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NOMENCLATURE

a
ads

particle size
adsorbed
collision
parameter
be
cross section
b;i/2
c
speed of light
specific heat
d
electrode spacing
particle diameter
dp
molecular diameter
do
e
electron charge
eV
electron volt
f
flowrate, frequency
f(8) energy distribution
g
gas
g
gravity
h
heat transfer coefficient. Plank's constant
k
Boltzmann's constant, reaction rate constant, eigenvalue
low pressure reaction rate constant
ko
high pressure reaction rate constant
koo
m
mass flow rate
electron mass
me
rtij
ion mass
mTorr Ix 10-^ Tonn
concentration
pressure
P
q
charge
r
vector position
r
radial distance, particle size
s
surface production rate
seem standard cubic centimeter per minute
t
time
u
gas velocity
V
thermal velocity
position
X
z
film thickness
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NOMENCLATURE - continued

A
B
C
Cc
D
E
E
Ea
Eo
F
G
H
I
J
K
M
MW
N
Noc
P
Pc
Pvp
[P]
Q
R
Rd
S
T
Tb
Tc
U
V
Vb
W
X
Y
Z

Area, Pre-exponential reaction rate parameter
magnetic field
Concentration
Cunningham slip correction factor
Diffiisivity. Coverage density
Electric field
Energy
Activation energy
Ion energy near particle
Force
Gibb's free energy
Enthalpy
Current density. Laser intensity
Nucleation rate
constant
Third body
Molecular weight
Signal intensity. Integer number
Far field ion concentration
Pressure
Critical pressure
Vapor pressure
Parachor
Charge/particle, Quantum yield. Energy loss or source rate
Reaction rate. Radial distance. Universal gas constant. Growth rate
Molar refraction
Supersaturation ratio, entropy, net production rate
Temperature
Boiling temperature
Critical temperature
Energy
Volume, Velocity
Breakdown voltage
Watt, Molecular weight
mole fraction
mass fraction
number of charges/particle
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NOMENCLATURE - continued

a
P
s
eo
k
P
Pp
<|)

y
T1

T

4
0
G
V
CO

C
A
AHv
AP
AT
AZ
r
•

Polarizability
Reaction rate activation parameter
Energy
Vacuum permittivity
Debye length
Mean free path. Wavelength of light
Charge density
Particle mass density
Scalar electric potential
Surface accommodation coefficient
Far field fraction of charge carried by negative ions
Mobility
Gas viscosity
Residence time. Agglomeration time constant
Conversion parameter
Angle between incident and scattered beam, Tb/Tc
Collision cross section. Surface tension
Monomer density. Classical light frequency
Gas phase production rate. Frequency
Ratio of ion to neutral flux
Inter-particle spacing
Heat of vaporization
Critical pressure additivity parameter
Critical temperature additivity parameter
Compressibility factor
Flux, Interaction parameter
Adsorbtion site
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Nomenclature - continued

subscripts
c
d
e
E
g
i
inc
n
o
p
S

negative ion
collision
dust
electron
electrostatic
gravity
ion
incident
neutral
initial
particle
scattered
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ABSTRACT

Plasmas are used extensively in the manufacturing of microelectronic devices. In
typical fabrication facilities, plasmas may be used for etching, deposition, cleaning of a
substrate, and chamber cleaning. One of the major challenges to the effective use of
plasmas for microelectronics processing is the formation of particles and films from
reaction byproducts, which can contaminate both the substrate and the chamber.
However, in other communities, the growth of particles and films in plasmas provides
opportunities for the production of novel materials, for studies of astrophysical
phenomena, and for macroscopic simulations of condensed matter physics. Extensive
studies of particles and films in plasmas have resulted in an understanding of particle
dynamics

including

charging,

trapping,

transport,

and

deposition.

However,

comparatively little is understood about the nucleation and growth behavior of particles
and films. In this contribution, particle and film formation mechanisms in low-pressure
fluorocarbon plasmas are discussed. It is shown that gas phase molecular growth
reactions are responsible for the formation of chemical precursor to particle and film
nucleation. A fluorocarbon chemical reaction library has been developed, and when used
in conjunction with a plasma chemical kinetics model, gives excellent agreement with
experimental observations of molecular growth reactions and particle and film formation.

26

CHAPTER 1
Introduction
Particles and films are ubiquitous components of plasma. The interactions
between particles and films and the plasma have both fascinated and annoyed numerous
researchers. These attitudes persist even today in many plasma-using communities. In the
early 1970's, it was realized that films produced in plasmas may serve to generate novel
materials, spawning work in the area of plasma polymerization. Research efforts in high
temperature plasma-arc discharges have produced carbon fiillerene and Buckey-ball
materials, with which numerous applications including sensors, drug delivery, high
strength

materials, etc. have

been

proposed. The

microelectronics

and the

micromechanics industries typically view particle production in processing plasmas as
detrimental to product yields, reactor performance, and reactor utilization efficiency.
Recent efforts have sought to utilize particles, especially nanoparticles as advantageous
features which can be used in composite materials and may allow for novel film
properties, although the true value of the particles for both the microelectronics and the
micromechanics industries remains to be realized. The formation of films in processing
plasmas is considered both good and bad, depending on the type of process and where the
film deposits in the reactor. Researchers have recently become very active in studying
particle-plasma interactions in cosmic environments, often referred to as "dust>' plasmas".
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In addition, it has been observed by many that particles can form Coulombic structures,
spa\vTiing new studies of the properties of condensed matter. A common thread linking all
of the above communities is the quest to understand how particles and films nucleate,
grow, and behave in plasmas. It is with this knowledge that the various communities can
control their plasma systems, either to efficiently produce particles and/or films, to
prevent them fi-om forming, or to merely understand the nature of fascinating phenomena,
such as the radial spokes present in the dust rings of Satum.
Many researchers have attempted to understand particle and film nucleation and
growth processes in plasmas, only to discover the immense complexity of these systems.
Perusing the literature (discussed in detail in Chapter 2), it is quickly realized that every
imaginable nucleation and growth mechanism for particles and films has been proposed,
often backed by very convincing data. What is most challenging in studying these
systems is that just about every imaginable nucleation and growth mechanism in fact
actually does occur in the plasma, and distinguishing one mechanism fi-om another or
understanding which mechanisms dominate is a formidable exercise. Moreover, the
dominance of one mechanism over another may change with only slight variation in the
plasma operating parameters.
Interestingly, very few researchers have proposed specific step-by-step
mechanisms for particle and film formation. Despite tremendous research efforts, the
state of the art in the field does not yet allow a plasma-user to predict a priori how to
operate a plasma so as to either grow or prevent the formation of particles and films. At
present, a plasma-user only has a set of "suggestions" for preventing particle formation.
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such as operating at lower pressures, lower powers, and higher flowrates, or using a
modulated plasma excitation frequency. However, it is not clear why these "suggestions"
are correct or if they can be applied to any plasma system in general- It is only when one
attempts to explain step-by-step nucleation and growth mechanisms that it is realized that
the many particle and film nucleation mechanisms that have been proposed in the
literature are in fact, related.
1.1 Dissertation Objective
The primary objective of this work is to exhaustively identify the mechanisms by
which particles and films may nucleate and grow in fluorocarbon plasmas. To that end,
an extensive experimental and modeling effort is dedicated to understanding plasma
chemistry, understanding how species in the plasma influence particle and film
formation, and understanding how the particles and films interact with the plasma. It is
with this study and the techniques/models developed herein that a plasma-user can
determine how to operate a plasma so as to enhance or prevent the production of particles
and films while also understanding how such operating conditions will affect the plasma
as a whole.
1.2 Dissertation Organization
A thorough review of the plasma literature is given in Chapter 2, outlining what is
presently understood or not understood about particle and film formation, particle
transport, particle growth, and the interaction of the plasma with the particles.
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In Chapter 3, the experimental system is described, including operationed theory
for all of the diagnostic tools used in this work. Nine different diagnostic tools are used
and discussed along with two reaction chambers.
In Chapter 4, chemical reactions which occur in the plasma are discussed. It is
shown that with adjustment of the plasma operating conditions and by mixing the inlet
fluorocarbon gas with hydrogen, it is possible to form large molecular weight
fluorocarbon species as well as hydrofluorocarbon and hydrocarbon species. A
thermodynamic equilibrium model and a well-stirred tank plasma chemistry model are
used to explore the chemical reactions which give rise to the production of the
carbonaceous species.
In Chapter 5, an independent experimental study is discussed where the formation
of particles and films in the plasma is discussed with respect to varied plasma operating
conditions and inlet gas concentrations. It is then shown that there is a strong correlation
between the formation of carbonaceous species discussed in Chapter 4 with the formation
of particles and films. A theory is given which describes how the species in the plasma
influence particle and film formation.
In Chapter 6, particle-plasma interactions are discussed. The major contribution to
this chapter is a journal article that contains experimental efforts from the author's
master's thesis and substantial theoretical development from the present work. This paper
is found in Appendix D. In addition to this paper, a new particle detection system, called
the ISICL which is at present under commercial development at Particle Measuring
Systems, was used to explore particle interactions with plasmas. This spatially and
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temporally resolved particle detector was used to explore the dynamic behavior of a
particle trap, the velocitj' resolved distributions of particles in the plasma, and the
behavior of particles in the presence of a dust-induced lighthouse plasma instability.
Finally, in Chapter 7, concluding remarks are made. The major contributions of
this work to the understanding of particle and film nucleation in plasmas is elucidated.
Suggestions for future research efforts in this area are also given.
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CHAPTER 2
Theory of Plasmas, Particles, and Films

Plasma, the fourth state of matter, is commonly found in nature, in space, and is
currently used for novel materials production and fabrication. This chapter begins with a
brief review of plasma theory and the types of chemical reactions that prevail in these
reactors. A detailed discussion of particle interactions in plasmas follows. Particle
nucleation mechanisms, particle growth, particle-particle interactions, and particleplasma interactions are reviewed, along with a brief discussion of the recently discovered
plasma Coulomb crystals and dust-induced plasma instabilities. In fluorocarbon plasmas,
very little work has been performed with respect to particle formation, which is the focus
of this work. The growth of particles in other plasma systems, namely plasma enhanced
deposition of silicon from silane and disilane, will be used to illustrate possible particle
nucleation and growth mechanisms in fluorocarbon plasmas. It will be shown that in
some cases, particle formation is linked to the growth of films on reactor surfaces. As
such, the formation of films in fluorocarbon plasmas is reviewed, as it is presumed that
the correlation of particle and film formation may hold true in a fluorocarbon plasma.
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2.1 Plasma Theory
Plasma is the fourth state of matter, comprised of neutrals, charged species (ions),
and electrons. The migration of the charged species under the influence of applied
electromagnetic fields allows for the transmission of current from one electrode to
another (often a ground). If a chamber, filled to a pressure, P, with a known gas, consists
of two electrodes, a voltage applied to one of the electrodes can result in the formation of
a plasma, depending on the magnitude of the voltage, the pressure of the gas, and the
distance between the electrodes. The critical voltage above which a plasma will form is
referred to as the breakdown voltage, Vb, and is a function of the pressure-electrode
spacing product (P«d). This relationship is known as Paschen's relationship.' A critical
requirement for a plasma to be generated and to be self sustained is the formation of ions.
The properties of the gas from which the ions are formed partially influence the
magnitude of the breakdown voltage. At high P»d values, ions which are formed from
electrons near the powered electrode will quickly loose their charge from collisions with
surrounding neutral species, resulting in the formation of thermal energy. Very large
breakdown voltages are required (lOOO's of volts) to generate an electron density and
energy high enough to ignite a plasma near atmospheric pressure. A naturally occurring
example of this phenomenon is lightning, where accumulation of electrostatic charge in
the atmosphere is discharged to the earth's surface (the ground electrode). Atmospheric
carbon arc discharges have been used recently for the production of carbon nanotubes
and flillerenes^; the extreme heat generated in these plasmas often destroys the carbon
electrodes. At very "low" P»d values where the mean free path of the neutral species
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greatly exceeds that of the electrode spacing, the neutral species density is so low
between the electrodes that any electrons present at the powered electrode will have a low
probability of ionizing the gas. Large breakdown voltages are again required, but in this
case, it is to generate electrons with sufficient energy to "jump'^ fi'om one electrode to the
other. This case does not technically result in the formation of a plasma as ions are not
formed, despite the fact that current flows between the two electrodes. In between the two
extreme cases of breakdown voltage versus P«d discussed above lies a minimum in the
breakdown voltage required to generate a plasma. The relationship between the
breakdown voltage, the pressure, and the electrode spacing for hydrogen is shown for
hydrogen gas in Figure 2.1.'
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Figure 2.1. Paschen curve for hydrogen'
The distribution of the electrons and ions in the plasma will dictate the spatial
properties of the plasma potential (or voltage). Following the development of Liebermarm
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and Lichtenberg,^ one can derive the potential distribution starting with Maxwell's
equations. First, the divergence of the electric field, E, is related to the charge density, p:
V-E = - ^
eo

[2.1]

where So is the vacuum permittivity. It can also be shown that the curl of the electric field
is zero.
VxE = 0

[2.21

In the usual manner, one can allow E to be any function so long as Equation 2.2 is
satisfied; the gradient of a scaler potential, E—VO. satisfies this equation. Substituting
into Equation 2.1 gives Poisson's equation:
V-cI>=—^
eo

[2.31

If the charge is assumed to be carried only by positive ions and electrons, then the charge
density is rewritten giving:

eo

p.41

where Hj and ne are the concentrations of the positive ions and electrons, respectively. If
negative ions are present, then the charge density is rewritten as p = (nj-ne-n.). Clearly,
the ions and electrons will vary with the potential: ni,e=ni,e(<t>), however this relationship
is not always known a priori. It is common to assmne that the electrons and ions behave
with a Boltzmann distribution:

nc(*')=n„exp

[2.51
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and

n.(«') = noexp

e<p(r)
kT.

12.61

where r represents a spatial dimension, no is the charged species density in the bulk, e is
the electron charge, k is Boltzmann's constant, and T is the temperature of the species in
Kelvin. In the plasma literature, it is common to represent kTe/e and kTi/e as only Te and
Ti, respectively, where the latter representation has units of energy (eV or electron Volts).
Hence, <I>/Ti,c has units of VoltsA/^olts. Upon substitution, the final governing equation
assuming only positive ions and electrons becomes:

So

[2.71

Note that in plasmas, the electron temperature and the ion temperature are not always
equal, an important feature of processing plasmas which will be made clear later in this
section. A further simplification can be made by realizing that the ions are relatively slow
moving in the plasma , so ni ~ no, or e"^'^' - 1. By performing a Taylor's expansion on
eOn^c

show that V"0=enoO/(SoTe). For a one dimensional chamber with

electrode spacing, d, a potential Oo applied at an electrode at x = 0, and a ground
electrode <t> = 0 at x = d, one finds readily that the solution to the potential is:
0 = 0„exp(-x/A.J
where

[2.81

is a characteristic length scale for a plasma known as a Debye length and from

Equation 2.7 is found to be:
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=(^

1/2

(2.91

en o y

The potential, electron density, and positive ion density are shown in Figure 2.2,
reproduced from reference [3].
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x/XH
Figure 2.2 Plot of potential and electron and ion concentration distributions calculated
from Equations 2.5,2.6,and 2.8.^
A major problem exists in the assumption that the ion temperature is constant in
regions approaching the powered electrode (in the Debye sheath). The positively charged
ions in the bulk plasma will tend to accelerate down the negative potential, resulting in an
increase in the ion energy. Hence, the assumption that the ion concentration remains
constant in the sheath is not accurate and Equation 2.7 must be revisited. Moreover, the
flux of charged species to the walls of the reactor must be equal, which is a statement of
quasineutrality. The flux for the charged species can be written as:
Tci =-Dc.iVn,.i-^,..n,,,E

[2.101

37

where D is a diffusion coefficient and n is the mobility of the charged species in the
electric field. It was assumed earlier that the electron temperature greatly exceeds the ion
temperature, hence the electron velocity greatly exceeds the ion velocity. This occurs
because the mobility of the electrons in the electric field is much higher than the massive
ions, hence higher velocities and energies are achieved. Figure 2.2 illustrates that the
solution in Equation 2.8 predicts that the ion and electron concentrations are essentially
constant in the bulk of the plasma and approaching the grounded electrode (x=d).
Therefore the flux of electrons to the grounded surfaces of the chamber will greatly
exceed the ion flux, which violates quasineutrality. As will be seen later with particles, a
floating surface can repel low energy electrons by accruing a negative charge, thus
satisfying quasineutrality. However, a grounded surface can not sustain a negative
charge. Therefore the potential in the plasma must exceed the zero potential at the
grounded surface so that the ions can accelerate down the potential, increase their kinetic
energy, and satisfy quasineutrality. The energy of the ions is determined by the Bohm
criterion.^ The resulting potential is qualitatively represented in the Figure 2.3.

Bulk

Debye
sheath
Figure 2.3. Representation of the plasma potential. Op in the bulk of a plasma.
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Lieberman and Lichtenberg^ show that the plasma potential, Op, is approximately equal
to '/2 of the bulk electron temperature. Note that if negative ions are present in the plasma,
they will be attracted to the most positive region in the plasma (the bulk) and can be
electrostatically trapped in the plasma as long as the plasma is ignited
The acceleration of positive ions through the plasma potential provides for one of
the unique and very important features of plasmas for chemical processing. The energetic
ions can be used for direct physical sputtering of a substrate or target on the powered
electrode. Sputtering is used to either selectively remove material from a substrate, or to
remove atoms from a target in order to atomically grow a film on a substrate placed in the
chamber. The energetic ions can also be used in concert with surface chemical reactions
to promote anisotropic reactions on the surface of a substrate. This feature is especially
important in reactive ion etching, which will be discussed later.
Up to now, only DC plasmas have been discussed. Oftentimes in processing
applications, plasmas are used for their imique chemical properties in order to modify the
material properties of a substrate. The substrate is often placed directly on a surface in the
chamber. In the case of microelectronics processing applications, the substrate consists of
semiconducting and insulating materials, through which a DC voltage will not pass and a
plasma can not be initiated. To overcome this, an AC (radio-frequency) voltage is
applied, so the electrode-substrate system serves as a capacitor which discharges into the
gas and ignites a plasma.
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2.2 Plasma Chemistry
An implicit assumption made in the previous section is that ions are generated in a
plasma, however, the mechanism by which this occurs was not made clear. Furthermore,
many other types of chemical reactions in addition to the ionization are possible in a
plasma. Reactions typical to plasma systems are summarized in Table 2.1.^'^
Table 2.1 Charge enhanced reactions in plasmas
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)
(21)
(22)
(23)
(24)
(25)
(26)
(27)

A + e"
+ 2e'
A + e" ->• A"
AB + e" —> A^ + B + 2e
AB + e' —> A + B + e'
e" + AB
A -H B"
e' + AB^ —• A + B*
e' + AB —> A^ + B" + e*
e + A^ -> A + hv
AB * ^ e + AB
e" + A" A + 2e'
e' + A -> e' + A
e" + A -> e" A*
A^ + A
A + A^
A^ + B
A + B^
A+B
A* + B
A + B —> A^ + B + e
A + B* -)• A^ + B + e"
A + B* —• AB^ + e"
A + B* —• A* + B
A + B^ -> A + B*
A" + B —» AB + e'
A* + B->A + B + e"
AB^ + CD
AD^ + CB
e" + A"^ + M-^A + M
e" + A + M - > A " + M
A^ + B + M —> AB^ + M
A^ + B + M —> AB + M

Ionization
Electron attachment ionization
Dissociative ionization
Electron impact dissociation
Dissociative electron attachment
Dissociative recombination
Polar dissociation
Electron impact recombination
Electron detachment
Electron impact dissociation
Elastic scattering
Inelastic scattering
Resonant charge transfer
Nonresonant charge transfer
Metastable formation with hot B
Ionization with hot B
Penning ionization
Recombinative Penning ionization
Transfer of excitation
Ion recombination
Associative detachment
Electron detachment
Ion enhanced atom transfer
3-body charge neutralization
3-body electron attachment
3-body ion-enhanced recombination
3-body ion-enhanced recombination
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In addition to the reactions listed in Table 2.1. numerous other chemical reactions
which are not electron or charge enhanced will occur in a plasma chamber. These are
discussed in Chapter 4 where a fluorocarbon chemistry model is presented. Chemical
reaction models in plasmas require a means of predicting the rate at which the above
reactions occur. Taking the irreversible reaction [1] in Table 2.1, one may write simply
that the rate of ionization of species A. RA+, is a function of the concentration of A, tia,
the electron concentration, n^, and a rate coefficient, k:

where the electron concentration is determined from the solution of Poisson's equation.
For electron impact reactions, the reaction rate coefficient is a function of the electron
energy, Te and is due to the fact that the electron-atom impact cross section of species A,
CT. is a function of the electron energy. This would normally be straightforward to
calculate except for the fact that the electron energy in a plasma is not constant at some
value Te, but is distributed, and that distribution is referred to as the electron energy
distribution function (EEDF). Numerous electron energy distributions have been
proposed for plasmas, but the simplest to apply for the sake of determining the reaction
rate coefficient is a Maxwellian distribution.^ The resulting reaction rale coefficient
becomes:

KTc) = f-^1
TT m

m^ y

je •

^

0

)-expf p^lde
IkT
rI
I

12.121

where me is the mass of the electron and e is an energy dummy value of integration. Note
that the reaction rate coefficient for electron reactions may differ greatly from rate
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coefficients for cold-ion and neutral reactions where the dependence is on the ion or
neutral temperature and which can often be expressed in a simple exponential form with
an Arrhenius representation.
2.3 Particles in plasmas
The effects associated with particles in plasmas were first introduced in the
literature by Langmuir, et alJ in 1924. They observed that particles generated from a
tungsten filament in an argon plasma give rise to numerous plasma instabilities and have
tremendous influence on plasma properties. Emeleus and Breslin later provided a general
discussion of sources of particles in plasmas.^ They determined that the particles may
come from the chamber or electrode surfaces through physical sputtering or reactive
processes, or fi-om chemical polymerization of the process gas. Research efforts since
have shown that the general comments of Emeleus and Breslin, made about a high
pressure (1 torr) argon discharge, also hold true for lower pressure plasmas that contain
reactive species. Generalized particle formation mechanisms consistent with the
suggestions of Emeleus and Breslin are presented in Section 2.4.

