8° 5.38 [75]
SiF, 3.803° 133.1° 5.38 [75]
SiF, 3.9432 170.32 5.38 [75]
SiF, 4.0842 207.6° 5.45 [75]

F, 3.357 112.6 0.9 [75]
CF, 4.662 134 2.82 [33]

“Estimate based on SiHy analogy.

PEstimate based on CO or CO,.

°Estimate based on SiH," analogy.
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Table 4: Reactions of electron-impact with CF, (x=1~4) and relative gas-phase

reactions.
Index  Reaction Threshold Rate constant Ref.
energy (eV) (m’™)
FOO e+CF,—CF,+e 0 EEDF(o) [56]
FO1 e+ CF;— CF;" +2e 9.09 EEDF(c) [57] [68]
FO2 e+CF,— CF," +2e 11.5 EEDF(c) [57] [68]
FO3 e+ CF— CF'+2e 9.17 EEDF(c) [57] [68]
FO4 e+F—F'+2e 17.5 EEDF(c) [61] [68]
FO5 e+ CF,— CF; +F+2e 14.8 EEDF(o) [56]
FO6 e+ CF,— CF," +2F + 2e 20.8 EEDF(o) [56]
FO7 e+CF,— CF +3F+2e 23.9 EEDF(o) [56]
FO8 e+CF;—CF," +F+2e 15.2 EEDF(o) [57]
FO9 e+CF;— CF" +2F+2e 18.2 EEDF(o) [57]
FI0 e+CF,—>CF +F+2e 14.6 EEDF(o) [57]
F11 e+CF,—CF;+F+e 5.67 EEDF(o) [56]
F12 e+CF,—CF,+2F+e 9.32 EEDF(o) [56]
F13 e+CF,—>CF+3F+e 14.7 EEDF(o) [56]
F14 e+CF;—CF,+F+e 3.65 EEDF(o) [57]
FI5 e+CF;—CF+2F+e 9.04 EEDF(o) [57]
F16 e+CF,—>CF+F+e 5.39 EEDF(o) [57]
F17 e+F,—>F+F+e 1.65 EEDF(o) [25]
F18 e+CFy'—>CF,+F -5.44 6.0x10™ [25]
FI9 e+CF, —>CF+F -6.1 6.0x10™ [25]
F20 e+ CF;" — CF; -8.5 4.0x10™ [25]
F21 CF3+F, > CF,+F 0 1.5x10%° [25][67]
F22 CF,+F,—>CF+F 0 8.3x10% [25] [67]
F23  CF,+CF;+F — 2CF, 0 1.47x10° [25] [67]
F24  CF,+CF,+F — CF;+CF, 0 1.42x10™ [25] [67]
F25 CF+F — CF, 0 1.0x10"* [26] [67]
F26 F'+CF;— F+CF; 0 6.0x10™%° [25][68]
F27 F'+CF,— F,+CF;" 0 6.0x10™%° [25] [68]
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Table 5: Reactions including negative charge F.

Threshold Rate constant
Index Reactions Ref.

energy (m’s™?)
FNO1 e+CF,—>CF+F 2.21 EEDF(c) [57]
FNO2 e+CF3— CF,+F 0.18 EEDF(o)a [25]
FNO3 e+CF,—>CF+F 1.93 EEDF(c)* [25]
FNO4 e+F,>F+F -1.82 EEDF(o)? [25]
FNO5 e+CF,—CF;"+F +e 11.3 EEDF(c) [57]
FNO6 e+CF;— CF,"+F +e 11.7 EEDF(o) [25]
FNO7 e+F —F+2e 3.47 EEDF(c)* [25]
FNO8 CF;+F — CF,+e -2.2% 5.0x10° [77]
FNO9 CF,+F — CFy+e -0.18 5.0x10%° [77]
FN10 CF+F —CF,+e -1.93 5.0x10° [77]
FN11 F+F > F,+e 1.82 1.39x10"° [77]
FN12 CF;'+F > CF3+F 0 8.8x10™" [25]
FN13 CF,"+F > CF,+F 0 8.8x10%* [25]
FN14 CF +F —>CF+F 0 8.8x10™ [25]
FN15 F'+F —2F 0 4.0x10" [25]
FN16 CF;"+F — CF, 0 5.0x10™ [25]
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Table 6: Electron-impact reaction for corresponding oxygen-contain species.