2.4 Particle formation mechanisms
To aid in the discussion of particle and film

nucleation, a simple

phenomenological explanation is given here, saving the details of the analysis for section
2.4.4. In order for particles and films to nucleate, single molecules must come together
either in the gas phase or on a surface to form a cluster of molecules. In a "classical"
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approach, the molecules in the cluster are weakly bound together and it is only when the
cluster has a surface energy that balances the sum of the free energy of all of the
molecules in the cluster that the cluster can be stabilized and considered a nucleate. For
classical homogeneous nucleation to occur, the clustering precursor species must have a
partial pressure in excess of the saturation vapor pressure. In low pressure plasma
systems, this requirement can be difficult to meet. A second requirement is that the time
required to form a critical cluster, or nucleate, must be faster than the cluster's residence
time in the reactor.
Oftentimes in a plasma, the above requirements cannot be met. An alternative
approach to explaining nucleation in plasmas is to allow for "homogeneous
polymerization" to occur. In this case, small molecular weight species react to form a
larger molecular weight molecule, or macromolecule, by molecular insertion (often a 3body reaction) or by elimination reactions. The resulting large molecular weight species
is immediately stabilized in the reactor because the bonds holding the initial molecules
together are much stronger than those in a cluster. Hence, unlike clusters which have a
finite probability of cluster destabilization if the cluster contains less than a critical
number of molecules, a macromolecule will generally not destabilize, independent of its
size. The advantage of macromolecule formation with respect to nucleation is that in
some cases, the macromolecule has chemical properties which allow it to satisfy
nucleation criteria, even though the smaller molecular weight building blocks of the
macromolecule do not. This is illustrated simply by looking at the saturation vapor
pressure and boiling temperature for CnF2n+2 species, where integral increases in N imply
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an addition of CF2 to the parent molecule to form a larger molecular weight species. This
plot is taken from particle nucleation predictions made in Chapter 5 of this dissertation. It
is readily seen that the vapor pressure dramatically decreases and the boiling temperature
increases with increased N, indicating that the larger species are more prone to
nucleation.
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Figure 2.4. Estimations of the vapor pressure and boiling temperature for CnF2n-r2 species
as a function of N. This plot originates from chemical property predictions discussed in
Chapter 5.
Large molecules tend to have large electron attachment cross-sections, resulting
in a high probability of negative ion formation resulting in exceptionally long residence
times in comparison to neutral and positively charged species. In addition, as will be
discussed later, ion precursor species can serve to enhance the nucleation process. Very
often in the plasma-particle literature, classical clustering and

homogeneous
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polymerization or macromolecule fomiation are used interchangeably to describe
nucleate formation, but in point-of-fact, they are different.
After a nucleate is formed in the reactor, it may grow. In a plasma, this can occur
by condensation of species in the reactor onto the surface of the nucleate or by
coalescence or agglomeration. In most cases, the former necessitates that the condensing
species have a partial pressure greater than the saturated vapor pressure for that species.
This requirement can be relaxed slightly for condensation on charged nucleates.
Experimental evidence suggests that particle agglomeration occurs in plasmas, despite
the fact that the particles are known to charge negatively and repel each other by
Coulombic interactions. Theories addressing how charged particles can agglomerate will
be discussed in Section 2.5.
In general, the sources for precursors to particle nucleation in plasmas can be
classified into four groups. These are: physical and reactive sputtering of an existing
surface or substrate in the plasma, film deposition followed by physical or reactive
sputtering or heterogeneous cluster nucleation, homogeneous classical cluster nucleation,
and macromolecule formation and nucleation and are discussed here.

2.4.1

Physical and Reactive Sputtering
Some authors suggest that physical sputtering will be important for particle

formation in any type of plasma. This approach requires that material from the substrate
be liberated form the surface and have a partial pressure in the gas phase high enough for
homogeneous nucleation to occur (Figure 2.5A). Homogeneous nucleation will be
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discussed in greater detail later in this chapter. With some surfaces, species in the plasma
reactively sputter the surface (Figure 2.5B). It has been observed under certain cases that
particles or flakes can be directly sputtered from the surface (Figure 2.5C). This usually
occurs when large mechanical stresses/strains exist in the surface due to alloying,
impurities, or surface preparation. In certain cases, it is possible for the surface to be
sputtered and then re-deposited back onto the surface as a cluster. Subsequent exposure
of the cluster to energetic species from the plasma can liberate it from the wall where it
may nucleate in the gas phase (Figure 2.5D).
(A)

(B)

°?b
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Figure 2.5 Particle production from a surface in the chamber. (A) Molecule A sputters
molecule B from the chamber surface which then forms a particle through a
homogeneous nucleation process. (B) Molecule A reacts with the surface to form a semivolatile compound or cluster, AC, which nucleates to form a particle. (C) Molecule A
directly sputters a cluster, particle, or flake from the chamber surface. (D) Molecule A
liberates C from the surface, which re-deposits back onto the surface as a cluster instead
of as a thin film. The cluster is then removed by subsequent exposure to energetic A.
After Wichersham, et al}^
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When sputtering occurs, it indicates that the species in the gas phase are not
necessarily in thermal equilibrium with the reactor surfaces. The reason for this is the
requirement of the charged species in the plasma to satisfy quasineutrality as discussed
earlier in this chapter. Briefly, cold ions in the plasma are accelerated through the Debye
sheath (which can be thought of as a boundary layer for the plasma potential) as required
by the Bohm criterion."* The now hot ions impinge on the reactor surfaces and exchange
energy with the wall. Steinbruchel^ discusses the importance of ions in reactive sputtering
processes. He finds that the sputter rate increases monotonically with an increase in ion
density and ion energy.
Many researchers have performed studies on how the plasma influences physical
and reactive sputtering on a number of materials, including silicon,'""'^ silicon
dioxide,'" '^ palladium,'"* aluminum,'^ carbon graphite,'^ '' tungsten,' tungsten-titanium
alloys,'® titanium,'^ molybdenum,^" copper,^' zirconium,^' and numerous polymer
materials. The gas used in physical sputtering plasmas is usually a noble gas to prevent
chemical reactions from occurring. Steinbruchel and coworkershave looked at
physical sputtering of silicon and silicon dioxide with argon. They found that the particles
are always spherical in nature and that the time required for the particles to be observed
with laser scatter techniques after plasma ignition decreased with increased rf power
above a critical pressure. They have also used transmission electron microscopy (TEM)
to evaluate particle formation and found that nanometer sized particles always formed,
independent of plasma operating conditions. They conclude that silicon is sputtered into
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the gas phase where it clusters and then homogeneously nucleates into a particle. Similar
conclusions have been drawn for particle formation with aluminum target sputtering'^
and carbon graphite sputtering.
Wichersham, et

have shown that the mechanical properties of the surface in

the reactor greatly influence its potential to contribute to particle formation. They found
that the density of the sputtered surface, the impurity level, and compressive strain are
important factors in determining particle formation potential. They note that a serious
contribution to particle formation in sputtering plasmas is the deposition of the sputtered
material onto a second surface in the reactor followed by subsequent flaking due to weak
or repulsive interactions between the deposit and the surface.
Plasmas used for physically sputtering titanium targets do not typically generate
particles. However, when nitrogen is added to the plasma in order to reactively sputter
titanium and deposit TiN, particles are observed to form. Selwyn et al}^ have shown that
in a magnetron plasma, the sputtered TiN will re-deposit onto the substrate in the form of
filaments which grow normal to the surface of the substrate. Particles that nucleate in the
plasma will collide with the filament

and contribute to its growth. Eventually, the

filament will break off into the plasma.
Reactive sputtering is also referred to as etching, reactive ion etching, and reactive
sputter etching. Reactive sputtering and reactive ion etching are in principle the same
process. However, they are distinguished fi-om each other based on their applications. In
reactive sputtering, a sacrificial target is reactively sputtered so that the products can be
selectively deposited on a substrate at controlled rates. The "reactive" component is used
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to enhance sputter rates over straight physical sputtering or to deposit a material of
different composition than the sacrificial target. In reactive ion etch applications, again,
species from the plasma react with a surface to form a volatile product. In this case, it is
desired to selectively etch the substrate at a controlled rate and the etch by-products are
not used.
2.4.2

Reactive ion etching
Silicon and silicon dioxide are of the most studied substrates in reactive ion

etching due to their importance to the microelectronics industry. The plasma is often
generated with a halogen-containing molecule. The electrons in the plasma serve to
dissociate the parent molecule and liberate halogen atoms. The halogen, typically fluorine
or chlorine, will react with the silicon in the silicon or silicon oxide substrate to form a
volatile product which carries the silicon away from the substrate. In the case of fluorine,
the etch product is SiF4. Fluorine alone will isotropically react with silicon to chemically
etch the substrate. Ions from the plasma, which are accelerated normal to the surface,
promote surface chemistry in the direction of ion incidence. Hence, the ions sputter the
Si-F reacted surface as shown in Figure 2.6.
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Figure 2.6 Particle formation during reactive ion etching of silicon
Particle formation has been studied in silicon and silicon dioxide etch processes
using a number of different chemistries. Garrity et al.^ have studied silicon etching with
SFe (sulfur hexafluoride). They found that particle nucleation may occur from etch
byproducts, etch byproducts that are further modified by the plasma after entering the gas
phase, and from dissociated products of the parent SFe gas. Garrity et alP found that in
addition to Si, S, and F, the particles contained Al. The aluminum likely came from the
chamber surfaces through reactive or physical sputtering and more likely contributed to
particle growth rather than particle nucleation.
Sulfur hexafluoride plasmas are commonly used for tungsten etch-back processes
in the microelectronics industry. Uritsky et al.

found that exposed aluminum in the

chamber was susceptible to attack by fluorine and contributed to particle formation. They
also found particles containing silcon, carbon, sulfur, and titanium. The sulfur comes
from the parent gas, SF6, the silicon and carbon came from a SiC DC antenna in the
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plasma, and titanium was present under the tungsten layer on the substrate and was
liberated once the tungsten was etched away.
Selwyn et al}'^ have investigated silicon etching using various halogenated parent
gases, including SFg, Cb, CF4, and CF2CI2, all mixed with argon. It was found that mixed
halogenated species (i.e. CCI2F2 or SFe/Cb) were more prone to particle production than
pure halogenated gases (CI2 or CF4). It was found that a silicon wafer must be present for
particles to form and that the particle production rate correlated with the amount of Si
exposed to the plasma. The locations of particles in the plasma reactor were identical
with regions containing the highest concentrations of negative ions. It is suspected that
particles nucleate in the gas phase by heterogeneous (negative ion enhanced)
homomolecular or heteromolecular nucleation. It was also shown that if the chamber was
contaminated by a polymer film from previous reactions, the onset of particle nucleation
was much faster than if the chamber was clean. It was suggested that flaked or sputtered
components of the film may readily served as gas-phase nucleation sites in the dirty
chamber.
Haverlag et al}^ have evaluated silicon etching with CF4, CF2CI2, and CHF3.
They have shown that particles formed in the plasma contain fluorine bound to carbon
and silicon and that no chlorine appears to be bound to the particles. They note that
particles formed only when silicon was present in the reactor, indicating the importance
of etch byproducts or the properties of the surface. Particle formation appeared to be
strongly correlated to the concentration of CF2 present in the reactor. Particle production
in CFVAr plasmas was much lower than that in CHFs/Ar and CCl2F2/Ar plasmas and was
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attributed to the fact that CF2 generation in CF4 plasmas is low with respect to the other
chemistries. The particle formation mechanism is described as follows: a fluorocarbon
film is deposited onto the surface of the silicon surface. Under constant bombardment by
energetic ions from the surface, the film is removed along with the underlying substrate.
However, it is thought that portions of the film will remain and serve to block etching of
the underlying substrate. As a result, micromasking is thought to occur, leaving "seapol>'ps"~'"^ on the surface of the wafer. These features are thought to eventually fi^cture
and enter the gas phase as particles, similar to what was reported by Selwyn et al. for TiN
sputtering.The fractured "sea polyps" are thought to grow by CF2 radical addition in
the plasma."' Haverlag et al?^ report that the particle production rate in a fi-eon/Ar plasma
actually increases once the freon is removed from the plasma, indicating that the argon
plasma becomes more energetic and efficient at removing the "sea-polyps" from the
surface. They further conclude that homogeneous nucleation is likely not responsible for
particle formation and more likely requires a film to first be deposited onto the surface.
Film deposition will be introduced in Section 2.5.
Anderson et alr^ have studied silicon dioxide plasma reactive ion etching using
C2F6-CHF3 and CF4-CHF3 mixtures. Similar to Haverlag et al^ and Selwyn,^"* Anderson
et al?^ show that the presence of a silicon wafer is critical for the formation of particles.
In addition, pure CF4 or C2F6 plasmas do not produce particles unless CHF3 is present.
Particles are thought to form by reaction of carbon with the silicon substrate. The silicon
carbide molecules are thought to cluster on the surface and then desorb or unimolecularly
desorb and then cluster in the gas phase, followed by homogeneous nucleation. Anderson
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observed "sea-polyps" on the wafer sxirface similar to those observed by Stoffels.^^
However, it is suggested that the structures are not formed by film deposition and
micromasking, but rather by polarized agglomeration of the nucleate species followed by
subsequent diffusion of the agglomerate out of the plasma and deposition onto the wafer.
Auger, XRP, and EDX were used to analyze the composition of the sea-polyps, revealing
that they were composed of Si, C, O, and F.
2.4.3

Film deposition with physical or reactive sputtering
In plasmas generated from reactive species, i.e. anything other than the noble

gases, it is believed that in addition to what occurs with straight physical and reactive
sputtering, film deposits or heterogeneously formed clusters may serve as sources for
particle nucleation. Figure 2.7 demonstrates various processes by which particles may be
heterogeneously formed in a plasma with the assistance of film deposition.
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Figure 2.7. Particles generated from the formation of a film onto a chamber surface
which then is sputtered off or further reacted with. (A) Molecule B deposits a film onto
the chamber surface. Molecule A deposits energy to the film to form a particle. (B)
Molecule B deposits a film which then reacts with molecule A to form a semi-volatile
compound or cluster, AB, which nucleates to form a particle. (C) Molecules A and B
react in the gas phase to form a large molecular weight compound. AB. which deposits
onto the chamber surface. Energy from molecule C results in the sputtering of the film to
form a particle. (D) Molecules A and B recombine on the chamber surface and form a
solid product, AB. Molecule C sputters the film away in the form of a particle. (E)
Molecule B deposits directly onto the chamber wall which then flakes under mechanical
stress.
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The most significant body of research dealing with particle production in
chemical vapor deposition plasmas, where solid films

are formed from

gaseous

precursors, is focused on silicon deposition from silane related molecules. The process by
which film is deposited in these plasmas will be discussed later in this section. In
deposition systems, it has been proposed that particles may nucleate directly in the gas
phase or on a surface. Anderson and coworkers^^'^® have championed the theory that
particles must nucleate on chamber surfaces in silicon deposition systems. Figure 2.8 is a
step-wise explanation for particle formation in a silane-ammonia plasma deposition
system, taken from Anderson et alr^ The particles observed in this system contain
silicon, nitrogen, and hydrogen. It was concluded that since Si-N reaction chemistry is
unlikely to occur in the gas phase,^' clustering reactions must occur on the wafer surface.
This was corroborated by the existence of films on the electrode surface which exhibited
morphological properties similar to the particles collected from the gas phase. It was
determined that clusters must nucleate on the surface of the electrode to form [Si(NH)2]n
clusters. These clusters can then proceed to nucleate as deposited film or can be sputtered
intact into the gas phase. They used the work of Williams and Sundqvist^" to explain how
low energy electrons can serve to desorb the clusters from the electrode surface and
determined that the minimum cluster would be a [Si(NH)2]9 molecular unit. Once the
clusters are in the gas phase, they are thought to undergo ion-molecule elimination
condensation to grow large enough to be considered a nucleate.
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Figure 2.8. Growth mechanism proposed by Anderson et alr^ for silane/ammonia plasma
deposition plasma
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Jairath, Anderson, and Wang,^° have performed particle studies in PECVD
(plasma enhanced chemical

vapor deposition) of silicon

nitride and

BPSG

(borophosphosilicate glass) films. They observe that in a chamber that initially has no
film deposited on the reactor walls, there is a time lag after plasma ignition after which
particles are observed with laser light scatter in the plasma. This time lag was found to
correspond with the time required to deposit a film on the chamber wall. The time lag
varied with chamber cleanliness and reactor history. It was concluded that particle
nucleation must be a surface mediated process, as suggested previously."^
Shi and Seinfeld^^ have evaluated silicon cluster formation in a SiHjCb/HCl/Hi
deposition plasma. They use classical argimients^^ to suggest that silicon atoms cluster on
surfaces in the reactor. However, they suggest that in addition to deposition, the chlorine
in the reactor will simultaneously etch the silicon clusters, resulting in a three step
process: 1) supersaturated silicon will form clusters through adatom diffiision in the
surface and will form initial nucleates, 2) the chlorine will attack these initial clusters
resulting in a backwards nucleation, and 3) stable clusters will grow by direct
impingement from

the gas phase, resulting in very large nucleates with low

concentrations. Presumably, backwards nucleation or cluster etching will always be
important in chemically reactive plasmas where particle fomiation is thought to occur.
Reactive ion etch plasmas are also known to have deposition processes, as
observed earlier by the work of Haverlag,^^ Stoffels,"^ and Anderson."^ The specific
mechanisms by which particles form heterogeneously have not been addressed, but
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presumably will be related to the mechanisms by which films deposit. This issue will be
taken up in Section 2.5.

2.4.4

Homogeneous Particle Nucleation
As stated previously, in addition to heterogeneous contributions, particles may

form in the gas phase. It was noted that sputtering and reactive ion etch plasmas may
contribute to homogeneous nucleation by liberating material from a reactor surface or a
substrate which can then serve as a nucleation precursor. It is also possible for gaseous
plasma-borne species to contribute to nucleation. These species may arise from electron
dissociation reactions with the parent gas or from reactions with the parent gas or its
dissociated products and trace species. Figure 2.9 illustrates how homomolecular (A) or
heteromolecular (B) homogeneous nucleation may occur through classical clustering.
Clustered molecules are represented by closed parentheses.
Cluster Growth
(A)i.i + A
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Figure 2.9. Classical homogeneous particle nucleation. (A) Molecules of A combine to
form a cluster containing i molecules. When i=i*, a critical cluster size, a particle is
considered to form through homomolecular nucleation. (B) Molecules of A and B
proceed through heteromolecular nucleation to form a particle.
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The nucleation rate, J, based homomolecular homogeneous nucleation is given as:

J=

f 20^Trai, y

-2
u,n,

exp

\6k

3 (kT)'(lnS)'