Threshold Rate constant
Index Reactions Ref.
energy (eV) (m’s™)

0x01 e+0—0"+2e 13.62 EEDF(c) [62]
Ox02 e+0—0(D)+e 1.97 EEDF(c) [62]
0x03 e+0('D) » 0" +2e 11.65 EEDF(c) [62]
Ox04 e+0;, > 0,  +2e 12.1 EEDF(o) [62]
0x05 e+0; > Oy(v=1) +e 0.19 EEDF(c) [62]
Ox06 e+0; > Oy(v=2) +e 0.38 EEDF(o) [62]
0x07 e+0; > Oy(v=3) +e 0.57 EEDF(c) [62]
Ox08 e+ 0, > 0y(v=4) +e 0.75 EEDF(o) [62]
0x09 e+0; — Oy(Ryd) +e 4.5 EEDF(c) [62]
Ox10 e+ 0, — O,(a'Ay) +e 0.977 EEDF(c) [62]
Ox11 e+ 0'A) — O, +e 11.16 EEDF(c) [19]
Ox12 e+ 0ya'A) -0 +0 2.66 EEDF(o) [19]
Ox13 e+0a'A) — O, +e -0.977 EEDF(c) [19]
Ox14 e+ 0ya'Ay) —» 20 +e 4.19 EEDF(o) [19]
Ox15 e+0,@'A) »0+0"+2e 17.7 EEDF(c) [19]
Ox16 e+0,—>20+e 5.17 EEDF(o) [67]
Ox17 e+0,—>0+0('D) +e 7.13 EEDF(c) [19]
Ox18 e+0, >0 +0"+e 17.32 EEDF(o) [19]
Ox19 e+0,-0 +0 3.64 EEDF(c) [19]
0x20 e+0, > 0" +0+2e 18.84 EEDF(o) [19]
ox21 e+0,"— 20 -6.97 Assumed [19]
Ox22 e+0 ->0+2e 1.53 Assumed [19]
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Ox23

Ox24

Ox25

Ox26

Oox27

Ox28

Ox29

Ox30

Ox31

Ox32

Ox33

Ox34

0Ox35

Ox36

Ox37

Ox38

Ox39

0 +0—-50,+e
0+0"—=20
0+0,,—>0+0,
e+CO, -CO+0+e
e+COF, > COF +F +e
e+CO— CO" +2e
CF3+0 — COF, +F
CF;+O0—>COF+F
CF,+0—CO+2F
COF+0—-CO,+F
COF + F — COF,

COF + CF, —» CF3 + CO
COF + CF, —» COF, CF
COF + CF3 —» CF, + CO

COF + CF3 — COF2 + CF2

COF + COF — COF;, + CO

CF+0—CO+F

-3.64

6.1

6.0

14.0

3.0x10°%(300.0/T,)**  [19]

2.7x10™°%(300.0/T,)*°  [19]

1.5x10™x(300.0/Ty)*°  [19]

EEDF(c)
EEDF(o)
EEDF(c)
3.1x10Y
1.4x10"
4.0x10%8
9.3x10"
8.0x10%°
3.1x10™"
3.1x107%°
1.0x10"
1.0x10°Y
1.0x10"

3.0x10°

[78]
[78]
[63][64][65]
[67]
[67]
[67]
[67]
[67]
[67]
[67]
[67]
[67]
[67]

[67]

103



Table 7: Electron-impact and gas-phase reactions for etching products SiF.

Threshold Rate constant
Index Reactions Ref.
energy (eV) (m’s™)

SFO1 e+ SiF, — SiF;" +F +2e 16.0 EEDF(c) [61]
SF02 e+ SiF, — SiF," + 2F + 2e 23.4 EEDF(c) [61]
SFO3 e+ SiF, — SiF" +3F + 2e 25.1 EEDF(c) [61]
SFO4 e+ SiF;— SiF," + 2e 9.6 EEDF(c) [61]
SFO5 e+ SiF, — SiF," + 2e 10.8 EEDF(c) [61]
SFO6 e+ SiF — SiF" +2e 7.26 EEDF(c) [61]
SFO7 e+ SiF, — F + SiF, 3.8 EEDF(c) [61]
SF08 e+ SiF;" — SiF; 8.5 ~10* [56]
SF09  e+SiF, — SiF;+F+e 7.25 EEDF(c) [61]
SF10  e+SiF,— SiF, +2F +e 11.9 EEDF(c) [61]
SF11  e+SiF, —SiF+3F+e 18.6 EEDF(c) [61]
SF12  SiF" +F — SiF, 0 ~10 [56]
SF13  SiF;+F — SiF, 0 1.0x10® [26] [56]
SF14  SiF, +F — SiF; 0 1.0x107% [26] [56]
SF15  SiF +F — SiF, 0 1.0x10® [26] [56]
SF16  Si+F — SiF 0 1.0x107% [26] [56]
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Table 8: Reactions of etching processes on SiO, substrate in CF, discharge.