[2.131

and is derived from a kinetic approach,^'^ where c is the surface tension of a liquid drop
of the monomer species, denoted as 1, mi and ni are the mass and concentration of the
monomer, respectively, and vi is the monomer density. S is the supersaturation ratio
defined as the partial pressure of the monomer divided by the supersaturation vapor
pressure of the monomer. Clearly, this estimation of the nucleation rate requires S>1! If
one assumes that the operational pressure of a fluorocarbon plasma chamber is on the
order of 100 mTorr. and that the maximum partial pressure of monomer fluorocarbon
species (CFx x=1..4) islOO mT for a conservative estimate, then S is approximately 10'^.
Clearly, CFx species are not likely candidates for homogeneous particle nucleation as
predicted by classical approaches.
As shown above, the primary complication with applying classical clustering in
low-pressure reactive plasmas is that the partial pressure of the species presumed to
initiate nucleation rarely exceeds that species' saturation vapor pressure. Hence, there is
no driving force which would cause species to form large molecular clusters and
nucleate. In an effort to explain experimental observations of homogeneous nucleation,
researchers have postulated that homogeneous polymerization occurs with the suspected
precursor, the product being a large molecular weight species having a stoichiometry that
is nearly identical to the initial precursor. It was shown earlier that this process can serve
to form a molecule whose vapor pressure (although possibly lower than the lower
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molecular weight compounds) exceeds that molecule's saturation vapor pressure. Using
the previous example and the predicted vapor pressure curves from Figure 2.4, it can be
shown that by increasing N from 1 to 5, the supersaturation ratio can be increased by six
orders of magnitude. It is important to note that large molecular weight species can
contribute to nucleation in two ways. In the first case, the large molecular weight species
can cluster together, just as would small molecular weight species, and may nucleate
once the number of large molecules in the cluster exceeds a critical number.
Homogeneous homomolecular macromolecule cluster nucleation is represented in Figure
2.10.
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Figure 2.10. Homogeneous clustering and nucleation of macromolecules. (A) The
macromolecules grow by 3-body insertion or recombination reactions. (B) The
macromolecules grow with elimination reactions.
In the second case, large molecular weight species can serve as "floating
surfaces" in the plasma on which reactive species can condense, as represented by Figure
2.11. In some cases, the suspected condensing species have localized regions where their
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partial pressures exceed the vapor pressure. However, these species are so reactive that
they are depleted by reaction before they can diffuse to a reactor wall or surface. Hence,
having a "floating surface" in the vicinity of the condensing species may enhance
nucleation. Reiss et al?^

have shown with cloud chambers that individual

macromolecules of sufficient size can enhance nucleation rates of a precursor, even if the
macromolecule is formed chemically from

the precursor. Note that under most

conditions, the second case requires the presence of a supersaturated condensing species,
which introduces the same theoretical constraints experienced with classical nucleation.
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Figure 2.11. Gas phase nucleation of particles with condensation of A or B on a polymer
backbone.
Stoffels et al?^ have used electron attachment mass spectrometry to analyze the
speciation of fluorocarbon plasmas and have concluded that, similar to silane plasmas.
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macromolecules do indeed grow, although growth mechanisms were neither identified
nor proposed. It was suggested that the macromolecules directly influence contaminant
formation in microelectronics plasmas.
Watanabe and coworkers have performed extensive studies of particle formation
in silane deposition plasmas.^^"^^ In their early work, particles were observed with laser
light scattering methods.^^ The particles were first observed near the plasma sheath
interface within one second of plasma ignition. They argue that since the particles were
not initially observed throughout the entire plasma discharge region, then the particles
must have nucleated in the regions that they were first observed, the plasma sheath
interface. Moreover, they suggest that the nucleating precursor must be a species that has
a high concentration at the plasma sheath interface relative to other regions in the plasma.
Regions in the plasma near the plasma sheath interface can exhibit locally high electron
concentrations and energies. Because of this, dissociative reactions of the parent gas will
be more complete near the plasma sheath interface relative to other regions in the plasma.
Watanabe et al?^ concluded that short lived radicals, SiHx, must be the nucleating
precursor. The fact that the nucleating precursor is a neutral radical rather than a positive
or negative ion was determined with Langmuir probe and emission spectroscopy
measurements and plasma modulation.^® It was found that the negative and positive ion
densities did not have spatial profiles that matched Langmuir probe and laser light
scattering measurements of particle locations as closely as did spatially resolved optical
measurements of SiH (414 nm) emission. The short lived radicals are thought to be
generated very quickly in the plasma sheath interface, but due to their high reactivity, are
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thought to polymerize with each other and form a nucleate.^' The nucleate will charge
negatively through an electron attachment reaction and will trap in the plasma.^'
Watanabe concluded that even though the short lived radicals are suspected to have
generation rates high enough to induce nucleation. these species are not present in
concentrations sufficient to account for the particle growth. Positively charged SiH2 and
SiHj, and neutral SiHa were proposed as being responsible for the growth of the
particles."" Watanabe also studied the effect of varied plasma frequency, noting that as
the frequency was increased from 3 to 28 MHz. the onset time for particle formation
decreased and the total particle concentration increased, whereas the particle growth after
nucleation decreased.^^
Boufendi and coworkers"*^^® have observed particle formation in silane plasmas.
In contrast to the results of Anderson, Bouchoule and Boufendi"*^ show that particles must
form homogeneously in the plasma. TEM grids placed below the plasma were used to
collect particles for ex situ particle size analysis and laser light scatter was used for in situ
concentration measurements. They note that the initially high concentration of particles
(2nm) in the plasma decreases rapidly but the average particle size increases. From this,
they propose a multi-step nucleation and growth process: (I) very rapid formation of
nucleates, (2) growth of the nucleates by agglomeration/coalescence, and (3) growth by
surface deposition of SiH* species. This growth mechanism was corroborated with laser
induced particle explosive evaporation (LIPEE) measurements in the plasma chamber.""
This sensitive technique allowed for in situ measurements of nanometer sized particles.
The initial nucleates were observed to form within 1-100 ms after plasma ignition before

63

nucleate coalescence became important. Dark-field transmission electron microscopy was
used to show that the initial nucleates were nanocrystalline,"*^ and spatially resolved
collection techniques revealed that the nucleate production rate was radially uniform in
the reactor."*^
Using time resolved optical emission spectroscopy coupled with time resolved
laser light scatter,"*^ Bouchoule and Boufendi showed that the presence of the particles in
the plasma modifies the plasma, resulting in an increase in the mean electron energy and,
at times, a tenfold decrease in the electron concentration. The changes in the plasma
parameters resulted in an increase in the production of radical species, SiH*. This work
differs from that of Watanabe in that here, elevated SiH* concentrations are seen to be a
consequence of the presence of particles in the plasma whereas with Watanabe, it was
thought that SiH* species initiated nucleation.
Hollenstein et

have used mass spectrometry to explore the speciation of

silane in a deposition plasma. Positively charged species can be directly sampled firom a
plasma, but as has been mentioned previously, negative ions will trap indefinitely as long
as the plasma is ignited. In order to measure negative ions, the plasma was modulated at
frequencies below 10 kHz, which allowed the anions to escape the plasma reactor.
Silicon-hydride negative ions were measured and observed to have a nearly continuous
distribution over the mass range, up to 1300 amu, corresponding to 44 silicon atoms,
large enough to have a nanometer scale length dimension. They found that when there
were greater than 10 silicon atoms in the anion, the hydrogen concentration was severely
depleted, indicating that some Si-Si bonding was occurring. It was noted that if the
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plasma modulation frequency is low so that anions can escape the plasma, particles are
not observed to occur. However, when the modulation frequency is high, the anions can
not escape the plasma and particles are observed to form. Variations in the modulation
cycle and applied voltage were used to show that negative ions are the important
precursors to particle formation, in contrast with the conclusions of both Watanabe et
ai^' and Boufendi etal.*^
Stoffels et

have used laser-induced photodetachment to quantify the number

of electrons on silicon clusters/nucleates/particles in a silane plasma. They note that
during the first 50 ms after plasma ignition, the charge on the particles is low. With the
results of Hollenstein et

and Boufendi et al.,^ it can be determined that the initiating

clusters or macromolecules are likely singly charged ions until they begin to nucleate.
Once the particle size begins to increase, the electron concentration in the plasma is
observed to decrease due to multiple electrons attaching to each particle.
Kim and Ikegawa"*^ have modeled particle growth with a one dimensional plasma
chemistry model. They assume that particle initiation chemistry proceeds through the
following hydrogen elimination reactions:
Si„H; + SiH,—!^Si„,,H;.+(Hor H,), n = !...!3

[2.141

where kn are pseudo-first order forward reaction rates. It was assumed that once the
silicon cluster reached thirteen atoms, it could be considered an individual particle. The
model by Kim and Ikegawa was in good agreement with experimental results that they
reported from the literature. Choi and Kushner'*' have also used plasma chemistry models
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to show how negative ion formation is important for particle formation. Their principle
argument is that the capture of electrons by clusters, as small as five atoms, is critical to
explaining the formation of particles based on nucleation and residence time

scale

arguments. In their model, they have assumed that particle formation occurs by clustering
reactions of single silicon atoms, stabilized by a third body
Si + Si„—^Si„^,

[2.151

This reaction scheme serves as a "worst" case scenario, as it is well known that other
reactions schemes including insertion^' and elimination^^ reactions are reported to have
faster reaction rates:
SiH, +

+M

+M

[2.161

and.
Si.+Sij

)-Si,+Si

[2.17]

Girshick et al?'' have developed a model for ion-induced nucleation of particles
based on the properties of charged clusters and Langevin reaction rates. They show that
"classical" condensation of supersaturated silicon atoms on a negatively charged ion may
be an important particle formation mechanism, making it unnecessary to employ
homogeneous polymerization to account for nucleation. Moreover, they show that the
rate of ion-enhanced nucleation may exceed an order of magnitude faster than classical
neutral-neutral nucleation rates.
Heretofore, only negative ions and neutrals/radicals have been considered as
reactants for molecular growth reactions (homogeneous polymerization). Positive ions
are usually excluded from proposed nucleation studies because they are thought to be
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electrically attracted to the walls of the plasma reactor. Hence, positive ions will have a
short lifetime in the plasma. Reents et al.^ have used Fourier Transform Ion Cyclotron
Resonance Mass Spectrometry to show that the largest possible positively charged silicon
macromolecule that can be formed through sequential addition reactions contains eight
silicon atoms. This molecule is reported to not be large enough to be considered a particle
nucleate. It was later shown that by adding water, it is possible to overcome termination
of the positive ion additive chemistry observed with pure silane or disilane chemistry.^'
In this work, energy barriers were not observed for molecular growth and there exists no
predictable endpoint to the reactions. Reents and Mandich^^ extrapolated their results to
typical plasma operating conditions to show that it would take 10 ms for a positive ion to
grow to 23,000 amu if the reactor contained 1% water. These time scales are comparable
to the nucleation times observed by Boufendi and co-workers.^^~*^
2.4.5

Particle Nucleation Summary
To summarize this section, it is clear that, as was stated previously, almost every

imaginable particle formation mechanism has been proposed in low-pressure plasmas.
Anderson and co-workers suggest that the surface mediates particle formation. On the
other hand, numerous other authors have suggested that gas-phase particle formation is
important. It has been suggested that classical clustering-nucleation is important in all
plasmas from sputtered products of reactor surfaces. It has £ilso been shown that
clustering on ion backbones can enhance nucleation rates. It is usually argued that
nucleation times require that the clusters be negatively charged so that they can trap
almost indefinitely in the plasma. Concerns about the stability of electrons on clusters
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held together with van der Waal's forces have led some researchers to consider the
formation of large molecular weight species or macromolecules in the plasma. These
stable species will have large electron attachment cross-sections and are not likely to
destabilize once negatively charged. In this way, the nucleation precursor species are
effectively trapped in the plasma in the form of a large molecule.

There is some

uncertainty regarding how the macromolecule nucleates. Some authors suggest that once
the macromolecule is of a certain size, it will act as a floating body in the plasma upon
which other species can condense. Numerous species have been proposed as probable
condensing species. In the silane deposition plasmas, these species include SiHx (x =
0..3). It was shown convincingly by Reents and Mandich that cation chemistry will not be
important for particle nucleation unless impurities, such as water, are present. Some
authors have implicitly suggested that instead of condensation on the macromolecule
backbone, the macromolecule will self-nucleate once it reaches a certain size, and
coalesce with other large macromolecules. Very little work has been performed with
plasma gases other than silane; but conclusions drawn from these studies often parallel
the particle nucleation mechanisms proposed for silane plasmas.

2.4.6

Particle Growth and Interactions
As has been thoroughly discussed, it is necessary for species involved in the

particle nucleation process to be negatively charged. Despite this, the results of numerous
experimental studies^^'^' show that particle coalescence and agglomeration occur in
plasmas, independent of the plasma type and chemistry. The subject of how negatively
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charged particles interact, agglomerate, and contribute to particle growth is currently
being discussed in the literature. A review of particle charging, particle-plasma
interactions, and particle-particle interactions is given with respect to their importance on
particle agglomeration.
2.4.7 Particle Charging
Goree
various

has reviewed the impact of the presence of particles in plasmas on

communities,

including

astrophysics

and

space

plasma

researchers,

microelectronics researchers, and basic plasma physics researchers. He notes that a
•"plasma" is made up of invisible electrons, ions, and neutral species racing around in a
chamber. The behavior of the particles, which can be observed by the naked eye with the
aid of lasers, allows for the invisible electrons, ions, and neutrals to be visualized- The
principle reason that this is so is because charged particles can trap electrostatically in a
plasma and will respond to electromagnetic fields in a maimer similar to the charged
plasma species. The mechanism by which particles trap in the plasma is similar to that of
negative ions: particles may accrue a negative charge and will be electrically attracted to
and trapped near the most positive region in the plasma, which typically lies near the
plasma sheath interface. The charged particles will interact with each other and the
plasma, sometimes resulting in particle agglomeration events, sometimes resulting in
plasma instabilities, and sometimes resulting in the formation of Coulombic crystal
structures, all of which are a consequence of particle charging.
The most substantial treatise on particle charging in plasmas was authored by
Elden Whipple.^^ Theories for particle charging were introduced and summarized, along
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with discussions of the influence of plasma discharge processes. The steady state charge
on a particle is due to the flux of electrons and ions to the particle's surface and the
properties of the particle. In addition, secondary electron emission and photoelectron
emission can influence a particle's charge. In order to satisfy quasineutrality, where the
flux of negatively and positively charged species to a surface must balance, a particle
must accrue a negative charge. The flux, F, or the current per unit surface area, I/47rR^, of
the charged species to a particle's surface may be written as:
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where n denotes the charged species concentrations, T is the average temperature of the
charged species (K), m is the mass, k is Boltzmann's constant, cl) is the plasma potential. /
represents postive ions, and e represents electrons. If the concentrations of the ions and
electrons are assumed to be of the same order of magnitude, then the velocities of the
charged species must be approximately equal for quasineutrality, where the velocity is
pre-defined by the average of a Maxwell Boltzmann velocity distribution for each of the
charged species.
V = ^SkTV"
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[2.20]

Electrons, however, have much higher velocities than positive ions due to their mobility
in an electric field and their small mass. Hence, the particles must accrue a negative
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charge in order to repel and slow on-coming electrons. Nowlin and Carlile^° provided a
semi-empirical method for estimating the charge on a particle immersed in a plasma
based on the plasma properties:
Q = -5.13x10""aT°"T°"C

[2.211

where Q is the number of charges on a particle, 'a' is the particle size in cm, and C is a
constant. They show that a 1 ^m particle in a plasma containing 4 eV electrons and room
temperature ions will contain approximately 6000 electrons.
Numerous researchers have attempted to experimentally measure the charge on
particles in plasmas. This is largely done by generating a "Coulomb crystal" and then
measuring the inter-particle spacing in comparison with theory.^Coulomb crystals
will be discussed in Section 2.4.13. An alternative approach in a non-crystalline dusty
plasma has been given by Hazelton and Yadlowsky.^^ They have generated particle
beams and passed them through a plasma into a retarding potential analyzer (RPA). By
sweeping the retarding potential on the RPA, it is possible to determine the charge on the
particle as a function of the particle size. Walch et al.^ have used a similar approach to
experimentally measure the charge on a particle in a plasma. They use a single particle
"dropper" which allows them to drop a particle through a double plasma chamber and
into a Faraday cup which directly measures the particle charge. SiC particle grains,
ranging in size from 30-150 fom, were measured in an argon plasma. Barkan et al.^^ note
that when the concentration of particles in the plasma exceeds the point where the interparticle spacing is smaller than the Debye length, the charge on each particle will be less
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than what is predicted (and measured) for a single particle in the plasma. Many
researchers have shown that due to the fact that particles act as electron sinks in the
plasma, when the particle concentration is high, plasma properties can be modified. For
example, Cariile and Geha^ and Kang et al.^^ have shown that introduction of particles in
an argon plasma results in a decrease in the electron concentration and an increase in the
average electron energy. The average electron energy increases simply because the
particles serve as a sink for low energy electrons, leaving only high energy electrons from
which an average energy is determined. Once the average properties of the plasma
change, it is clear from Equations 2.18 and 2.19 that the flux of charged species to the
particle surface will change as will the equilibrium particle charge (Equation 2.21).
2.4.8

Particle Agglomeration
Northrop^® has reviewed the attempts of many researchers to explain how

agglomeration of negatively charged particles occurs in plasmas. As expected, it is shown
that the agglomeration rate of negatively charged particles is sufficiently lower than for
non-charged particles. Hence, one would not presume that particles should agglomerate
in a plasma. However, the results of Cui and Goree^^ reveal that the particle charge
fluctuates due to discreet collisions of charged species with the particle. A power
spectrum analysis of the charging along with the root mean square of the fluctuation
reveals that small particles are most prone to charge fluctuations. Moreover, the charge
on a small particle can become at times neutral or positive. Clearly, this can have
profound impact on particle agglomeration discussions. It is noted that random
fluctuations of the plasma potential can also induce fluctuations in the particle charge.
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Matsoukas and Lee^° discuss the impact of stochastic charging process on agglomeration.
Similar to Cui and Goree,^^ Matsoukas and Lee suggest that charge fluctuations will most
likely effect small particles. Furthermore, they suggest that the agglomeration rate of
small negatively charged particles whose charge is fluctuating randomly will approach
that of uncharged particles of the same size. They note that the effect of charge
fluctuation always serves to enhance the agglomeration rate of like-charged particles, and
that since charge fluctuation is primarily important to only small particles, very narrow
particle size distributions result. Jana et al?^ have discussed the impact of particle charge
fluctuations on the plasma, noting that such fluctuations may give rise to plasma
instabilities, which will be discussed in greater detail in Section 2.4.14.
Another common approach to explaining particle agglomeration is to assume that
some of the charged particles exhibit positive charges due to secondary electron
emission. Chow et al7^ show that under the influence of an especially energetic particle
beam, both spherical and cylindrical particles in a plasma will emit secondary electrons.
The resulting charge on the particles is found to always be positive. Some have suggested
that non-uniform distribution of charge on the particle surface can enhance particle
agglomeration. Lapenta^^ has used a particle in cell (PIC) model to explore dipole
moments on charged dielectric particles. It was found that particles exhibiting dipoles
will exhibit enhanced agglomeration over non-polar charged particles.
Finally, a significant number of researchers have attempted to explain particle
agglomeration by kinetic energy arguments. Melzer et alJ* have shown that particles
trapped in a plasma can exhibit kinetic energies on the order of 50 eV, nearly ten times
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higher than any of the charged species temperatures in the plasma. The reason for the
high particle energies is currently under discussion in the literature. Huang and Kushner^®
have suggested that the particle energies arise from particles outside of the particle trap
region accelerating through the potential to the trap location, allowing for particle
energies on the order of 250 eV. Schabel et al?^ have shown that particles can reach
kinetic energies approaching 1000 eV. However, they show that despite the extremely
large kinetic energies, the particles still will not have enough energy to overcome
electrostatic repulsion assimiing a non-fluctuating charge. This article is included in
Appendix D.
In summary, despite the initial thought that Coulombic repulsive interactions
between negatively charged particles should prevent particle agglomeration, it has been
shown convincingly that this is not so for small particles. The smaller particles will
undergo charge fluctuations due to discreet charging events, and will at times exhibit
positive charges. Once the particle tends towards a neutral or positive charge,
agglomeration with a neighboring negatively charged particle is easily explained. The
fact that large particles will have a charge and fluctuations around that charge which are
always negative helps explain why narrow particle size distributions are observed; the
small particles will constantly feed the growth of larger particles, but the large particles
will not interact with each other.
2.4.9

Local Particle Potentials and Shielding
The discussion in the previous section referred to charged particles as if they were

point charges interacting with Coulombic attraction and repulsion. It is more appropriate
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to view the particles as spheres with charges distributed on their surfaces. One must
describe the particle interactions based on the local electric potentials that arise from the
particle charge. In addition, one must consider all of the effects of the plasma on the
particle potential in order to properly characterize how two particles interact, resulting in
particle coupling or collision.
When charged particles are present in a plasma, they will influence the
trajectories of charged species due to the local change on the potential. Goree^^ has
shown that ions will trap in confined orbits around a charged particle, much like a moon
around a planet or a planet around a star. This results in the particle being shielded from
external electromagnetic fields. Moreover, it allows particles to have closer approach
distances because the particles effectively do not see each other. The potential resulting
from a charged particle is given by:
a-r

cl<r) = -^exp
4ir e„r
V '*• d y
o

[2.211

where O is the local potential, Q is the particle charge, EQ is the vacuum permittivity, a is
the particle radius, r is the distance from the center of the particle, and Xd is the dust
Debye length. This solution comes directly from a one-dimensional Poisson equation
where the potential at the particle surface is Q/47i8o and the potential at infinity is zero.
Daugherty et al. show that with the Debye-Hiickel theory and through the linearization
of the Poisson-Vlasov equation, one can determine the following approximation for the
dust Debye length:
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where, Nu: is the far-field positive ion concentration (equal to the sum of the far-field
negative charge concentration), t) is the far-field firaction of charge carried by the
negative ions with respect to the total negative charge concentration (negative ion
concentration plus electron concentration), and Eo is the positive ion energy in the
vicinity of the particle. Note that the properties of the charged species can considerably
affect the shielded potential surroimding a particle. Equations 2.22 and 2.23 are valid so
long as the particle size is much smaller than the Debye length, and the Debye length is
much smaller than the mean free path. X, given by:

where do is the atomic diameter of the gas in the plasma and n is the total gas density.
Shukla^' has noted that if a particle is slowly moving through the plasma, it will actually
have a time-varying charge and hence, a time varying potential. This gives rise to
damping effects which give rise to a dipole-like potential. Attempts have been made to
experimentally measure the dust shielding length by radiatively exciting a linear array of
dust particles.®"'®' It was found that the experimental shielding length is in agreement
with the straight Debye-Huckel approximation (Equation
error.

2.21) within experimental
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One of the most profound studies describing particles in plasmas describes what
happens to the potential around a particle when the particle is exposed to ion flow. As
will be discussed in the next section, particles tend to trap near the plasma-sheath
interface. In this region, ions are accelerated to high energies and have trajectories normal
to the sheath. Particles located in this region will not exhibit symmetric potentials as
predicted by the Debye-Hiickel solution, but rather will have asymmetric potentials.
Ishihara and Vladimirov^^ have developed a model which describes the "wake potential"
behind a moving particle in ion flow. They show that a circular cone wake potential is
formed behind the particle and that there exists periodic minima in the potential behind
the particle. They also showed that if a neighboring particle was trapped in the potential
minima of a wake behind an upstream particle, the two particles can attract each other.
This phenomena is the basis for the most recent explanation for why, under certain
plasma conditions, particles exhibit kinetic energies far in excess of any other neutral or
charged species energy in the plasma.®^ Finally, as will be discussed later, the myriad of
instabilities which may exist in the plasma can result in a time variation in the local
potential of a particle.^^ This can give rise to attractive interactions between like-charged
particles.
2.4.10 Particle Forces
It has been mentioned earlier that a significant impact on particle-particle
interactions is ion-flow, and is due to the locations in the plasma in which particles are
typically found. The forces acting on the particles which cause the particles to be trapped
in the plasma and to be confined to certain locations in the plasma will be discussed here.
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Barnes et al.

provided an early review of some of the forces acting on particles in

plasmas. These include a gravitational force, Fg:
Fg = mpg

[2.25]

where g is the gravitational vector and the mass of the particle, mp is given by:
nip = -e pJia

[2.261

where pp is the particle density. The force acting on the particle due to the electric field,

FE is given by:
F, =QE

[2.271

where E is the electric field vector. Barnes et al.^^ noted that an important contribution to
the overall force exerted on a particle comes fi*om the discrete collisions of charged and
neutral species with the particle surface. The force exerted by ion-particle collisions, F;*^
is given by:
[2.281

F,' =n,v^m.7tb ;v.

where ni and mi are the ion concentration and mass, respectively. Vj is the mean ion
velocity relative to the moving particle, Vj = [vn" + Vj"]"^, Vi is the average ion velocity, Vn
is the neutral velocity given by Equation 2.20, and v, is the ion velocity vector, be is a
collision frequency parameter, given by:
-il/2
b, =a 1-

2eQ

[2.291
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Bames also suggested that the ions which orbit a charged particle, discussed earlier with
the work of Goree^^. will impose a force on a particle, F
F," = 4n: n,m,Vjb^,^ v.