Flux Surface Rate
No. Reaction Process
dependency coverage coefficient
Physical sputtering
S1  SiOy(s) — Si(g)+20(g) Physical sputtering Tion 1-0.5 Ysp
Reactions with F atoms
Si0,(s)+2F(g) —
S2 Adsorption I'e 1-60,; Se
Si02F2(S)
SiO,F,(S)+2F(s) — lon-enhanced chemical
S3 Lion O Be
SiF4(g)+0,(9) etching by F
SiO,F,(s) — lon-enhanced chemical
S4 Lion O Beb
SiF,(9)+02(Q) sputtering
SiO,F5(s)+2F(g) —
S5 Thermal etching by F Ik 1-0ce -6 K(T)
SiF4(9)+02(9)
Reactions with CFx (x=1~3)
Si0,(s)+CF,(g) —
S6 Chemisorption I'cex 1-0ror1 S crx
SiO,CFy(S)
2Si0,CF,(s) — lon-enhanced chemical
S7 rion QCFX ﬁCFx
SiF«(g)+2CO(g)+SiO,F«(s)  etching by CF, radicals
2Si0,CF,(s) —
S8 C sputtering Tion Ocry Yo
Si(s)+2COF,(g)+SiOy(s)
SiO,CRy(s)+F(g) —  Recombination of CF, with
S9 I'r Ocrx Krec
SiOZ(S)'l'C FX+1(g) F
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Reactions of polymer production of loss

S10 CF,’(g) —»P Direct ion deposition Cion 1 Ya
lon-enhanced deposition of
S11  SiO,CFy(s) — P Lion Ocrx Bs
sorbed radicals
lon-enhanced etching of
S12  P-F(s) — etching of P Tion O0p0c p Prip
polymer by F atoms
lon-enhanced deposition of
S13  P-CF4(s) — more P Tion OpOcri/p Bs
sorbed radicals
Reactions with F atoms on polymer surfaces
Op (1—Oror /p)
S14  P+2F(g) — P-Fyx(s) Adsorption I'e Se/p
P-F,(s)+2F(s) — lon-enhanced chemical
S15 l_‘ion Op 0 p Beip
CF4(9)+04(9) etching by F
Reactions with fluorocarbon radicals onpolymer surfaces
0p (1- 107 /p)
S16  P(s)+CFy(g) — P-CFy(s) Chemisorption | =N Scrx/p
2P-CFy(s) —
S17 C sputtering Lion OpOcrx /P Ye
2P(s)+2CF,(g)
PCF«(s)*+F(g) —  Recombination of CF, with
S18 I'r OpOcrx/p Krec
P(s)+CFx(9) F
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Table 9: Wall sticking reactions on the metal surface.

No Reactions Reaction probability Ref.
Reactions of fluorocarbons
w1 F*(g) — F(q) 1.0 [26]
w2 CF*(g) — CF(q) 1.0 [26]
W3 CF,"(g) — CF,(qg) 1.0 Assumed
W4 CF3'(g) — CF5(9) 1.0 [26]
W5 CF4(g) — CF3(w) 0.05 [26]
W6 F(g) — F(w) 0.02 [26]
w7 Fo(g) —F,(w) 0 Assumed
w8 CF(g) — CF(w) 0.2 [26]
w9 CF,(g) — CFy(w) 0.05 [26]
w10 CF3(g) — CF3(w) 0:05 [26]
W1l CF4(g) — CF4(w) 0 Assumed
Reactions of oxygen-containing species

W12 0*(g) — O(g) 1.0 [19]
W13 0,"(g) — 0,(0) 1.0 [19]
W14 CO*(g) — CO(g) 1.0 [19]
W15 0O(g) — 0.50,(g) 0.4 [19]
W16 0,(g) — Oy(w) 0 Assumed
w17 O(*D) — O(9g) 1.0 Assumed
w18 0,(a"Ag)(g) — 02(9) 0.007 Assume
W19 CO(g) — CO(w) 0.01 Assume
W20 CO,(g) — COzx(w) 0.01 Assume
w21 COF(g) — COF(w) 0.01 Assume
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w22 COF,(g) — COF»(w) 0.01 Assume
Reactions of silicon fluorides
w23 SiF*(g) — SiF(g) 1.0 [26]
w24 SiF,*(g) — SiF,(q) 1.0 [26]
W25 SiFs*(g) — SiFs(g) 1.0 [26]
W26 Si(g) — Si(w) 0.2 [26]
W27 SiF(g) — SiF(w) 0.2 [26]
w28 SiF,(g) — SiF,(w) 0.02 [26]
W29 SiF;(g) — SiF3(w) 0.05 [26]
W30 SiF4(g) — SiF4(w) 0 Assumed
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Table 10: A list of conditions studied by Fukumoto et al. [26].