[2J0|

where b-^a is a cross section given by:
eQ

12311

and r is an interaction parameter:
r = - l n ^ d^;/2 )" + ^
9

[2.321

Neutral species, which are by far of the highest concentration in the plasma, impart a
collisional force on a particle, Fn*^:
Fn' =nnm„v„7trp-v„

(2.331

where the subscript n refers to neutrally charged species and all variables are defined as
before. Schabel®^ considered the effect of charged particle induced atom polarization and
the subsequent force due to collisions. It was found that the resulting force had an
enhancement effect on equation 2.33 if the gas is polarizabie.
Thermophoretic forces. Ft, have been found to have a significant influence on
particles in plasmas 88.89
Ft =(2a)-pX

VT

[2.341

where p is the chamber pressure, A. is the mean free path given by equation 2.24, Tp is the
particle temperature, and VT is the temperature vector gradient. Thermophoretic forces
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have been proposed as a means for collecting particles in plasmas by using cold-fingers
inside of the plasma.'® It was observed that a liquid nitrogen cooled surface will collect
particles with near unit efficiency. Brattli and Havnes'^ have shown that particles in the
plasma can serve to cool the surrounding gas, resulting in compression of the particle
cloud density and a shift of the particle trap location closer to the electrodes. Selwyn et
have shown that the use of lasers can cause local heating of particles at the laser
focal region, resulting in a photophoretic push of the particles out of equilibrium trapping
locations.
Neutral drag can impact particle trapping locations in a plasma and is largely a
function of the chamber pressure through the mean free path:
,(»-v,)d,/C.

[2.351

where |ig is the gas viscosity, u is the gas velocity vector, Vp is the particle velocity
vector, dp is the particle diameter, and Cc is the Cunningham slip correction factor:^"*

C, =1+ —

'

dp

1.257+ 0.4exp
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[2.36]
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Recall that the mean free path varies inversely with pressure, so as pressure gets large, Cc
approaches 1.
Note that the various potentials discussed in Section 2.4.9, due to charge
fluctuations, plasma potential fluctuations, plasma instabilities, and ion flow will also
contribute to the forces acting on a particle. If one assumes that all of the potentials can
be added linearly, then the combined force acting on the particle(s) would be found by
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taking the first derivative of the summed potentials with respect to the distance away
from the particle.
d<t>
Fsu.=-f^
dr

[2.371

To determine the trapping locations for particles in the potential, all of the forces
described in this section are summed- The potential which balances all of these forces
will give the approximate region in which the particles are expected to trap.
2.4.11 Particle Trapping
The forces discussed in the previous section all give rise to an equilibrium
trapping location, particle-particle interactions, and particle dynamic behavior. Gary
Selwyn and co-workers'^"'® championed the use of laser light scattering techniques to
visualize particles trapped in a plasma. Laser light scattering has allowed researchers to
understand how reactor design can influence particle trapping; wafer clamps in plasma
etch tools have been found to significantly contribute to particle trapping near substrates
and to their subsequent contamination.''*'^^ This was further illustrated by Carlile et
who placed various geometrical structures on the surface of the electrode to observe the
effect on the particle trapping locations. Selwyn'® has proposed ^'electrode-tuning" as an
approach to destabilize particle traps so that the particles might be swept out of the
reactor with fluid drag forces.
Laser light scatter measurements of trapped particle locations and measurements
or models of plasma properties were used to determine which of the previous forces had
the most profound influence on the particle behavior. It has been found that electrostatic
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forces, gas drag, and gravitational forces are the most important for determining where
particles trap in a plasma. Laser light scatter has also been used to evaluate the temporal
behavior of particle trapping.'"® Realizing all of the forces acting on particles in plasmas.
Beck et al. have proposed techniques to move particles in plasmas by employing
variations in pressure, power, electrostatic fields, and magnetic fields."" Rosenberg and
Mendis'®" have shown that UV radiation can be used to induce photoemission on the
particles and reduce the particle charge, thereby allowing the particles to move out of
trapping regions and be swept out of the plasma. Presimiably, by estimating the
aforementioned forces, once can determine what UV flux and intensity to the particle is
necessary to destabilize the particle trap. They note that the photophoretic force, Fp arises
fi-om the temperature gradient in the particle between the UV illuminated and nonilluminated surface.

o

[2.381

where y is the surface accommodation coefficient. They also note that there will be an
associated recoil force from photoelectron emission, Frc, which also scales with a^, but is
estimated to be about an order of magnitude smaller than the photophoretic force.
2.4.12 Particle Transport
Numerous authors have evaluated the behavior of particles in the afterglow of
plasmas. It was found that after the plasma was extinguished, thermophoretic forces can
dominate gravitational forces and significantly reduce particle contamination of a
substrate.^' By cooling the electrodes of a plasma chamber, the motion of the particles
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under gravity, thermophoresis, and gas drag allowed for estimations of the diameter of
the particles that grew while the plasma was ignited.
Fluid models have been used to evaluate the behavior of particles in the afterglow
of a plasma under the influence of gas drag.^"^ It was shown that merely increasing the
gas flowrate in an attempt to remove particles from a plasma chamber with greater
efficiency will not always have the desired effect depending on the geometry of the
chamber.
Electrode biasing has been used to attempt to move particles in the afterglow of a
plasma.The particles are thought to exhibit a residual charge from their exposure to
the plasma, and hence should be subject to electrostatic forces. In the plasma afterglow,
the behavior of the particles under imposed electrostatic fields

allowed for the

determination of the residual particle charge, and was found to be 1-13 elemental charges
per particle.
2.4.13 Coulomb Crystak
One of the numerous effects observed in dusty plasmas is the formation of
Coulombic structures: the charged particles will align into lattices while trapped in the
plasma, much like the interactions between atoms in condensed matter. This behavior
was first predicted by Ikezi,'°^ and has later been demonstrated experimentally by many
researchers.'"^'"" A Coulomb coupling parameter, F, has been defined which describes
when Coulomb crystallization will occur in a dusty plasma:

83

r=—^

where A is the interparticle spacing =

12391

If the Coulomb coupling parameter exceeds a

"critical" value, Fc, Coulomb crystallization will occur. One-component-plasma models
show that for a three-dimensional lattice to form, rc=170 and for a two-dimensional
lattice, rc=l30."' More detailed models account for the fact that Tc is actually a function
of the particle Debye length, and scales exponentially with the inverse of pressure."^
Goree and coworkers have used laser imaging to analyze two- and three-dimensional
structures in Coulomb solids.'They have used KTHNY theory to evaluate the
crystallinity of the structures formed both in their system'

and that of Thomas and

Morfill."^ They observe the Coulomb crystals to exhibit bcc (body centered cubic) and
hexagonal structures. It is thought that the repulsive particle-particle and attractive
downstream-wake particle interactions give rise to the Coulomb structures'"^ and the
destabilization of the structures."^ Tremendous efforts have been dedicated to
understanding the transitions between various phases of the Coulomb dusty plasma
structures. When the Coulomb coupling parameter is less than the critical value, a
Coulomb liquid (rc>r>5) or Coulomb gas (r<5) result."®
2.4.14 Dust-Induced Plasma Instabilities
Plasmas are well known for the propensity to generate and propagate waves. An
extensive review of particle-induced plasma instabilities is given by Shukla."' The most
recognizable of the particle induced plasma instability is a rotating filament of plasma,
found under conditions of high particle concentration.'^" The particles have been
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observed to track the rotation of the plasma filament.'^' which introduces a fascinating
feedback problem. Particles introduced into a plasma can excite a dust-induced instability
in the plasma which can in turn cause the particles to move collectively in the plasma.
The movement of the particles in the plasma or the rotation of the plasma around the
particles gives rise to a fluctuating particle charge, which can induce further instabilities,
and possibly induce particle agglomeration, as discussed previously. In order to
determine the frequency of such waves, a linear analysis is performed to recover a
dispersion equation.'^ The equations which are linearized include the Boltzmann
distributions for ions and electrons in a plasma Equations. 2.5 and 2.6. To determine how
the particles behave in the plasma, species and momentum conservation equations are
used:
5np
d
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where Ze is the number of charges on each particle and Vp is the particle velocity. It can
be seen through the particle momentum equation that if there is a time varj-ing
component to the plasma potential due to a plasma instability, the particle velocity will be
affected. The Poisson equation is modified to include the fact that the particles carry a
charge in the plasma:

^=
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The 4n term arises from the coordinate change from Cartesian implied in Equation 2.4 to
spherical here. The grain charge, q =-Ze, is found by a current balance equation to the
particle surface:

12.431
where as before, Ig and 1; (Equations 2.18 and 2.19) represent the currents of electrons
and ions to the surface of the particle where the potential at the surface of the charged
particle is now vj/ and is referenced to the plasma potential, O. A dispersion relationship is
derived from a linearization of the above equations, giving:
(0k'X;
—=r-r7^
cOp

l + k-k-^

[2.441

where Xp is the particle Debye length, k are the eigenvalues, o) is the wave frequency, and
COp is the particle-plasma frequency, CDp = (47mpQ"/mp)"^. Here it is seen how particle
concentration (np) and particle radius (Q ~ a and mp - a") can give rise to particle-induced
plasma instabilities; an increase in the particle concentration or an increase in the particle
size results in a decrease in the particle-plasma wave frequency.
2.5 Film formation
Film formation in plasmas often occurs simultaneously with particle production.
In microelectronics plasmas, the formation of films is considered both desirable and
undesirable, depending on the process. In some cases, for example with reactive ion etch
applications, it is desirable for films to form on the sidewalls of trenches being etched
into the substrate, but films on the reactor walls are considered contaminants. In the
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former case, the sidewall films are considered passivation layers which block chemical
etching, thereby increasing etch selectivity and anisotropy. In the latter case, film
formation on the chamber walls necessitate periodic equipment cleaning in order to
prevent films from flaking. Film formation and subsequent flaking in vapor deposition
processes is an especially important problem for the microelectronics industry. Recently,
researchers have become interested in the use of fluorocarbon deposits for their
potentially low-dielectric properties as these films

resemble polyfluorethylene, or

Teflon.® Independent of the affect of films on plasma properties, reactor performance, or
potential use as a novel material, it is of interest to understand by what means the film
deposits. A review of film nucleation in fluorocarbon

plasmas is given here as it is

presumed that the nucleating species for films are likely related to those species which
cause particles nucleation. Note that this review draws from the literature where
fluorocarbon films serve as sidewall passivation layers, as contaminants, or as a novel
dielectric material.
Although largely ignored in modem literature, a substantial amount of research
was performed on film deposition in plasmas in the 1970's, found under the title "Plasma
Polymerization". A series of articles published by Shen and Bell'^ and later a book by
Yasuda'""* give excellent reviews of the primary parameters to be concemed with in film
formation in plasmas. The use of XPS (x-ray photoelectron spectroscopy) for thin
fluorocarbon film deposition underwent considerable development during these formative
years.
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Much like the nucleation processes with particles, classical approaches can be
used to describe particle nucleation on surfaces.^'* The critical difference is that the
interactions between clusters of molecules on the surface and the surface itself can
enhance or inhibit nucleation rates. If one considers a drop of liquid monomer on a
surface, that drop should form a contact angle. If the drop perfectly wets the surface (the
interaction between the monomer and the surface is attractive), the contact angle is zero.
In this case, as soon as the monomer is supersaturated in the vapor phase, it will nucleate
on the surface. If the drop is perfectly hydrophobic (the surface and the monomer repel),
then no wetting will occur. In this case, no surface enhancement is observed, and
heterogeneous nucleation proceeds at essentially the same rate as homogeneous
nucleation. Note that adsorption/desorption and surface migration of the monomer have
not been addressed in this very qualitative discussion. Also note that independent of
surface enhancement effects, it is still necessary for the nucleating species to be
supersaturated according to classical methodology. This requirement is relaxed when the
surface prevents the suspected precursor from desorbing from the surface. If the energy
required for adsorption of the precursor to the surface is very low, but the desorption
energy is very high, emy precursor species that comes in contact with the surface will be
locked onto the surface. In this case, the critical parameter is the time required to form a
monolayer of precursor on the surface. Naturally, this depends on the packing density of
the precursor (which can be assumed to be the liquid density) and the arrival rate of the
precursor to the surface, which can be determined from the kinetic theory of gas. It is
straightforward to show that the time to form a monolayer assuming no desorption for
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CFT is on the order of t(s) « I/(4P), where P is the partial pressure in Torr. Hence, if a 100
mTorr fluorocarbon plasma is run, the fastest possible time that a monolayer of CF2 can
form on a surface is approximately 3 seconds!
Smukawa'^ has used spatial positioning of a substrate with respect to a fixed
electron cyclotron resonance plasma source to investigate the influence of Fluorine/CFz
selectivity in a fluorocarbon plasma. Selectivity refers to the etch rate of SiCh versus bare
silicon; when the selectivity is greater than unity, SiOz is etched preferably over silicon.
CF2 and F concentrations were calculated from measurements of each species' emission
intensity as determined with an optical emission monochromator. It was found that as the
substrate was moved into a fluorine rich region of the plasma, selectivity dropped to
unity, but in a CF? rich region, the selectivity increased by more than an order of
magnitude. The reason for this has been illustrated by Rueger et al}~^ who show that
SiO? etching can be halted when as little as 1 nanometer of film is deposited onto its
surface. It has been determined that the mechguiism for Si02 etching and selectivity is as
follows: in a fluorocarbon plasma, both atomic fluorine and fluorocarbon radicals will be
present in the reactor. Atomic fluorine is a chemical etchant that will attack silicon
containing surfaces to liberate SiF4 as an etch by-product. The fluorocarbon radicals are
suspected of being precursors to film deposition. In a fluorocarbon radical rich plasma, a
film is found to develop on all silicon surfaces. The role of energetic ions from the
plasma serve to sweep clean any deposited film on surfaces normal to the trajectory of
the ions (parallel with the electrode). Any film remaining on surfaces that are not normal

89

to the ion trajectory will remain and are found to block etch processes. This process is
illustrated in Figure 2.12.
(A)

(B)

Figure 2.12. Simultaneous fihn formation and etching on Si/SiOi interfaces. (A) Film
deposits are cleared with energetic ions so that atomic fluorine can chemically etch the
SiOi- (B) When trenches are patterned, film will deposit on the sidewall of the trench and
will not be cleared due to the fact that energetic ion trajectories will be parallel with the
sidewall. This allows for anisotropic features to be developed. Film formation appears to
be very important on bare silicon surfaces and is enhanced by the presence of an ion
beam, hence SiOa will be chemically etched preferentially over the coated silicon surface.
An interesting feature of polymer formation is that if the ions, which are
suspected of clearing the film deposits, are not present, no film will be deposited. This
was shown by Oerhlein et

who used a grid placed above a SiOa substrate to show

that when the grid is positively biased (ions from the plasma are deflected away from the
substrate), no film is deposited. The apparent discrepancy between what is stated here
and what is presented in Figure 2.12 is resolved when one considers the bias energy. If
the powered electrode is operated with a low bias energy, ions firom the plasma will be
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slightly accelerated towards the substrate and ion-enhanced film formation will occur. If
the bias voltage is high, so the ions gain considerable energy as they accelerate through
the sheath, they will clear any fluorocarbon film deposits. Finally, if the ions are repelled,
no film formation will occur. Maruyama et a/.'"® proposed that the ion enhanced film
formation is due to three possible mechanisms: (i) Radical polymerization on the surface,
(ii) Direct ion-deposition, and (iii) Ion-assisted polymerization. Oehrlein et al}^^ showed
that for CF4 plasmas, the dominating mechanism is ion incorporation in the film. With
film deposition in CHF3 plasmas, it was found that neutral incorporation into the film was
the only way to explain the film growth rates.
The question remains, what is the precursor that is responsible for film
deposition? Many authors have proposed that

CFT "radicals" are the film deposition

precursor. This conclusion has been reached by Goto and co-workers'^® who have used
infrared laser diode laser absorption spectroscopy to measure the concentration of
fluorocarbon radicals in the plasma. Using modulated plasmas, they found that under a
variety of plasma operating conditions, the CF2 concentration in the plasma correlated
with the concentration of CF2 groups found in the deposited film as analyzed with XPS.
They have compared CF4 plasmas and CHF3 plasmas, finding that CHF3 deposited film at
a faster rate than did CF4. They attributed this to the fact that CFi is more easily
generated from CHF3 (breakage of one fluorine and one hydrogen bond) than CF4
(breakage of two fluorine bonds). Kitamura et a/.'^° used laser induced fluorescence
(LIF) to measure CF2 concentration profiles in the plasma. They found that the rate at
which fluorocarbon film

is deposited in the plasma is proportional to [CF2]", where
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n=2.5-3. Taking into account the fact that atomic fluorine can chemically attack the
polymer layer, McVittie and coworkers'^' proposed the following deposition rate
equation; Rjep = k<iep[CF2]" — ke[F]'^^, where kjep and ke are rate constants associated with
deposition and etching, and n remains between 2.5 and 3.

CFT radical injection from dissociated HFPO (hexafluoropropylene oxide), which
liberates CF2. in Ar and Ar/H2 plasmas was used to further corroborate the findings that
CF2 is the precursor to film deposition on substrates in plasmas.'^" It was found that as
plasma power was lowered at constant CF2 concentration, film deposition decreased. It
was suggested that this indicates that the plasma ions serve to prepare the surface by
forming dangling bonds to which the CF2 radicals can attach. It was concluded that
atomic hydrogen scavenged fluorine from the CF2 deposited film, resulting in a carbon
rich film. The proposed film formation mechanism is as follows: (i) argon ions from the
plasma prepare the surface of the substrate by forming dangling bonds, (ii) CF2 radicals
attach to the dangling bonds and the attachment rate is a direct function of how many
bonds were prepared on the surface, and (iii) any hydrogen present will scavenge fluorine
from the film and result in a carbon rich deposit. Note that in this study, it was assumed
that the CF? species did not undergo any chemical reactions while in the argon or
argon/hydrogen plasma. Inayoshi et

have shown that once a fluorocarbon film has

been exposed to a hydrogen/argon plasma and that the film has been made carbon rich, it
will be less susceptible to further adsorption of CF2.
Fluorocarbon films have been deposited directly from thermal decomposition of
HFPO using chemical vapor deposition in the absence of a plasma.'""* The resulting films
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often have superior mechanical, thermal, and chemical properties with respect to films
deposited from the same chemistry in plasmas.'"" As the primary dissociative pathyway
for HFPO results in CFz production, one may suspect that as the temperature in the
reactor is increased, more CF2 will be produced and hence, the deposition rate will
increase. This is foimd to be exactly the case and the experimentally observed activation
energy for CF2 liberation from HFPO, based on measurements of film deposition rate,
matches very closely with theoretical values.
Hydrogen has been found to have a profound impact on film deposition in
fluorocarbon films. In the gas phase of the plasma, hydrogen is thought to reduce the
atomic fluorine concentration in the plasma by formation of HF vapor:
CF3 +H

• CF, + HF

[2.451

CF, + H

> CF +HF

[2.461

CF + H

)>C + HF

[2.471

This effect of hydrogen was first introduced by Plumb and Ryan.'^^ Miyata et
alP^ found that whereas the addition of hydrogen served to enhance the concentration of
CF and reduce CF3 densities, the overall behavior of the products in the gas phase were a
very complex function of the C/F ratio of the inlet gas and the original structure of the
fluorocarbon parent gas. Also, note that the free CFT concentrations in the various plasma
chemistries were all of the about the same order of magnitude. Here lies one of the first
indications that CF2 may not be the actual precursor to particle formation. It has been
shown that fluorocarbon film deposition increases when the starting precursor molecule
is a successively larger perfluoroalkane.'^®*'^' This has been further illustrated by
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Leezenberg et al}^^ who have shown that C3F6 and CjFg precursors mixed in various
concentrations give rise to changes in film deposition rates. It was found that pure C3F6
gave the highest deposition rate and that additions of CsFg to the plasma subsequently
lowered the deposition rate. The latter case resulted in more -CF3 groups being formed in
the films than in the pure C3F6 case.
Marra and Aydil'"" have presented a very complete study of the effects of
hydrogen in fluorocarbon plasmas using optical emission actinometry and surface in situ
surface analytical techniques. They conclude that hydrogen can (i) serve to modify the
existing film as seen in earlier with the work of Goto and coworkers where fluorine is
eliminated firom the film or (ii) can modify the species in the gas phase through HF
elimination. They also found that if a film which has been exposed to a hydrogen
containing plasma and contains hydrogen is later exposed to a fluorine plasma, the
hydrogen from the film can be removed and will be replaced by fluorine. Hence, there
appears to be a reversibility in the hydrogen/fluorine content of the film depending on
whether the film is exposed to a hydrogen or fluorine containing plasma. Simko et al}^~
have found that the fluorocarbon deposits on a wafer can be almost entirely removed
when they are exposed to a pure H2 plasma. They note, however, that after the
contaminants are removed, re-deposition can occur. They attribute this process to crosscontamination from films being etched from the walls of the reactor.
Heretofore, convincing evidence has been provided which suggests that films
deposited in fluorocarbon plasmas are a result of CFi as the primary precursor. Moreover,
there appears to be a means of removing the film by exposure to atomic hydrogen. In
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theory, it should be straightforward to assume that particle formation in fluorocarbon
plasmas proceeds directly from CF2 clustering. Unfortunately, as with all beautiful
stories, there is a twist. Recent research efforts have shown that the presence of CF2 in the
plasma and a correlation between CFi and film deposition is not because CF2 is a
precursor, but is rather a product of a surface reaction! This introduces the second side of
the story, which has been the subject of considerable debate.
Fisher and coworkers have used a technique called IRIS (imaging of radicals
interacting with surfaces) to evaluate radical concentrations in fluorocarbon plasmas.'"*^
They have shown that CF2 is actually generated at reactor surfaces and that the gradient
of CF2 species points away from reactor surfaces. They have proposed a series of
reactions by which CF2 can be generated from the surface:
CF(g) + F(ads)

•CF, (g) + •

(2.481

where * represents an adsorption site. They also suggest that the surface can help
decompose CF3:
CF3 (g) + •

> CF, (g) + F(ads)

(2.491

Fisher and coworkers''*^ have also used the IRIS technique in concert with spatially
resolved LIF to show that the scattering coefficients of CFx radicals near any surface in
the reactor exceeds unity, again showing that these species are generated at or liberated
from the reactor walls.
Miyata et al}'^^ have returned to their earlier work using a technique similar to
Fisher and coworkers and have suggested that CFx radicals are generated from
fluorocarbon films

that are already deposited on a substrate under the influence of an
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argon plasma. They noted that the argon ions atoms were very efficient at removing the
films, but did not report if the generated CF* radicals redeposited elsewhere in the
reactor.
C. Cunge and J. Booth'"*® have shown using time-resolved experiments that the
likely path for film formation is first the gas phase oligomerization of species to form
larger molecular weight species which then diffuse to and stick to the reactor walls.
These species, under attack fi-om energetic ions, are suspected to liberate the CFx radicals
from the walls of the reactor as discussed earlier.
As suggested earlier, it is possible that the fluorocarbon film

deposition

mechanisms and particle nucleation mechanisms are related. However, as can be seen
from this review, it is not clear what the governing mechanisms are for film deposition.
This research is dedicated to understanding and predicting the film deposition and
particle nucleation mechanisms in fluorocarbon plasmas.
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Chapter 3
Experimental setup

Experimental studies of plasmas are inherently challenging due to the fact that
diagnostics can often not be employed in traditional or classical manners. As such,
plasma studies often employ numerous diagnostic techniques in order to present a
complete picture of what is happening in the reactor; the research presented here is no
exception. The goal of this work is to understand plasma chemistry as it relates to particle
and film

formation, requiring separate diagnostics for plasma chemistry, particle

detection, and film detection and analysis. In this work, nine different diagnostic tools are
used and are discussed in detail here.
3.1 Plasma Chamber
A Gaseous Electronics Conference (GEC) radio-fi-equency plasma chamber is
used in this work.'"*' The GEC cell is a standardized reactor that was designed in 1989
and accepted by participants at the Gaseous Electronics Conference, and is presently
found in the laboratories of numerous plasma researchers. The goal in designing this
plasma chamber was to have plasma researchers all use similar reactor platforms so that
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their results will be directly comparable, thus enhancing communication between
researchers. Extensive studies of the performance of the GEC cell and the appropriate use
of diagnostics have been collectively published in [148]. An excellent review of the
history and the use of the GEC cell has been given Olthoff and Greenberg.^"*'
The GEC cell, shown pictorially in Figure 3.1 and schematically in Figure 3.2, is
a stainless steel chamber capable of reaching base pressures on the order of 10"® Torr. The
chamber at the University of Arizona has been subjected to many different reactive gases
which have contaminated the chamber shell. Ultimate pressures on the order of 10"' Torr
are possible in this system.

Figure 3.1. GEC plasma cell at the University of Arizona.
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Figure 3.2. Schematic of the GEC rf plasma cell, cross-section side view
The GEC is a cylindrical parallel plate plasma chamber with a height of 22.2 cm
and an inner diameter of 25.1 cm. The two electrodes (one powered and one ground) are
10.2 cm in diameter and are separated by 2.54 cm. Both electrodes can be electrically
isolated from the rest of the chamber, but for these experiments, the upper (ground)
electrode was electrically connected to the chamber shell. Both electrodes have the ability
to be water chilled, however, this feature was not utilized in this research.
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The chamber can be evacuated in two manners. To reach ultimate pressiu-e, the
gate valve is opened and a Balzers 5IOC corrosive turbo-pump pumps directly on the
plasma chamber. During operation, higher pressures (lOO's mTorr range) are necessary to
sustain a plasma, so the gate valve is closed and the chamber is evacuated through a
symmetric exhaust manifold that has a much lower conductance than the gate valve port.
The exhaust manifold is tied back into the now-isolated turbo pump through a
conductance limiting butterfly throttle valve. Pressure in the GEC cell is monitored with
two capacitance monometers and two Bayerd-Alpert ion gauges, one of each on the main
plasma chamber and near the main turbo pump.
Gas is admitted to the chamber with two different systems. In the standard
configuration, gas is admitted through the upper electrode which can be operated as a
showerhead. It has been shown that this configuration results in forcing particles out of
the plasma by gas drag, thereby impeding particle nucleation studies. Instead, the gas is
admitted through a % inch stainless steel ring manifold placed near the bottom of the
electrode.'"^ It is suspected that this results in a nearly stagnant flow in between the
electrodes, thereby allowing particles to be easily trapped. Gas is metered with two MKS
Type 10 mass flow controllers. Electropolished 316 stainless steel tubing with orbital
welds and VCR fittings was used to transport the gas fi-om the gas cylinders to the mass
flow controllers. The mass flow controllers were calibrated before each use by using a
closed-chamber backfill process. All valves, including the gate valve were closed to first
monitor the contribution of chamber wall outgassing to the background pressure. If one
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assumes that the ideal gas law holds for the vacuum chamber, PV=nkT, taking the total
time derivative gives:

dt

dt

dt

[3.11

Since the volume of the chamber is constant, dV/dt = 0. Hence, by measuring the change
of pressure in time and calculating the slope, one can easily arrive at the change of the
gas concentration m time:

At

At

[3.21

In a closed chamber, the change in gas must come from species that are outgassing from
the chamber walls. Outgassing rates are typically calculated per unit surface area of the
reactor, but in this work, it is of interest to know how the total load coming from the
reactor wall compares with flow of gas into the chamber, i.e. what is the estimated mole
fraction of the background gas that comes from the chamber during plasma operation.
Gas flow is typically measured in standard cubic centimeters per minute (seem). To
convert Equation 3.2, having units of Pa«L/s, Pascals must be converted to atmospheres
(atm). Liters must be converted to cm"*, and seconds must be converted to minutes. Note
that with the pressure measurement devices used on this chamber, pressure is measured in
Torr. The resulting gas flowrate, f. in seem becomes:
f = V AP
AT

1 atm ^ f 1000 mL^
760 Torr I IL

1 em3\
1 mL

60s
= 78.95 V— [33]
I min
At
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where AP is measured in Torr. The volume, V, of the closed GEC plasma chamber is
estimated to be 6.68 L. A typical outgassing curve for this system is given in Figure 3.3.
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Figure 3.3. Typical pressure versus time curve for outgassing in a closed chamber
For this case, the outgassing flowrate was determined to be 1x10'^ seem. In an identical
manner, the gas flow admitted from the mass flow controllers was determined, and since
the calibration method and parameters were independent of the metering method, gas
mixing mole fractions could be obtained to better than 1% accuracy. A second method
for introducing gas into the plasma chamber was obtained with a Varian variable leak
valve. With this system, it was possible to introduce flowrates

far below chamber

outgassing rates and was used for introducing challenge gases to the plasma chamber.
The technique for determining the flowrate is exactly the same as discussed above.
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The plasma is generated in the chamber by means of an ENI HF-1 radio
frequency generator operating at 13.56 MHz. The rf power source is capacitively coupled
to the plasma chamber with an ENI "Matchwork" Model 5 tunable matchbox which
allows for matching the source to the plasma chamber load. A Bird rf power meter is
used to monitor the forward rf power to the chamber. Reflected power due to improper
coupling was not measured and is assimied to be constant over the power densities used
in this work.
The GEC plasma cell consists of numerous access ports through which the plasma
can be accessed for diagnostic analysis. There are two 8-inch diameter flanges, two 6inch flanges, and four 2.75-inch flanges, all spaced at 45-degree azimuthal intervals about
the perimeter of the chamber shell. The distance from the center of the chamber to the
end of each port is 19.5 cm. The University of Arizona GEC cell was configured for this
work with numerous diagnostic tools as represented in the planform view shown in
Figure 3.4.
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X.Y.Z

Figure 3.4. Top view of the GEC plasma chamber (center) with diagnostic tools. (A)
main tvirbo pump (B) main gas inlet (C) Varian leak valve, (D) MKS PPT residual gas
analyzer, (E) Optronics emission monochromator, (F) spatially resolved light collection
system, (G) 85 mW He-Ne laser, (H) Periscoping mirrors, (I) particle imaging optics, and
(J) spatially resolved film deposition probe.
In the following sections, the various diagnostic techniques shown in Figure 3.4
are discussed. In section 3.2, plasma chemistry measurements are discussed, using mass
spectrometry and optical emission spectroscopy (D, E, and F in Figure 3.4). In section
3.3, in situ particle detection is discussed using laser light scatter (G, H, and I in Figure
3.4). In Section 3.4, fihn collection in the plasma and the surface analysis techniques used
in this work are discussed.
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3.2 Plasma Chemistry
In order to investigate chemical reactions in plasmas with respect to particle and
film formation, two approaches are used. In the first case, a plasma and a plasma chamber
are not used and instead, ionic reactions are individually studied under highly controlled
conditions in a mass spectrometer. In the second case, the plasma is used and the
associated chemical reactions are measured with mass spectrometry and emission
spectroscopy.
3.2.1

Fourier Transform Ion Cyclotron Resonance Mass Spectrometry
Fourier Transform Ion Cyclotron Resonance Mass Spectrometry (FTICRMS or

FTMS) is used to directly explore chemical reactions under simulated plasma conditions.
It is important to note that this system neither generated nor sampled firom a plasma. The
FTMS is housed at Bell Laboratories, Lucent Technologies in Murray Hill, New Jersey
and is shown schematically in Figure 3.5.
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Figure 3.5. Schematic of the FTICRMS
The FTMS is a home-built system equipped with a Fiimigan Odyssey data station. Gas is
injected into the 24 liter main chamber through an electronic pulse valve. In the
experiments described here, 180 (is gas pulses were used. The gas pulse would bring the
chamber pressure up from background (<10~® Torr) to approximately 10"* Torr. A 2500
L/s liquid nitrogen trapped Edwards diffusion pump and a CTI 8 1000 L/s cryopump are
used to return the pressure in the system to background pressure. A typical pressure
decay curve is shown in Figure 3.6.
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Figure 3.6. Pressure-time curve after a 180 ^s CF4 gas pulse, courtesy of W. Reents, Bell
Laboratories, Lucent Technologies.
As seen in Figure 3.6, the gas pressure drops in excess of three orders of magnitude in
approximately one second. This feature is critical for performing analytical chemistry
where chemical reactions are uniquely tracked and isolated from

background

contaminants.
Once the gas is admitted into the chamber, an electronically controlled shutter can
be opened in order to expose the gas to ionizing electrons of specified density and
electron energy. The electrons serve to ionize the gas, forming positive and negative ions.
The ions are allowed to drift down the chamber and into the FTMS cell, shown in Figure
3.5. A set of trapping plates with a positive/negative potential are used to electrostatically
trap positive/negative ions, respectively, in the cell. Note that this spectrometer is capable
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of only observing charged species; neutral and radical reactions are not studied in this
system. The ion concentration in the cell is self limited to approximately two million
ions. A radio-frequency excitation pulse placed on a second set of electrodes in the cell
will excite the cyclotron motion of the ions perpendicular to the axis of an applied
magnetic field (B=3.5 Tesia). A third set of electrodes detects the currents induced by the
orbiting ions in time. Figure 3.7 shows the raw detected signal as a function of time.
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Figure 3.7. Raw detected signal in time.
Note that the signal decays in time, which is due to the excited ions escaping the cell. The
ions trapped in the cell can remain trapped for very long periods of time (days) with no
loss until which time the excitation pulse is applied. After massaging the raw data (Figure
3.7), a Fourier transform is applied to convert the time domain signal into the frequency
domain. The mass is determined using the following relationship:
m; = —
' 27Cfi

[3.41

which says simply that at constant magnetic field, the mass of the ion is inversely
proportional to the frequency, fi, at which the ion orbits around the magnetic field; heavy
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ions will have slower cyclotron orbit velocities then will small ions. A representative
mass spectra is shown in Figure 3.8.
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Figure 3.8. Representative FTMS mass spectra taken of negative ions formed from CF4.

The mass resolution of this system was approximately 20,000 meaning that the
location of each peak in the spectra is accurate to 0.00005 amu. The full width at half
max of the peaks is on the order of milli-mass units as shown for the '""CPs' isotope in
Figure 3.9.
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Figure 3.9. Expansion plot of
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isotope of CF3" centered at mass 70.
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In order to study individual reaction pathways in the FTMS, the following
procedures were used. Ions trapped in the FTMS cell were either immediately detected
using the rf excitation pulse, were selectively ejected from the cell by pulsing rf signals
into the cell at frequencies which correspond to the ejected ion mass (from Equation 3.4),
or were held and exposed to other gases. Ion ejection allowed for only select ions to
remain in the cell. Subsequent gas pulses allowed for investigations of how the remaining
trapped ions react with the injected gas. For example, it was possible to trap CF3", mass
69 from Figure 3.8, and learn how CF3' reacts with excess CF4 to form charged products.
3.2.2

Mass Spectrometry
In order to study chemical reactions that occur in a plasma chamber, residual gas

analysis is used. A residual gas analyzer is a closed ion source quadrupole mass
spectrometer that has a limited mass range, usually on the order of 100-300 amu. In
addition, the FWHM of these systems is on the order of 0.5 amu, as compared with the
.008 amu resolution of the FTMS. In this work, a MKS PPT residual gas analyzer
operated vidth 4.30 PPT software is used. The analyzer, shown pictorially in Figure 3.10
is attached to the GEC plasma reference cell through a doubly differentially pumped
sampling system, shown schematically in Figure 3.11.
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Figure 3.10. Picture of the MKS residual gas analyzer attached to the GEC plasma
reference cell.

Ill

RGA
control
hardware

Stage 2
pumps

RGA

Stage 1
pumps

Orifice 2
Sampling
chamber
Orifice 1
sshshhhb^B^^^h

t
from GEC
Figure 3.11. Schematic of the residual gas analyzer attached to the GEC plasma cell.
Note that the Stage I pumps shown here are out of view in Figure 3.10.
The plasma sampling cell, shown above, is used to step the pressure down from the
plasma operating pressure to the mass spectrometer operational pressure, typically in the
10"^ Torr range. This is performed using two orifices, two turbo pumps, and two
mechanical roughing pumps as follows. Stage 1 pumps (an Alcatel cff-100 turbo and
mechanical pump combined system) are used for establishing a differential pressure
between the sampling chamber and the plasma chamber. The differential pressure placed
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across Orifice 1 causes choked and constant flow through the orifice. The pressure in the
sampling chamber is dropped to —10"^-10"^ Torr, which is the maximum safe operational
pressure for the RGA. In order to preserve the electron emitting filaments in the RGA, a
second stage of pumps are used (Balzers TPU 330 turbopump and Edwards D30
mechanical pump), which pumps directly on the mass spectrometer. The mass
spectrometer is connected to the sampling chamber through a second differentially
pumped orifice. Typical pressures in the mass spectrometer are <10*^ Torr at full plasma
operational pressures, and <10"* Torr at baseline. The pressure in the RGA is shown as a
function of the plasma chamber pressure in Figure 3.12.
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Figure 3.12. RGA chamber pressure variation with GEC chamber pressure using dual
differentially pumped plasma sampling system.
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Figure 3.12 indicates that for pressures above 30 mTorr, the RGA will sample 10 parts
per million of the gas in the plasma chamber, independent of the plasma chamber
pressure.
Once the gas arrives at the analyzer, it is exposed to an ionizing electron cloud.
The electrons can form negative ions or positive ions, and will also tend to dissociate the
parent molecule. The resulting mass-fingerprint, composed of ionic fragments of the
parent molecule, is used to identify what the parent molecule was before exposure to the
electron cloud. The ionic species are filtered by charge and are focussed into an ion beam
with electromagnetic lenses. The species are then measured by actively filtering all of the
ionic products formed from the electron cloud with a quadrupole mass filter. The mass
filter consists of four parallel rods which have electric fields placed across them. One pair
of the rods serves as a low pass filter, allowing only molecules with a mass/charge ratio
below a certain mass cutoff limit to pass along the axis of the rods. The second set of rods
serves as a high pass filter. The combination of the two pairs of rods results in a mass
band-pass filter, where the width of the band directly corresponds to the mass resolution
of the tool. Once an ion has been separated from other species in the gas, it must be
measured. This is typically done in two manners and relies on the fact that the ion carries
a charge. In the first case, the ion beam can be directly measured with a Faraday cup and
a sensitive current meter, typically capable of measuring on the order of picoamps. In the
second case, the ions can be measured with an electron multiplier. With this device, the
ion collides with a grid that has a large potential placed across it. The collision results in
the emission of two electrons, which are accelerated into another electrode, each resulting
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in the production of two more electrons. At the end of n electrodes, the original ion will
have produced 2" electrons which can be measured directly. The primary difference
between the direct Faraday cup measurement and the electron multiplier measurement is
that in the latter case, the electron signal is actively amplified before detection, whereas
in the former case, the charge is detected and ±en amplified. Electron multipliers
typically exhibit much higher signal to noise ratios and sensitivities than do Faraday cups.
For the mass spectrometer measurements used in this work, the electron emission current
was 450 mA, the electrons were accelerated to 60 eV, and 850 volts was placed across
the electron multiplier detector.
As the mass spectrometer in this work is attached directly to the plasma chamber
and the analyzer is line-of-site with the plasma emission, it is of interest to evaluate what
fraction of the species entering the analyzer are plasma-bome ions. The flux of any
species in the chamber can be written as:
r =—
4

(3.51

where F is the flux in molecules/m^*s, n is the concentration (molecules/m^), and v is the
thermal velocity (m/s). By substituting Equation 2.20 for the thermal velocity into
Equation 3.5, the ratio of the ion to neutral flux, ^, becomes:

13.61
neutrals

V

n

JK ^ a }

The ion temperature at the reactor wall will lie somewhere between the neutral
temperature and the electron temperature, as required by the Bohm'' criterion. Assuming
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that Te=4 eV, then l<(TiyTn)"^<13. The ion density will likely be about IxlO' I/cm^ and
at ISO mTorr, the neutral density will be approximately 5x10*' l/cm^.'^° Using Equation
3.6, the maximum fraction of ions leaving the reactor will be approximately 10 parts per
million of the neutral species. Since the plasma sampling system only samples a total of
10 parts per million of the gas in the chamber, the partial pressure of the ions reaching the
gas analyzer will be approximately 1x10*'° times the chamber pressure, or at 100 mTorr,
IxlO"" Torr. For this spectrometer, this maximum estimate of the ion partial pressure is
near the noise limit, hence ions are not likely to be detected. Using this argument, it is
assumed that all of the species entering the mass spectrometer are neutrally charged
species that must be ionized in order to be detected.
As mentioned earlier, quantitative analysis is possible using mass spectrometry.
However, such analysis requires that cracking patterns (or fingerprints) are available for
all of the species entering the analyzer from the plasma chamber. It is generally not
possible to determine unique cracking patterns for reactive species that were generated in
the plasma. As such, the raw mass spectra will be used for qualitative evaluation of trends
occurring with the plasma chemistry.
3.2.3

Optical Emission Spectroscopy

Light emission is a characteristic feature of plasmas, the color of which can be used
to identify the type of processing gas that is used in the chamber. The emission of light is
due to an atom's or molecule's electron in an excited state decaying to a lower excited or
to a ground state. The excitation processes were mentioned briefly in Section 2.2. To
account for the energy loss in such a transition, an energetic photon is emitted whose
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wavelength is characteristic of the electron energy transition, according to the Bohr
equation:
e = hu

[3.7]

where s is the energy of the emitted photon (which is equal to the difference of the two
electron energy states), h is Plank's constant (h=6.6262x10"^'* J«s), and u is the classical
frequency.'^' The photon wavelength is related to the frequency by:
k =-