Initial pumping
Pressure 10 mTorr 200 L/s

rate

Average power 200 W Initial current 20A

Gas feedstock flow
Frequency 13.56 MHz 200 sccm

rate

lon temperature 0.026 eV Size of grids 32x47 (1,504)

Gas temperature 400

Table 11: The consuming time for testing parallel efficiency under a condition of
~700,000 unknown in 2000 time steps.

GMRES (sec.)
# of processors -
ASM Block Jacobi SOR
1 8369.46 7971.88 7127.92
2 4184.73 3985.94 3563.96
4 2458.29 2361.78 2469.02
8 979.14 875.44 847.24
16 440.43 410.65 442.28
24 324.01 288.46 311.6
32 309.57 279.59 311.99
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Table 12: The estimate of Reynolds number, Peclet number and Kundsen number for
gas inlet ring (side) and gas inlet port (up)

Gas inlet ring (side) Gas inlet port (up)
Kundsen number
0.05 0.1
(Electron)
Kundsen number
0.01 0.06
(CFa)
Peclet number 0.09 0.2
Reynolds number 1230 2954
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Figure 38: Two-dimensional contour of the production rate (m>s?) of (a)
dissociative ionization e + CF, — CF;" + F + 2e (F05), (b) dissociative
ionization e + CF, — CF," + 2F + 2e (F06), (c) dissociative ionization e + CF,
— CF" + 3F + 2e (FQ7), (d) dissociation e + CF, — CF; + F + e (F11), (e)
dissociation e + CF,— CF, + 2F + e (F12) and (f) dissociation e + CF, — CF +
3F +e (F13) in dome-shaped reactor with a power absorption of 200 W

and a pressure of 20 mTorr.
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Figure 39: Two-dimensional contour of the production rate (m>s?) of (a)
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Figure 40: Two-dimensional contour of the production rate (m>s?) of (a)
ionization of oxygen atom (F05 e + O — O* + 2e), (b) ionization of oxygen
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Figure 41 Two-dimensional contour of the (a) electron, (b) F and (c) O
concentrations in dome-shaped with a power absorption of 200 W and a
pressure of 20 mTorr.
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Figure 42: Two-dimensional contour of the (a) F*, (b) CF", (c) CF," and (d) CF3"
concentrations at a power absorption of 150 W and a pressure of 30
mTorr.
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Figure 45: Two-dimensional contour of the (a) F, (b) CF, (c) CF, and (d) CF;
concentrations in dome-shaped reactor with a power absorption of 200
W and a pressure of 20 mTorr.
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Figure 47: Two-dimensional contour of (a) COF, (b) COF,, (c) CO and (d) CO;
concentrations in dome-shaped reactor with a power absorption of 200
W and a pressure of 20 mTorr.
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Figure 48: Two-dimensional contour of (a) Si, (b) SiF, (c) SiF,, (d) SiFs, (e) SiF,
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of 200 W and a pressure of 20 mTorr.
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Figure 50: Chemical ingredients of neutral species averaged over the entire
reactor chamber.
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Figure 53: The geometries of CF,; ICP reactors for etching SiO,, colil
configurations, and configuration of gas inlet position considered in
this paper. (a) gas inlet ring beside typical cylindrical ICP chamber
with planar coils, (b) gas inlet ring beside typical cylindrical ICP
chamber with cylindrical coils (side), (C) gas inlet port upon typical
cylindrical ICP chamber with cylindrical coils (side), (d) gas inlet
port upon dome-shaped ICP reactor of elliptic roof, (e) gas inlet port
upon dome-shaped ICP reactor of spherical roof, (f) gas inlet ring
beside dome-shaped ICP reactor of elliptic roof, and (g) gas inlet ring
beside dome-shaped ICP reactor of spherical roof.
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Figure 63: CF3" fluxes as a function of radial distance on the SiO, substrate.
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Figure 65: Surface coverages as a function of radial distance on the substrate.
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Figure 66: Etching rate as a function of radial distance on the substrate.
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APPENDIX A
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Figure A-1: Time evolution of total pressure averaged entire reactor (GECRC).
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Figure A-2: Time evolution of pumping rate (GECRC).

169



Pressure (mTorr)

APPENDIX B

24 — 17 | LRI R | Tl

22 + & Pressure

18|I |

| |
0 0.4 0.8 1.2 1.6
Time (ms)

Figure B-1: Time evolution of total pressure averaged entire reactor

(Dome-shaped reactor).
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Figure B-2: Time evolution of pumping rate (Dome-shaped reactor).
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