[3.8|

u
where X is the wavelength and c is the speed of light. If it is possible to collect the
plasma-emitted photons and identify the associated wavelengths, then it is possible to
calculate the energy transition and frequency of the photon emission. It is fortunate that
the energy transition of atomic species are discrete and unique, allowing for unique
spectroscopic identification of the emitting species. Although not used in this work,
photon absorbtion is another common technique for identifying species present in the
plasma. In this case, a photon source such as a tuned laser or an UV lamp is used to
selectively or collectively monitor species in the plasma, respectively. With the tuned
laser, the laser wavelength is tuned to a certain electron transition. The loss of laser signal
through the plasma is related to the concentration of the absorbing species. With the UV
lamp, numerous species are excited, and a monochromator is used to determine the
absorbance at distinct wavelengths. The advantage of tuned lasers over UV lamps is the
ability to readily perform spatially resolved experiments.
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In the present work, the plasma serves as the light emission source, and nonintrusive measurements of the light emission are measured with a spectrometer. The
spectrometer generally consists of three basic components: a light collection device, a
wavelength splitter, and a photometer. In its simplest form, the light collection device is a
steering mirror, the wavelength splitter is a prism, and the photometer is photographic
film or a photodiode. Straheim provides an excellent review of common light
spectrometer measurement techniques.'^* For the present work, an Optronics 740A
scanning monochromator was buih. A Im Optronics 730-7Q quartz fiber optic probe was
used for light collection along with 50 (im beam slits. The light was split with a 1200
grooves/mm grating which was controlled with an Optronics 740-1C wavelength
controller. The light intensity was detected with a Hamamatsu R3896 photomultiplier
tube and was measured with an Optronics 730A Radiometer. The wavelength controller
and the radiometer were both digitally controlled with a PC using a QBasic program.
This system has a 0.5 nm FWHM resolution.
A spatially resolved plasma emission collection system was built to collect light
from the plasma, as shown in Figure 3.13.'"^ Here, the plasma emission was sampled
through an aperture, was turned 45 degrees, was collimated with two lenses, and was
coupled to the optic fiber. It was found that with this system, a pencil of light could be
sampled where the divergence angle of the sampled beam, a, was approximately 0.5
degrees.
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(E)
Figure 3.13. Spatially resolved optical emission spectrometer. (A) Light collimating
system, (B) steering mirror, (C) collimating lenses, (D) quartz optic fiber, (E) emission
monochromator, (F), 1200 grooves/mm grating, and (G) photomultiplier tube.
Once the light is detected as a function of wavelength, it is possible to determine the
concentration of the originating species:

I = N jQan,/(e)edE

[3.9)

0

where I is the intensity, N is the concentration of the emitting species, Q is the quantum

yield of the excited species, cy is the electron impact excitation frequency, Xe) is the

119

electron energy distribution function, and e is the electron energy. In most cases, it is
convenient to compare the intensities of one species to another in order to determine
relative concentration profiles. This is commonly performed in fluorine

containing

plasmas by comparing a free fluorine emission peak to argon, which is introduced as the
.
I >4
actmometer gas.
N
=
N At

I
I

[3.10]

where K is a constant and in the case of CFVOi/Ar plasmas, is approximately 0.56.'^^
Note that this technique is useful for obtaining semi-quantitative trends for the
concentrations of certain species in plasmas as a function of position, time, and plasma
operating condition. Roberts discusses these issues with respect to the GEC cell in [156].
Recently. Malyshev and Donnely'^^ have shown using multiple rare gas optical
actinometry and known emission cross sections that it is possible to determine spatially
resolved electron temperatures in the plasma. Although their initial publication suggested
that the non-intrusive emission measurements did not agree with spatially resolved
Langmuir probe measurements, subsequent work revealed that they had neglected the
different residence times of their actinometric gases, and in fact, emission and probe
measurements agree very well.'^^
3.3 Particle Detection
The goal of the present work is to imderstand how particles and films form in
plasmas. In the previous section, methods for studying plasma chemistry were discussed.
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Presumably, this information will be important for determining what the chemical
precursors to particle and film nucleation are. The objective of this section is to introduce
techniques for measuring particles produced in plasmas. Commercially available particle
detectors used for in-situ particle monitoring on plasma chambers are typically applied in
the exhaust streams. Extensive studies of particle transport along with simple
mathematical scaling arguments based on the Cunningham slip condition indicate that the
exhaust stream is not always an ideal location to look for particles that form in low
pressure chambers. Moreover, a recent review indicates that often, the particle
measurements made in the exhaust of plasma chambers do not correlate with the surface
scan of particles that deposit on the wafer after the plasma is extinguished.

It was

concluded that in order to effectively detect particles in plasmas, the ideal location for the
particle detector is inside of the plasma, making it a true in-situ particle monitor. This
approach has the advantage that the particles are electrostatically confined to the bulk
plasma while the plasma is ignited, hence, there is a high probability of detecting the
particles. In this section, two laser-based methods for identifying particles in plasmas are
discussed.
3.3.1

Laser Light Scatter
Lasers are often employed in the study of particles, namely because the intense

beam of light can be scattered from sub-micron particles with easily measurable
intensities. Moreover, under certain conditions, it is possible to determine particle
concentrations, velocities, and size. The simplest case of the laser-particle detection
devices is based on laser light scatter. This technique is primarily used for particle
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visualization, but as will be discussed later, can also be used for concentration
measurements and particle velocity measurements.
An incident beam of light having intensity, line, that intersects a particle will
induce an electromagnetic field

in the particle. The strength of the induced

electromagnetic field is dependent upon the polarizability, a, of the particle. The induced
electromagnetic field will propagate radially outward firom the particle, having a scattered
intensity. Is, and is related to the incident beam intensity:'^"
Ij _,4sin'0

where ks = Iti/X, >.=A.c/nri>

•>

[3.111

is the incident beam wavelength, nn is the index of

refraction and equals unity in firee space, R is the distance from the center of the particle,
and 0 is the angle between the incident and scattered beam. The particle polarizability is
proportional to the particle size cubed, hence one arrives at the familiar relationship:

[3.121

Equation 3.12 introduces the major complication with laser based studies of small
particles: the scattered intensity varies as particle size to the sixth power, so that a drop in
particle size by 14 results in a 98% decrease in scattered intensity. It also suggests that by
moving to smaller wavelengths, it is possible to visualize smaller particles. In the present
work, individual particles having diameters on the order of 1 ^un are detectable. If the
particles have smaller diameters, they will not be detected individually unless they are
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present in sufficient concentrations such that multiple particles are simultaneously present
in the scattering volume. In this case. Equation 3.11 becomes:

I„

" V

P-"'

where N represents the number of particles in the scattered volume, V. In this case,
multiple particles positioned close together can scatter light, giving the appearance of one
larger particle. Herein lies the challenge with using laser light scattering techniques for
quantitative measurements; the scattered light intensity is a direct function of both
particle size and particle concentration. Note that the above equations are simplified in
that they do not account for the measurement capabilities of the imaging hardware.
For particle visualization, it is common to spread the laser beam throughout the
plasma reactor so as to maximize particle imaging capabilities. This can done either by
directly rastering the laser beam, or by dispersing the beam into a laser sheet with a
cylindrical lens. In this work, the latter technique is used. Various techniques can be used
to increase particle detection sensitivity. Shiratani et

discuss the use of polarizers to

allow for simultaneous measurements of particle size and concentration. Collins'®^
discusses the use of polarizers and/or wavelength monochromators to improve signal to
noise ratio.
The experimental setup, described here, is shown in Figure 3.14.
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Figure 3.14. Picture of the laser light scattering particle detection system employed on
the GEC plasma reactor.
The laser is generated with a Spectra-physics Model 127 60 mW He-Ne red laser, having
a beam diameter on the order of 1 mm. Steering mirrors and periscoping mirrors are used
to direct the laser beam into the GEC plasma cell. The scattered light from the particles is
detected with a Sony 3CCD video camera at 90 degrees from the incident laser beam. A
red wavelength filter is used to improve signal to noise and remove excess light from the
room and the plasma. The signal is processed with a Sony DXC-750 camera control unit
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and is recorded on a

SVHS editing station. An example of a particle cloud

suspended by the plasma and illuminated by the above system is given in Figure 3.15.

Figure 3.15. Laser light scatter of plasma-borne particles trapped in a GEC plasma cell.
In some cases, it is possible to determine the velocity resolved behavior for
particles in the plasma. The most direct application of this technique is used by the dusty
plasma community'^" where video recording equipment is used to collect a temporal
history of the particle behavior. The video is then digitized and the particle locations at
each frame are recorded. Knowing the frame advance speed during recording allows for
one to determine particle velocities. This is a very laborious technique and has
questionable accuracy with respect to modem day particle velocimeters, such as laser
Doppler velocimetry.'^^
3.3.2

In Situ Coherent Lidar
The use of laser scattering techniques on plasma chambers requires specially

designed chambers equipped with optical viewports placed at defined angles from each
other. In general, these special features are not readily available on existing plasma
equipment. It is more likely that the plasma reactor will have at least one window through
which laser measurements can be made. Such measurements are challenging to make
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because light scattered from the particles is often masked by laser light scattered from the
back of the chamber wall, as shown in Figure 3.16.
Reflection
from wall,
Particle

(D
Multiple
window
particle
detection

Laser

Single
window
particle
detection

Figure 3.16. Laser scatter particle detection using single window particle detection and
multiple window detection. Multiple window detection is the more popular of the two
techniques as it allows a clean view of the particle without interference from light
scattered from the chamber walls.
To address this challenge, Hobbs'^ has designed a laser scatter particle detection system
(In situ coherent lidar, or ISICL) which uses noise cancellation routines to block out
scattered light from the reactor walls and measures only light scattered from the particles.
The ISICL consists of three components: an optics head, control and signal processing
electronics, and a controlling computer. In the optics head, shown in Figure 3.17, a 100
mW 532 nm laser beam is sent to a beam splitter, where 98% of the beam is transmitted
and 2% of the beam is sampled as a reference. The transmitted beam is passed through a
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quarter wave plate, a focussing mirror (-400 mm focal length), and is then positioned
with a set of scanning mirrors. Control of the scanning mirrors allows for highly selective
spatial probing of the plasma chamber. If the laser beam intersects a particle, scattered
light will be present, some of which will be in the direction of the ISICL optics head. The
scattered signal is sent back through the optics head and is measured using differential
detection. The signals are mixed with the reference beam so that if a particle is detected
but is out of the focal region, the signal mixing with the reference beam will not yield a
substantial intensity. On the other hand, if a particle is in the focal region, its scattered
intensity will be collimated by the optics and when mixed with the reference beam, will
result in a significant signal intensity.

532 ntn
100 mW
laser

Retroreflector
Beam
splitter

Scan
mirrors
Particle

Wollaston
prism
Detectors

Chamber

Noise canceller jmd
signal processing

ISICL Optics Head
Figure 3.17. Schematic of the ISICL optics head.
The resulting signal from the scattered beam and the reference beam is a Doppler shift,
shovm in Figure 3.18, from which a particle velocity can be directly calculated: V=fd,
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where d is the fringe spacing which is a function of the light wavelength and f is the burst
frequency.

Velocity = 5.9 cm/s
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Figure 3.18. Particle burst detected with the ISICL.
Figure 3.19 shows the ISICL optics head with respect to the GEC plasma chamber.

Figure 3.19. ISICL optics head attached to the GEC plasma cell.
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As a demonstration of the capabilities of the ISICL, Figure 3.20 shows a false color
particle concentration contour plot of a r-z slice of particles trapped in the GEC plasma
cell. Note that the particles are predominantly trapped outside of the electrode-plasma
space.
Electrode I

Figure 3.20. ISICL false color contour plot of particles trapped in a GEC plasma cell.
In this work, the ISICL is used to study spatio-temporal evolution of particles in the
plasma. In addition, velocity resolved particle distributions will be discussed along with
the behavior of particles during dust-induced plasma instabilities.
3.4 Film Growth and Analysis
Films that deposit in plasmas can both be advantageous and disadvantageous
products of the plasma reaction. One of the goals of this work is to develop a processindependent understanding of how films nucleate in plasma chambers. To accomplish
this, films must be grown on removable samples, and then analyzed chemically. In this
section, experimental techniques used for sampling films are discussed, followed by the
various methods for chemically analyzing the films.
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3.4.1

Plasma immersed film deposition system
A probe system has been developed for inserting various sampling coupons into

the plasma without breaking chamber vacuum. The system consists of a linear feedthrough, a gate valve for separation from the plasma chamber, a probe, a probe
evacuation pump, and a vent valve, as shown in Figure 3.21.

probe

3-d Traverse
Linear feed
through

Probe
quick
release

Gate valve
T
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Figure 3,21. Schematic of the plasma immersed probe deposition system
At the end of the probe, two possible coupon attachment schemes were possible,
shovm in Figure 3.22. The first was a quartz cylindrical probe where a flat nickel coupon
(1/2 cm X 1/2 cm) was attached to the end. The second was a stainless steel puck which
screwed on to the end of the probe. A copper strap was used to attach the sample coupon
to the puck. Numerous sample coupons were used, including 99.9+% pure 0.125 mm
thick Nickel foil obtained from Aldrich, silicon wafers with 100 nm of thermally grown
silicon dioxide, and glass microslides covered with a gold deposited film.
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Figure 3.22. Sample coupon attachment schemes for the plasma immersed deposition
probe.
Once the sample coupon was exposed to the plasma, it was removed, and the system was
isolated from the GEC cell by closing the isolation gate valve. The system was then
vented to atmospheric pressure with pure Ni. A glove box was build to surround the
probe system so that the samples could be prepared for film analysis under a nitrogen
blanket.
3.4.2

X-ray Photoelectron Spectroscopy and AES Electron Spectroscopy
Films collected from

the plasma are analyzed with numerous diagnostic

techniques. Two of these techniques include XPS (x-ray photoelectron spectroscopy) and
AES (auger electron spectroscopy). Both techniques are surface analysis tools that are
sensitive to species present in concentrations of fractions of a monolayer. With XPS and
AES, a source (x-ray photons for XPS and an electron beam for AES) is used to eject
core electrons from atoms near the surface of a sample. When the core electrons are
ejected, outer shell electrons will decay to fill the vacancy. This energy transfer results in
the ejection of a second electron, or Auger electron, whose energy can be used, in
addition to the core electron, as a unique fingerprint for the initiating atom and to a
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limited extent, how that atom interacts with its neighbors. An excellent discussion of both
techniques has been written by Ertl and Kuppers'^^ and serves as the primary reference
for this section.
Auger electron spectroscopy is primarily used for atomic compositional analysis
of a sample by measuring Auger electrons. In this work, a Phi 15-110 single pass
cylindrical mirror analyzer (CMA) is used and is composed of three main components: an
electron gim and focussing optics, an energy analyzer, and a detector, as shown in Figure
3.23.
15-110 CMA

jj
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E
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Scanning e- gim

e" mult.
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Figure 3.23. Schematic of the Auger cylindrical mirror analyzer.
Within the analyzer is an electron gun and associated focussing optics. The
electron gun is typically operated at 2000 Volts and 1.5 mA. This system is equipped
with deflection plates so that the electron beam can be rastered and the sample can be
imaged. Either the absorbed current from the sample or the secondary electrons emitted
fi:om the sample can be used for imaging. The electrons which retum to the analyzer from
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the sample are analyzed with the single pass CMA. By varying the voltage on the CMA,
it is possible to filter out all electrons but those of a specified energy. The energy-selected
electrons are directed into an electron multiplier, which is typically operated at 500-600
Volts. The multiplied signal is measured at a collector, which is then phase matched to a
reference signal which corresponds to the pass energy of the analyzer. The resulting
signal is digitally captured with a PC, using software and signal conversion hardware
from RBD Enterprises.'^^ A sample Auger scan obtained from this analyzer is shown in
Figure 3.24, where a fluorocarbon film is deposited on a pure nickel substrate.
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Figure 3.24. Sample Auger spectra from a fluorocarbon film deposited on nickel.
Quantitative analysis can be very challenging with auger analysis. However,
simple models have been developed which can be used to give approximate estimates of
the film thickness:
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|i = exp(-z/zj

[3.141

where la is the intensity of the underlying substrate at any film thickness (z), and lo and Zq
correspond to a known intensity at the mean free path of the auger electrons at the surface
escape depth. Hence, if the film is much thicker than the surface escape depth, Zo, the
substrate electrons will not be observed. If the film thickness is small, then la ~ lo- The
intensities are taken as the peak to peak intensities for a given species such as those
shown in Figure 3.24. A major complication to performing quantitative analysis on films
is the fact that the electron beam may preferentially sputter out certain atoms in the
surface or film, which is especially the case in fluorocarbon films. As can be seen in
Figure 3.25, the fluorine in a fluorocarbon film

is sputtered out preferentially over

carbon, and as a result, the underlying substrate signal increases in time.
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Figure 3.25. Time resolved variation in the peak to peak intensities for a fluorocarbon
film on nickel. The auger electron beam preferentially sputters fluorine from the film.
In all auger scans reported in this work, the total time to perform one scan over the
energy range was approximately 49 seconds, and ten to twenty scans were performed for
each sample in order to maximize signal to noise by scan averaging.
X-ray photoelectron spectroscopy is in principle, very similar to auger electron
spectroscopy, except here, photons are used to excite and eject core electrons from atoms
in the sample. The energy of the core electrons serve as the basis for XPS analysis, hi the
simplest approximation, the energy of the emitted photoelectron will be equal to the
negative of the original orbital energy. The emitted electrons are energy filtered and
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measured with electron multipliers, and are used to "fingerprint" the composition of the
surface, represented in Figure 3.26.
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Figure 3.26. Example XPS spectra for a fluorocarbon film deposited on a nickel spectra.
All XPS core photoeiectron peaks are labeled. The remaining peaks are x-ray induced
auger electrons.
The distinguishing feature between Auger and XPS is that XPS primarily
measures the binding energy of the core photoelectrons, whereas AES measures the
kinetic energy of the auger electrons that are emitted in response to an outer shell electron
decaying to the core electron vacancy. Energy conservation requires that the energy of
the incident photons equal the sum of the binding energy and the kinetic energy:
~ ^binding

^kinctic

13.15]
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where hu corresponds to the x-ray energy. In this work, Mg Kai j x-rays are used (1253.6
eV). As observed in Figure 3.26, not all of the electrons that are emitted from the sample
are core photoelectron peaks, some are auger peaks. These electrons are emitted with
certain kinetic energies, but are measured as having energies corresponding to a binding
energy. To convert these peaks to kinetic energy. Equation 3.15 is used.
The binding energy of the core electrons in a sample varies up to a few eV based
on the properties of the atoms neighboring the initiating atom. Hence, chemical shifts in
the binding energy of a core electron reflect the binding structure of the core electron.
With respect to this work, the primary interest is how fluorine effects the core electrons
of carbon. Carbon shifts due to fluorine bonds are listed in Table 3.1.'^'
Table 3.1. Carbon-fluorine XPS binding energies
Component
C graphite
CHF
CF2
CF3

Binding Energy (eV)
284.5
289
292
293

In this work, a Phi 15-255G double pass cylindrical mirror analyzer is used to perform xray analysis. This analyzer also comes equipped with an electron gun and the ability to
analyze auger electrons, although this feature is not utilized in this work. X-rays are
generated with a magnesium source operated at 10 kV and 40 mA. Analyzer control and
signal processing is performed with RBD Enterprises analysis software.'^' In this work,
quantitative analysis is performed by subtracting out the background signal and then
determining the peak to background intensity. The peaks are then compared from sample
to sample in order to obtain relative changes in the film properties of each sample.
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The AES and XPS systems are mounted on the same bell jar, as shown in Figure
3.27. The samples, mounted on pucks as shown previously in Figure 3.22(B) are
transferred into the bell jar using a UHV subway system,^®' shown in Figure 3.28 onto a
sample carousel holder,'*^' shown in Figure 3.29. The subway system is designed to
accommodate multiple reactors and the samples from each reactor can be analyzed under
high vacuum conditions without exposure to atmospheric gases. The carousel holder has
been designed to hold the puck samples and employs a novel sample angular rotation
system so that the angle of the sample can be rotated with respect to the analyzer and the
x-ray beam. This feature is important for determining film thickness measurements with
XPS.
Specimen carousel
control

XPS double
pass CMA
anal>'zer

Figure 3.27. XPS/AES diagnostic chamber.
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Figure 3.28. Overhead view of the UHV subway system used for sample transfer into the
XPS/AES analyzer.

Figure 3.29. Puck sample carousel used inside of the XPS/AES diagnostic tool.
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3.4.3

Laser Ellipsometry
In order to measure the thickness of the deposited fluorocarbon films,

laser

ellipsometry is used. This technique uses Snell's law which says that the interference of
laser beams reflected from a film and surface is related to the films thickness and the
index of refiaction. A Gaertner Scientific Corporation Ellipsometer LI 15B with Gaertner
processing software is used for film thickness measurements in this work. Films are
deposited on 100 nm of silicon oxide thermally grown from polished silicon wafers.
3.4.4

Fourier Transform Infrared Spectroscopy
The chemical composition and bonding structure of deposited films

can be

obtained using Fourier Transform Infrared Spectroscopy. With this technique, an infrared
beam is used to excite the vibrational, stretching, wagging, etc. modes of the atoms and
molecules present on the surface of a sample. This technique is primarily used to confirm
the presence of hydrogen in the deposited films, as both XPS and AES are not capable of
measuring the presence of hydrogen. A Nicolet 550 FTIR, operated in single bounce
absorbance mode is used. Films are deposited on glass microslides coated with gold.
3.4.5

Field Emission Scanning Electron Microscopy
The morphological properties of both particles and films are evaluated with a

Hitachi Field Emission Scanning Electron Microscope (S-4500). This microscope has the
ability to work at low accelerating voltages, thus allowing for studies of insulating
samples. The films are studied directly on the deposited coupons without any further
preparation, whereas the particles had to be removed from the plasma. In the latter case.
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the plasma chamber was vented to atmosphere and opened for access. Methyl alcohol
was sprayed onto the surface of the powered electrode in order to lift any particles that
settled there. A substrate was rubbed against the wet electrode to collect any liquid
suspended particles.
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CHAPTER 4
Plasma Chemistry

Plasmas are used extensively for the manufacturing of microelectronic devices. In
typical applications, plasmas are used for anisotropic etching of a substrate, deposition of
material on a substrate, wafer cleaning, and chamber cleaning. One purpose of the plasma
is to transform the parent feed gas into primary precursors with which the above
operations may take place. However, the chemical reactions in the plasma are often not
limited to just those which are critical for the above operations; secondary reactions are
often associated with reactor fouling due to unintentional particle and film formation and
reduced product yields. In this chapter, homogeneous chemical reactions in a CF4 etch
plasma are identified which may initiate particle and film formation. The dependence of
these reactions on plasma operating conditions and H2, a process gas commonly used
with fluorocarbon gases to enhance etch anisotropy and selectivity, is elucidated.
Homogeneous and heterogeneous polymerization reactions have been identified
as being an important component of plasma chemistry.^^ In deposition plasmas, extensive
studies have revealed that the polymerized macromolecules are precursors to contaminant
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formation. Although relatively little work has been dedicated to understanding
macromolecule formation in etch plasmas, it has been suggested that they have a
significant role in reactor contamination, specifically through the buildup of films on the
reactor walls.Film buildup Is known to contribute to wafer contamination through
flaking and results in reactor downtime for cleaning and conditioning. Stoffels el al?^
have made a significant contribution to understanding macromolecule formation by
demonstrating with electron attachment mass spectrometry that macromolecules are
easily produced in fluorocarbon etch plasmas. The specific mechanisms by which these
species form in etch plasmas has yet to be revealed and is the focus of this chapter.
In certain cases, the formation of passivation films

in etch plasmas is

advantageous and necessary for highly anisotropic etching of silicon dioxide substrates. It
is reasonable to assume that the advantageous formation of passivation films on SiOo and
the buildup of films on reactor walls discussed previously may be mechanistically
related, even though there is no direct support for or against this claim in the literature.
Although previously discussed in Chapter 2, it may be useful to review the studies of film
growth on the surface of oxide substrates to help understand film growth mechanisms on
reactor walls. Many researchers have observed that the growth rate and composition of
films on the substrate directly correlate with locally high concentrations of low molecular
weight fluorocarbon radicals (CF*, x < 3) that are present in or near the plasma sheath.'^'"
It is often concluded that the CFx species are precursors to film formation, although it
remains unclear how these surface reactions initiate; CFx radicals will likely have a high
affinity for an existing fluorocarbon layer on the substrate, but it has been shown that
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these species have a low sticking coefficient on silicon dioxide.'''^ Hence, the CF* species
may be responsible for film growth, but it has not been directly shown that they are
precursors to film nucleation.
It was observed early on in the use of fluorocarbon etch plasmas that the addition
of various species (H2, O2) in the feed gas can lead to independent control of atomic
fluorine and the low molecular weight fluorocarbon radical concentration, thus allowing
independent control of the etch rate and the etch profile anisotropy. The hydrogen is
believed to lower the bulk atomic fluorine concentration in the plasma through the
formation of

and oxygen is thought to reduce the CFx concentration through the

formation of volatile carbonyl fluoride species.Moreover, it has been shown that if the
hydrogen concentration in the feed is increased beyond approximately 30%, the etch rate
drops dramatically.'^' It is suggested that due to F elimination through the formation of
HF, there is a higher flux of film precursor to the substrate than etchant, resulting in etchblocking film

formation over the entire substrate. It has also been shown that the

hydrogen may also play a role in converting any deposited fluorocarbons
hydrofluorocarbon films, which may be more resilient to fluorine

to

etch.'"*' Hence, the

addition of hydrogen is thought to serve two roles for passivation film formation: first,
HF formation allows film to grow at a rate comparable to or faster than it is etched with
atomic fluorine, and second, the hydrogen may convert the fluorocarbon film
resilient film.

to an etch

As will be discussed here, another effect of hydrogen may be the

homogeneous conversion of fluorocarbon radicals to hydrofluorocarbon radicals which
then subsequently deposit on chamber surfaces. It may be concluded from the passivation
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film studies that film formation on a plasma reactor wall may proceed with the addition
of low molecular fluorocarbon

radical species to the wall and that contaminant film

formation is an inevitable consequence of high performance oxide etching.
In contrast to the above posed mechanisms regarding film growth on substrates.
Fisher and coworkers''*^ have shown that the flux of low molecular weight radicals near
the reactor wall points away fi-om the reactor wall. Hence, the radicals near the wall must
be byproducts of surface reactions or sputtering rather than being precursors to film
growth. For this to occur, molecules must form in the plasma which contain CF*
groups. 146 These species must then diffuse out of the plasma, deposit on the walls, and
then dissociatively sputter back into the gas phase as CFx species. It is suspected that the
depositing species are macromolecules which form through homogeneous polymerization
of CFx radicals.
The basic goal of this chapter is to investigate the conditions under which and the
mechanisms by which CF4 may be converted into macromolecules or hydrofluorocarbon
species in a fluorocarbon etch plasma. In Chapter 5, the significance of macromolecule or
hydrofluorocarbon formation with respect to contaminant formation in etch reactors is
illustrated. This chapter contains numerous experimental and modeling techniques, which
are somewhat cumbersome to follow. As such, a "roadmap" for this chapter is given
which describes the techniques used to understand fluorocarbon plasma chemistry along
with the primary findings. In section 4.1, the propensity for macromolecules to form are
studied under simulated plasma conditions in a Fourier Transform Ion Cyclotron
Resonance Mass Spectrometer. The major finding

with this technique is that
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homogeneous formation of fluorocarbon macromolecuies is possible and appears to be
enhanced by the presence of H2O in the reactor. In section 4.2, the results of a mass
spectrometry study of plasma chemistry are presented. The primary finding of this study
is that homogeneous macromolecuie formation occurs in fluorocarbon plasmas, and the
production rate is enhanced by the presence of hydrogen. It is also shown that
hydrofluorocarbon species can form in the plasma and a negative correlation exists
between the production of hydrofluorocarbon species and macromolecuie species in the
plasma. In section 4.3, a thermodynamic model is presented as a first attempt to
interpreting the experimental results for macromolecuie formation and growth. Predictive
thermochemistry is used to develop thermodynamic properties for species that may be
present in the plasma but for which no data is available in the open literature. Atomic
hydrogen is found to thermodynamically drive the conversion of CF4 to large molecular
weight fluorocarbon and hydrofluorocarbon species. Calculations of the Gibb's free
energy gives rise to a set of thermodjoiamically probable macromolecular formation
mechanisms, namely through CF2 insertion reactions or CFs-radical recombination
reactions. Hydrogen is suspected to either increase the plasma CF2 concentration or
promote macromolecuie radical formation. In section 4.4, a plasma chemistry model is
used to further interpret the experimental results. The plasma chemistry model is found to
be in excellent qualitative agreement with the experimental results of section 4.2. Finally,
in section 4.5, the experiments and models are used to develop a probable chemical
reaction mechanism that results in macromolecuie formation or hydrofluorocarbon
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production in a CF4 plasma. These results will be used in chapter 5 to discuss
mechanisms for particle and film nucleation.
4.1 FTICRMS
Fourier transform ion cyclotron resonance mass spectrometry (FTICRMS or
FTMS) is used to investigate the propensity for and the conditions under which CF4 can
homogeneously react to form macromolecules. Note that this experiment does not use or
produce a plasma, but rather simulates ionic reactions which may occur in a plasma. As
described in Chapter 3, this system provides the ability to ionize a pulse of gas, trap the
ions, and then explore the reaction of the trapped ions in the presence of a challenge gas.
With CF4, for example, it is possible to form and trap CFs^ and then investigate how this
ion reacts in the presence of excess CF4. In this maimer, it is possible to investigate the
reactor conditions necessary for macromolecules to form. Recall that the investigations of
Stoffels, et

indicate that homogeneous growth is possible in fluorocarbon plasmas.

However, the numerous growth mechanisms suggested in the literature do not rule out the
possibility that the observed macromolecule species actually grew heterogeneously and
then were desorbed or sputtered into the gas phase. Hence, before investigating
macromolecule growth in a plasma, there is a need to demonstrate that homogeneous
growth of fluorocarbon

macromolecules is possible from CF4. As an added benefit,

FTMS will allow for a preliminary determination of the chemical pathways by which
these species grow.
Recall that with FTMS, the experiment proceeds as the following. Gas is pulsed
into an ultra high vacuum chamber and is subsequently exposed to ionizing electrons.
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The resulting ions are trapped between two electrodes in a cell, where positive ions are
trapped with a positive potentid, or negative ions are trapped with a negative potential.
The ions can be held indefinitely and can be exposed to other gases in order to examine
the potential for the trapped ions to react. An rf excitation pulse is chirped into the
trapping cell in order to excite the ions into cyclotron orbits. The orbiting ions induce a
current in a set of detection electrodes, which is measured in time. The time domain
signal is converted into the frequency domain, which relates inversely with the orbiting
ion mass.
Positive ion growth chemistry was investigated by exposing trapped ions to
background gases, to additional CF4, and to wet argon. The predominant ion that
originally trapped in the cell was CFs^. Only trace amounts of

and CF^ were

observed in the cell. This could be for three reasons: CFs^ is the predominant dissociative
ionization production of CF4, the gas exposure to the electron cloud near the electron gim
was too short to result in two dissociative ionization reactions, or that these ions are
highly reactive and form neutral products with surrounding species. None of the
attempted exposure conditions with additional injections of CF4 or wet argon resulted in
molecular growth of CFs"". In order to search the background for evidence of molecular
growth, CFs^ was ejected from the cell. This was performed by placing a rf current across
the excite electrodes at a frequency corresponding to the mass of CFs^ according to
Equation 3.4. The intensity of the isotope '^CFs^ remained constant during the ejection
process, thus verifying that the ejection process did not result in disruption of the ion
cloud. The ejection of CFs^ allowed the detection to be more sensitive to species present
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in small concentrations. As can be seen in Figure 4.1, the only indication of reaction of
is the presence of CFaO^ at 85 amu. It is presumed that the oxygen entered the
reactor in the form of water with an argon pulse. The remaining peaks were found to be
background pump oil.
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Figure 4.1. High resolution detection of low concentration species present after exposure
of CFa^ to Argon and CF4. No indication of growth is present. All of the remaining peaks
represent background pump oil.
It can be concluded that under the conditions tested, CFx positive ions are stable and do
not have a high propensity for molecular growth.
Molecular growth of negative ions was investigated in the same manner as the
positive ions except for one modification. Once the negative ions were trapped in the cell,
the potential between the trapping electrodes was changed to positive for a few tenths of
a microsecond. This served to remove electrons which were trapped in the cell with the
negative ions without also removing the negative ions. A background spectra for negative
ion detection with no gas pulse is shown in Figure 4.2. The peaks are attributed
predominantly to pump oil vapor present in the chamber.
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Figure 4.2. FTMS spectra of negative ions formed from
background of the chamber.
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A mass spectra of pure argon with negative ion detection is represented in Figure
4.3. The resulting peaks in this case come from material that was adsorbed onto the walls

of the chamber. Note that Ar* was ejected from the cell in order to determine what species
are present in low concentrations in the cell. If this ejection was not performed, Ar' would
dominate the signal in the cell and background species would not be detected. It is
important to recognize here that the peak at 70 amu is actually C3H2O2", not '^CFs'.
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Figure 4.3. Argon pulse with negative ion detection. Note that all peaks are fragments of
pump oil that was adsorbed onto the chamber walls.
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When CF4 is pulsed into the chamber and ionized, CF3' is the predominant product of
electron induced dissociative attachment of CF4 as shown in Figure 4.4.
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Figure 4.4. Negative ion detection from ionized CF4. CF3" is the predominant species
present in the cell. Water was estimated to be present in the reactor at <1 ppm, or
approximately 10"" to 10"'"Torr.
As with the positive ions, no molecular growth was observed when the negative ions
were exposed to species in the background or when additional CF4 was introduced to the
chamber. However, when the concentration of background water was intentionally
increased above background in the chamber, CF4 injections did result in molecular
growth of the trapped negative ions. A spectra of fluorocarbon anions is shown in Figure
4.5 where the water concentration was increased by also injecting wet argon (-10 ppm
H2O) along with an additional pulse of CF4.
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Figure 4.5. Growth reactions of negative ions appear to be enhanced in the presence of
low concentrations of water. The water concentration was estimated to be 10-100 ppm in
argon or about 10"^ Torr in the chamber immediately after the argon pulse.
The predominant peak at 235 amu has been identified as C4F9O", followed by C4F9O2'
(251 amu). Clearly, the presence of low concentrations of water can somehow initiate
fluorocarbon growth reactions. Note that some copper tubing was used in the argon gas
line, so the concentration of water entering the spectrometer may have been higher than
the reported 10 ppm. Also note that the same system was used for exposing CFx positive
ions to low concentrations of water as seen previously in Figure 4.1. Hence, it appears
that negative ions are more susceptible to growth reactions in the presence of water than
are positive ions.
For the fluorocarbon spectra shown in Figure 4.6, the water concentration in the
reactor was increased by continuously leaking water vapor into the vacuum chamber to
bring the pressure up to 2x10"^ Torr from 10"' Torr. Under these conditions, CF4 injection
with electron exposure results in the formation of negative ions with masses 595, 633,
and 683, which are consistent with C[iF2i04*. CnF2304*, and C12F25O4", respectively. The
disappearance of the CF3* peak indicates that the ion takes part in the growth reactions in
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the presence of water, and at moderate water concentrations, reacts completely to form
larger molecular weight species.
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Figure 4.6. Fluorocarbon growth reactions in the presence of 2x10"' Torr water in the
reactor. The fluorocarbon growth reactions appear to terminate around 12 carbons.
As observed in both Figure 4.5 and Figure 4.6, the dominant peaks all contain
oxygen. It is assumed that the oxygen enters the reactor in the form of water. It remains
unclear from these experiments if oxygen plays a direct role in initiating molecular
growth of the fluorocarbon species. This issue will be addressed in more detail in the
modeling efforts discussed later in this chapter.
Once the chamber was exposed to fluorocarbon species represented by Figures
4.5 and 4.6, a considerable concentration of these species were found to adsorb onto the
chamber walls. Subsequent gas pulsing, mechanical vibration, or pressure change in the
chamber resulted in the transfer of the sorbed species into the gas phase. Once in the gas
phase, these species could be ionized and analyzed with the FTMS cell. Shown in Figure
4.7 is a mass spectra of species that were transferred into the gas phase after the chamber
was mechanically vibrated by the opening and closing of a pneumatic gate valve, while

153

keeping the chamber pressure at -10"^ Torr. All of the species shown in Figure 4.7 have
been identified as fluorocarbon based molecules.
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Figure 4.7. FTMS spectra of species desorbed from the reactor wall after the chamber
has been exposed to fluorocarbon growth conditions (Figures 4.5 and 4.6).
Clearly, this background can have deleterious effects on further experimentation. Once
the reactor was observed to exhibit conditions as shown in Figure 4.7, the system was
baked out, returning the walls to a clean state. In the dirty-wall state, it was observed that
once the species were transferred to the gas phase, it took a considerable amount of time
for these species to either be pumped out of the reactor or to re-adsorb on the reactor
walls. It is estimated that the molecules should have pumped out of the reactor in
approximately 25 ms if the molecule did not stick to the wall. As shown in Figure 4.8, it
took on the order of 100 seconds for CsFnOs' to reach a background equilibrated value. It
can be concluded interactions with the wall (which caused the molecule to be present in
the reactor in the first place) are extremely important.
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Figure 4.8. Decay curve for C5F11O3" at 10 * Torr in the FTMS. This molecule was
initially removed from the chamber walls by mechanical vibration. The slow decay
compared with pumping speeds ftuther indicates that interactions of these species with
the chamber walls are important.
A preliminary siraunary reveals that fluorocarbon

macromolecules can form

homogeneously through negative ion-neutral reactions, as suggested by the plasma
experiments of Stoffels, et al?^ However, from the pure CF4 pulsing experiments,
molecular growth reactions do not appear to be initiated by CF3'.
CF3- + CF,

C,F; + (7 - x)F

(4.11

However, the experiments indicate that increased concentrations of water, or species
derived from water, allow growth reactions to proceed. It may be concluded that the
reactions occur through the production of radicals from CF4
CF^ +M->CF„ +(4-w)F + M

[4.2al
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or
CF, + M -• CF„ + (3 - w)F + MF

[4.2bl

which then participate in initiation reactions:
CFj" + CF„

•CjFj;, + (w - x)F

[4Jal

+ (w -Z)F

[4.3b|

followed by polymerization reactions:
C^F; + CF„ ^

where z < w < 4 and M is the concentration of water or a product derived from water in
the reaction chamber. It is also possible that the water may have induced radical
formation which recombined to form a larger molecular weight product. This molecule
would have to enter the ceil and participate in a charge transfer reaction in order to be
detected by the FTMS:
CF^ + CFy

•CjF^ -h(x + y -w)F

c,F„ +x-

• c^ f ; + x

[4.4a|

[4.4b]

Note that if CFw were a positive ion in reaction 4.3b, the resulting products would be
neutral due to ion recombination and would go undetected. If CFw were a negative ion,
reaction 4.3b would be inhibited by Coulombic repulsion. It is not possible to determine
with FTMS whether radical-radical recombination proceeds in a manner similar to
reaction 4.3b, as the product is uncharged and is not detectable. However, a charge
transfer reaction similar to Reaction 4.4b may allow for such reactions to be detected.
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4.2 Mass Spectrometry
The results in section 4.1 suggest that it is possible for ionic fragments of CF4 to
homogeneously react to form large molecular weight species. However, in order for
growth to occur, it was necessary to have high concentrations of water present in the
reactor. Although it is possible that comparable water concentrations are present in
industrial reactors, it is unlikely. Furthermore, the results of Stoffels et al?^ show that
macromolecules readily grow in fluorocarbon plasmas without the addition of water. It
can be concluded that the plasma itself may serve to initiate these reactions, possibly
through a similar mechanism as posed in Equations 4.2a and 4.2b where M is an electron
and the rate constant for radical production, k4.2a or Iq ^b, would be determined by the
electron temperature.
In order to elucidate the role that the plasma plays in macromolecular growth in a
CF4 plasma, species are sampled from the walls of a GEC plasma reactor with a dual

differentially pumped orifice sampling system and analyzed using residual gas analysis.
The results of such an approach must be interpreted with the understanding that
fluorocarbon plasmas do not typically exhibit spatially homogeneous properties. Hence,
measurements made at the wall or in the plasma afterglow do not necessarily reflect how
the compositions of various species are disbursed in the center of the plasma.
Electrostatic bias or plasma pulsing techniques are not used to extract negative ions from
the plasma, therefore reactions involving such species in the plasma are only measured if
neutral products are formed. Nonetheless, as long as macromolecules or any other species
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formed in the plasma can be detected in this fashion, a parametric analysis of variations
in power, pressure, and flowrate may reveal how the plasma influences CF4 conversion.
4.2.1

Mass Spectrometry Quantitative Analysis
One of the requisites for performing quantitative analysis with mass spectrometry

is the fingerprint or cracking pattern for each molecule entering the mass analyzer. In
general, it is not possible to know a priori what species enter the analyzer, or for that
matter, be able to isolate them and then obtain a mass spectra fingerprint. Moreover,
many of the species entering the reactor are radical species which can not be obtained in a
gas standard for calibration purposes. As such, the analyzer should only be used for
qualitative analysis. However, as will be seen in the following text, it is possible to
separate the small molecular weight fluorocarbon species (CiFx) from the large molecular
weight species (>1 carbon) by cold trapping the large species on the chamber wall. The
ability to cold trap the large molecular weight species is in direct agreement with the
observed adsorption of large molecular fluorocarbons on reactor walls as observed with
the FTMS in the previous section. After piunping away the small molecular weight
species, the walls can be heated, allowing for the large molecular weight species to re
enter the gas phase. The gas analyzer is then used to obtain a fingerprint for the
macromolecules.
A cracking pattern of CF4 with only background concentration of hydrogen (Xh2
< 60 ppm) in the reactor is depicted in Figure 4.9 at 400 mTorr total pressure and 7.6
seem CF4 gas flow. As expected, large molecular weight species are not formed in the
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RGA chamber. Also, recall that the RGA sampling system only samples approximately
10 ppm of the chamber gas, so the total RGA pressure is approximately 4x10"^ Torr.
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Figure 4.9. RGA cracking pattern of pure CF4 gas without a plasma.
Recall that from the literature review in Chapter 2, numerous studies suggested
that the presence of hydrogen influences the formation of films and particles in plasmas.
Naturally, as it is thought that macromolecules may be precursors to particle and film
formation, one should study the influence of hydrogen on macromolecule formation. In
Figure 4.10, a background RGA spectra of CF4 is shown with the molecular hydrogen
mole fraction, Xh2, equal to approximately 2%. The presence of hydrogen in the RGA
does not dramatically change the cracking pattern of CF4 as compared with Figure 4.9.
Moreover, while the plasma is off, macromolecules are not observed to form during mass
analysis.
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Figure 4.10. RGA cracking pattern of pure CF4 gas without a plasma, Xh2 ~ 2%.
However, when the plasma is ignited, conversion of CF4 to larger molecular weight
species is immediately evident as shown by Figure 4.11 at 400 mTorr, Xh2 < 60 ppm, 200
W, and 7.6 seem.
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Figure 4.11. RGA spectra for CF4 plasma with Xh2 < 60 ppm.
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If the hydrogen concentration is increased to Xh2~2% and the plasma is ignited,
the resulting mass spectra, shown in Figure 4.12, indicates that there is a high propensity
for forming large molecular weight species with increased concentrations of hydrogen.
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Figure 4.12. RGA spectra for CF4 plasma with Xh2 - 2%.
As expected, there is a dramatic increase in the HF concentration along with an increase
in the concentrations of large molecular weight species. The CFt concentration is not
observed to change substantially despite the variation in Xm- This is an important finding
in that since it has been proposed that CF2 is a precursor to particle and film formation
and particle and film formation depend on Xh2, so should the CF2 concentration.
The addition of higher mole fractions of hydrogen result in the formation of
hydrofluorocarbon species at the expense of the formation of macromolecules. It has
been suggested previously by Aydil and coworkers''*' ±at this may occur in plasmas.
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however, chemical mechanisms were not proposed. This issue will be addressed in more
detail later in this chapter.
Given a set of cracking patterns for all species entering the analyzer, it is possible
to determine from the results in Figure 4.12 what the concentrations of various species
were as they entered the analyzer from the reactor wall. Unfortunately, mass spectrometer
cracking patterns for all species formed in the plasma are not readily available. However,
as mentioned earlier, attempts were made to determine how much of the CiFy species in
the spectra were derived from electron induced cracking of CxFy species where x > 1.
Liquid nitrogen was used to cool the wall of the differentially pumped sampling chamber
between the analyzer and the plasma. The plasma was ignited to provide a source of high
molecular weight fluorocarbon species that were then adsorbed onto the cooled surface.
The valve between the cold chamber and the plasma chamber was shut in order to trap all
of the products from the plasma in the cooled chamber. The RGA then sampled from the
species present in the sampling chamber. The resulting mass spectra, shown in Figure
4.13, indicates that the large molecular weight products which were present in Figures
4.11 and 4.12 were preferentially removed from the gas phase by the cold walls, leaving
only the low molecular weight species.
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Figure 4.13. RGA spectra for species trapped in the plasma sampling chamber. The
chamber was initially filled with gases from a CF4 plasma with Xhi ~ 2%. The walls of
the sampling chamber were cooled with liquid nitrogen. Large molecular weight species
appear to preferentially trap on the cooled chamber walls with respect to the low
molecular weight species.
After evacuating the low molecular weight gas in the cold chamber to a pressure
of 10"^ Torr, the walls were wanned to room temperature (approximately 65 °C). The
large molecular weight species desorbed from the surface and were analyzed, as shown in
Figure 4.14.
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Figure 4.14. RGA spectra for species trapped in the plasma sampling chamber.

The presence of HF may be due to two reasons. First, HP may actually be present
on the cold reactor walls and enters the gas phase just as the large molecular weight
species do upon heating. It is also possible that the analyzer began to exhibit a high
background of hydrogen after considerable use, and this background may have reacted
with fluorine in the large molecular weight species to form HF. The presence of atomic
fluorine but the absence of CFs"^, CFz^, and CF^ indicates that carbon-fluorine bonds are
broken preferentially over carbon-carbon bonds in CxFy species despite the fact that the
C-F bond (5.5 eV) is stronger than the C-C bond (4.4 eV) in fluorocarbon

alkane

molecules. It is also possible that species larger than C4F7 were present in the system, and
when exposed to the ionizing electrons, split the molecule at a C-C bond in the middle of
the molecule rather than splitting off an end CF3 group. Furthermore, it can be concluded
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that the C|Fx species observed in Figures 4.11 and 4.12 likely did not originate from the
cracking of CxFy species, x>l. Therefore, it can be assimied that the number of carbon
atoms in a molecule that enters the analyzer from the plasma is preserved. This feature is
utilized to develop two conversion factors,

and

the conversion of CF4 to large

molecular weight fluorocarbon or to hydrofluorocarbon species, respectively. If the total
concentration of carbon containing species that enters and is measured by the analyzer is
Clot-

C„ =tcc,p. +i;iN-Cc,P,
w=o

N=2 x=0

14.51
y=I 2=0

then the conversions are given by
00

2N+2

JL_ *~-

and
^lot

[4.6]
^toi

where C, are the concentrations read directly from the gas analyzer, 0 < ^1,^2 ^ I, and
^1+^2 ^ 1. To illustrate, the partial pressure of various products sampled from the plasma
are plotted in Figure 4.15 and the respective mole fractions in Figure 4.16 as a function of
input mole fraction of H2 at a constant flowrate of 7.6 seem, 400 mTorr, and 200 W
forward rf power. The minimimi detectable mole fractions for CiFy, CxFy (x>2), and
CHzFy are on the order of 1x10"^, for plasma off conditions. Once the plasma is ignited,
the mole fractions change to 0.02, 0.01, and 0.002, respectively, without the addition of
any H2 above background levels. As the H2 concentration is increased, there appears to be
a dramatic change in the conversion of CF4 to CxFy or to CHzFy as illustrated in Figure
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4.17 using Equations 4.5 and 4.6. The data suggest that both the plasma (in agreement
with StofFels et al?^) and the presence of hydrogen affect the homogeneous conversion of
CF4 to other carbonaceous species. The concentration of measured CF2 appears to not
vary with Xh2.
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Figure 4.15. Variations in the plasma-induced conversion of CF4 with Xh2 at 7.6 seem,
400 mTorr, and 200 W plasma operating conditions.
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Figure 4.17. Variation in the CF4 conversion parameters as a function of Xh2 at 7.6 seem,
400 mTorr, and 200 W plasma operating conditions.
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4.2.2

Importance of Hydrogen
It has been shown that hydrogen can have a profound influence on the conversion

of CF4 to macromolecule fluorocarbon species. As mentioned earlier, the plasma also
influences macromolecule formation. In order to understand the effects of hydrogen and
the plasma, a full factorial design of experiments for CF4 conversion was conducted with
variations in pressure, power, flowrate, and H? concentration for the values listed in Table
4.1. A total of 720 experiments were performed for this study.

Table 4.1. Parameters explored with a full factorial DOE
Variable
Pressure (mTorr)
Power (W)
Flowrate (seem)
Xh2

Nodes
4
5
4
9

Range
100-400
0-200
7.6-30.5
5x10*'-0.5

The data obtained from each of the mass spectra includes the intensity of every mass in
the scan range. In order to regress the spectra and monitor the partial pressure of selected
peaks, a program was written, "RGA.for" which is found in Appendix A. The program
reads a list of experimental data files, opens each file, and then records the partial
pressures for the peaks of interest into a large storage file. A spreadsheet is then used to
calculate the fluorocarbon conversion parameters, Si and ^2 for each of the conditions
listed in Table 4.1. To present this data, the conversion parameters are plotted in contour
plots with the hydrogen mole fraction plotted on the abscissa, and the plasma operating
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conditions plotted on the ordinate. In Figures 4.18-20. the contour plots for power,
pressure, and flowrate, respectively are plotted. 4i is plotted in (A) of each figure, and ^
is plotted in (B) of each figure.
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Figure 4.18. Variation in 4i and ^2 with power and Xh2 at 400 mT and 30.5 seem.
Figures 4.18a and 4.18b depict how CF4 conversion varies with the log of the H2
mole fraction as a function of forward rf power at constant pressure (400 mTorr) and
flowrate (30.5 seem). It is readily observed that at low H2 input mole fractions (^i:
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logXH2 < -2 and

logXHi < -1), the CF4 conversion remains low and independent of

Xh2- Beyond the critical Xh2 values,

and ^2 both depend on Xh2, and are enhanced

with an increase in power.
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Figure 4.19. Variation in 4i and ^2 with pressure and Xh2 at 200 W and 7.6 seem.
Figures 4.19a and 4.19b depict how CF4 conversion varies with the log of the
mole fraction as a function of pressure at constant power (200 W) and flowrate (7.6
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seem). It is observed that at low H2 input mole fractions (4i: logXHz < -2 and §2: logXH2 <
-I), the CF4 conversion remains low and independent of Xh2- Beyond the critical Xh2
values, 4t and ^2 both depend on Xn2, and are enhanced with an increase in pressure.
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and ^2 with flowrate and Xh2 at 50 W and 400 mTorr.

Figures 4.20a and 4.20b depict how CF4 conversion varies with the log of the H2
mole fraction as a function of flowrate at constant power (50 W) and pressure (400
mTorr). Again, low H2 input mole fractions (4i: log Xh2 < -2 and

log Xh2 < -1), the
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CF4 conversion remains low and independent of Xh2- Beyond the critical Xh2 values,

and ^2 both depend on Xh2, and are enhanced with a decrease in flowrate.
The experimental results suggest that by adding H2 to the plasma, an excess of
10% of the CF4 feed gas may be converted in the plasma to large molecular weight
fluorocarbons or to hydrofluorocarbon species. It is interesting to note that the onset of
hydrofluorocarbon production in the plasma coincides with the Hi mole fraction where
oxide etch has previously been shown to stop.''"
With respect to the plasma, it is of interest to understand how the plasma
operating conditions affect the maximum hydrogen induced conversion of the CF4 parent
molecule to the other species. In Figures 4.21 and 4.22, the maximum measured
conversion of CF4 to macromolecular species,

is plotted in a contour plot of power

versus pressure at constant flowrate (7.6 seem and 30.5 seem, respectively).
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Figure 4.21. Maximum observed 4i with variations in power and pressure at constant
flowrate (7.6 seem).

172

As suggested earlier, increases in either power or pressure enhance the maximum
conversion of the parent CF4 molecule to macromolecules. Figure 4.22 represents the
same analysis, but at a higher flowrate.
200
0.0(

0.08

180 ^

O.IO

O.IZ

0.04
0.06

160 1

0.08,

O.IO

^ 140
0.04

0.08.

0.06.

120

a.

0.06,

"0.04,
100 •

0.02"

0.04

0.02

0.02
100

150

200

250

300

0.02

350

400

Pressure (mTorr)
Figure 4.22. Maximum observed
flowrate (30.5 seem).

with variations in power and pressure at constant

Although the qualitative behavior of variation with power and pressure remains
the same, increased flow results in a decrease in the absolute conversion. One might
conclude, then, that increased power serves to generate more reactant from which
macromolecules can form, increased pressure serves to both lengthen the residence time
of the species in the chamber and increases the collision frequency,
flowrate serves to increase the residence time.

and decreased
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It is important to recognize that the pattern observed with macromolecuie
formation: increased conversion with increased pressure, power, and decreased flowrate,
is consistent with what has been observed in the literature for particle and film formation
in fluorocarbon

plasmas as discussed in Chapter 2. Chapter 5 is devoted to further

understanding particle and film nucleation and to showing direct experimental evidence
that the formation of particles and fihns is directly related to macromolecuie formation in
the plasma.
4.2.3

Summary of Plasma Induced Fluorocarbon Conversion
The experimental results of plasma induced fluorocarbon conversion reveal two

features regarding macromolecular growth. First, as demonstrated previously by Stoffels
et al.^^ the plasma itself is observed to initiate production of CxFy species.
Macromolecular production is further enhanced by adding a source of hydrogen into the
system, and is maximized when the input mole fraction of Ht is between 0.01 and 0.1. If
the H2 mole fraction is increased beyond O.I, the CxFy concentration dramatically
decreases along with an increase of CHxFy species. One may conclude that the formation
rates of large molecular weight fluorocarbons

and hydrofluorocarbon species

competitively depend on hydrogen added to the feed gas.
At this point, it is worth revisiting the experiments that were performed with the
FTMS. In that work, it was found that water was important for fluorocarbon growth, and
due to the fact that oxygen was incorporated in the final molecular growth products, it
was proposed that oxygen may have an important influence on growth. In light of the
plasma chemistry experiments, it may be proposed that hydrogen is actually the
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important species which influenced macromolecule growth in the FTMS experiments,
and oxygen was not a critical component. To investigate this issue in more detail,
predictive thermodynamics and a plasma chemistry model are used to interpret the
experimental results and to determine how both macromolecules and hydrofluorocarbon
species grow in the plasma and how they compete for hydrogen.
4.3 Thermodynamics Model
As suggested by the previous experiments, it is possible that both hydrogen and/or
oxygen may contribute to macromolecule formation. To challenge this, an equilibrium
thermodynamic model is presented and is used to evaluate the experimental results
presented in section 4.2 which suggest that hydrogen added to a CF4 plasma will give rise
to enhanced formation of macromolecules and hydrofluorocarbon species. The model
uses Lagrange's method of undetermined multipliers to minimize the Gibb's free energy
for multiple reactions and to determine the equilibrium concentrations of products in a
reactor (described in Appendix B). The goal of this model is to (1) determine whether
equilibrium conditions exist for which macromolecule growth is possible, and (2)
determine what species (hydrogen or oxygen) influence macromolecule formation. It is
recognized from the outset that a thermodynamic analysis has limited applicability for
studying plasma chemistry. However, it is also recognized that equilibrium
thermodynamics can, at the very least, give insight into how chemical reactions in a
plasma reactor might respond to changes in reactor operating conditions.
The thermodynamic properties of many small molecular weight fluorocarbon and
hydrofluorocarbon species are readily available in thermodynamic reference books
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published by the National Institute of Standards and Technology.'^' When literatiire
values were unavailable, the properties were estimated with bond additivity and group
additivity averaged over structural isomers."^ The estimated thermodynamic properties
are given in detail in Appendix B for fluorocarbon, hydrofluorocarbon, and oxygenated
fluorocarbon species containing up to eight carbon atoms.
The model assumes an arbitrary closed reactor where an initial concentration of
CF4 and hydrogen are allowed to react out to equilibrium at room temperature. In Figure
4.23, the equilibrium conversion of CF^ to other species is predicted as a fimction of
initial atomic hydrogen mole fraction at 400 mTorr.
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Figure 4.23. Predicted equilibrium mole fraction of species formed from CF4 and atomic
hydrogen at 400 mTorr and 300 K.
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The thermodynamic predictions shown here are remarkably similar to the
experimental observations, shown in Figure 4.16, where added hydrogen to a CF4 plasma
results first in the formation of macromolecular species followed by conversion of CF4 to
hydrofluorocarbon species at the expense of the macromolecule production. The model
also suggests macromolecule formation is maximized around atomic hydrogen mole
fractions of Xh~IO"*. In the plasma chemistry experiments, it was found that the
macromolecule formation was maximized at Xh2 ~ 0.05. It was not possible in the plasma
experiments to determine the extent of dissociation of molecular hydrogen to atomic
hydrogen, but it is completely possible that only a fraction of the hydrogen was
dissociated and participated in fluorocarbon growth reactions, which would bring the
experiments and model into excellent quantitative agreement.
The thermodynamic results suggest, as do the experiments, that hydrogen
influences macromolecule formation. The remaining question to answer is why this
occurs. Continuing with thermodynamic arguments, the Gibb's free energy at room
temperature, calculated from the predicted values of enthalpy and entropy in Appendix B,
is evaluated for numerous reactions which could potentially result in macromolecule
formation. A candidate macromolecule formation mechanism includes CF? insertion into
a parent fluorocarbon alkane or alkene species:
Cn^2N+2 +CF2

^Np2N ^CF,

[4'7]

FIJN+I)

14.81
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Figure 4.24 depicts the change in the Gibb's free energy from N carbons to one carbon as
a function of the number of carbon atoms in the fluorocarbon molecule; at N=l,
AGi

AGn-

will be equal to zero.
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Figure 4.24. Predicted change in the Gibb's free energy for CF2 insertion reactions to
form macromolecules.
The negative slope in Figure 4.24 indicates that it is thermodynamically favorable for CF2
insertion reactions to proceed. However, if CF3 is considered as the propagating reactant
through a fluorine atom elimination step:
-hCF3 — ^^N+1^2(N+l)+2

^N^2N

^^3

F

14.91

[4.101
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the reaction is likely not to proceed as the change in the Gibbs energy is positive for all N
as shown in Figure 4.25.
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Figure 4.25. Predicted change in the Gibb's free energy for CF3 reactions with F
elimination to form macromolecules.
Plumb and Ryan'^^ proposed that hydrogen in plasmas serves to form HF through HF
elimination reactions with fluorocarbon species:
H + CF,
C
^ N *F2N+2 +CF
^ 2

fCF, +HF
'^ N+I 'F• 2(N-t-I)+2

[4.111

Reaction 4.11 indicates that an increase in the hydrogen concentration can result in an
increase in the CF2 concentration in the plasma. Again assuming that CF2 insertion is
responsible for macromolecule formation, but with hydrogen assistance, one finds that
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for the two step process, macromolecule growth is highly favorable thermodynamically,
as shown in Figure 4.26.
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Figure 4.26. Predicted change in the Gibb's free energy for CF2 insertion reactions where
CF2 is formed through HF elimination reactions from cf3.

If hydrogen is introduced into the system as chf3, thermodynamic equilibrium predicts
that reaction of chf3 with a fluorocarbon species is not likely to form a larger molecular
weight fluorocarbon molecule, as shown in Figure 4.27. By comparing the mechanisms
posed for Figure 4.26 and Figure 4.27, it can be concluded that the following mechanism
is not likely to contribute to macromolecule formation:
CF3 +H^N^2N+2 +CF3H

-•CFjH
2(N+t)+2

HF

[4.121
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Figure 4.27. Predicted change in the Gibb's free energy for chf3 reaction with a parent

molecule to form a macromolecuie and HF.
Similar to Reaction 4.11, it is possible for hydrogen atoms to react with the larger
molecular weight species to form large molecular weight radicals. This radical could
then recombine with cf3 to form a larger molecular weight species:
^N^2N+2

^

^^N^2N+l
2N+1 + HF

[4.131

N+I* 2(N+l)+2

In this case, the total change in the Gibb's energy is identical to that shown in Figure
4.26. Hence, one may conclude that the reaction processes suggested in Reactions 4.12
and 4.13 are thermodynamically favorable, and may be the hydrogen induced pathways
by which macromolecules form.
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The FTMS results showed that oxygen was present in the final molecular growth
products, and it is of concern whether or not oxygen enhances the growth process. In the
presence of water or oxygen, it is thermodynamically favorable for oxygen to be
incorporated into the fluorocarbon reactant:
+ H,0

+ HF

+O
If oxygen in the fluorocarbon

= -52kJ/moI

[4.141

AG^ = -382kJ / mol

molecule assists thermodynamic growth, then it is

suspected that the change in the Gibb's free energy will have a more negative slope with
CF2 insertion or cf3 reaction with F elimination than in the oxygen-free case.
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Figure 4.28. Change in the Gibb's free

containing fluorocarbon species.

energy due to CFj insertion into oxygen
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As observed in Figures 4.28, it is thermodynamically favorable for CF2 insertion
reactions to occur with an oxygen bearing fluorocarbon species, however, there appears
to be no enhancement over growth in an oxygen free system. With CF3 reaction and F
elimination with an oxygen bearing molecule. Figure 4.29, thermodynamic arguments
suggest that macromolecule formation will not occur and that oxygen does not enhance
growth.
C„F^O + CF3 = C„,,F^,,0 + F i
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Figure 4.29. Change in the Gibb's free energy due to CF2 insertion into oxygen
containing fluorocarbon species.

In summary, the thermodynamics models used here suggest that atomic hydrogen
enhances molecular growth reactions, and that the hydrogen must be liberated from any
hydrogen bearing species before it is effective. The plasma may serve to liberate atomic
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hydrogen which may then participate in initiating growth reactions. It appears that the
growth mechanism may occur either by CF2 insertion reactions or cf3 recombination
reactions with a radiceil formed from a large fluorocarbon. It is concluded that hydrogen
may influence these reactions through breakdown of cf3 present in the plasma to CF2
with HF elimination, or by forming radicals from the fluorocarbon macromolecule, also
through HF elimination. Thermodynamically, these mechanisms are indistinguishable.
Finally, it has been shown that if present, oxygen will readily react with fluorocarbon
molecules. However, it has been shown that oxygen adds no enhancement for molecular
growth reactions.
4.4 Kinetics Model

In order to more fully understand the mechanisms by which cf4 might convert to
macromolecules or to hydrofluorocarbon species, a Chemkin III plasma reaction model,
Aurora, is used. The model has been developed at Sandia National Laboratories and is
commercially available from Reaction Design, Inc.'^^ Aurora assumes the plasma to be a
well-stirred tank reactor and requires inputs regarding the reactor material properties,
volume, surface area, pressure, gas flowrate, and plasma operating parameters, as shown
in Figure 4.30.
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Figure 4.30. Schematic of the Aurora well-stirred tank plasma reactor.

In Figure 4.30, m* represents the mass flowrate. Tin is the temperature of the input gas,
nk,in and hk,in are the gas density and heat transfer coefficients for the

inlet species, V is

the volume, T is the gas residence time, T is the reactor temperature, Te is the electron
temperature, nk is the gas density of the k"^ species in the reactor, P is the reactor
pressure, m is the flowrate out which does not necessarily equal m*, Qsource is the
heat/power input into the reactor, and Qioss is the energy loss term to the reactor walls.
4.4.1

Mass Conservation

The plasma chemistry model solves the mass and energy conservation equation to
determine steady state concentrations of species in the reactor. A simplified development
of the governing equations is given here, the details of which are found in [174]. By
employing a well-stirred tank reactor, the plasma is essentially being treated as a black
box where spatial and temporal variations are ignored. The products of the black box, or
those species that leave the plasma and are present at the outlet should compare directly
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with the experimental chemical measurements, where species must leave the plasma to be
measured at the reactor wall.
A mass conservation can be written for the reactor in Figure 4.30:

dt

= m *-rh + sA

[4.15]

where m is the mass flow rate in(*) and out of the reactor, p is the total mass density,
and s is the surface production rate (or negative accumulation rate) of species in the
reactor. The left hand side is expanded using an ideal gas equation of state, assuming that
the total molecular weight and the temperature of the reactor may have time variations,
although the volume is constant. The total time derivative becomes:

rii = m* +sA + pV

f dt

1 dW^
W dt

[4.161

where T represents the mixed average temperature of a multi-species reactor and
W represents the mean molecular weight of the species in the plasma. Equation 4.16
holds for the entire reactor, but a mass conservation equation can be written for each
species:

^ = - ( Y : - Y J + ^ ^ + S,
dt
T
p
where

is the mass fraction of the

species, T

(4.171

=pV/ rh is a residence time based on

flow, Wk is the molecular weight of the k*** species, cok is the gas phase production rate of
k, and S represents the net production rate of the k"* species from the surface.
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4.4.2

Residence Time

One must stop and regress to consider the applicability of a characteristic residence time
based on flow to a plasma reactor. Tracer experiments with the GEC plasma chamber
indicate that while the plasma is off, the chamber resembles a CSTR (continuously stirred
tank reactor) Figure 4.31, and the exponential decay of the tracer is consistent with a
calculated flow-based residence time, as observed in Figure 4.32.
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Figure 4.31. Tracer experiments in the plasma chamber with the plasma extinguished
indicates that the chamber responds like a CSTR.
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Figure 4.32. Experimental residence time assuming a CSTR reactor compared with a
calculated CSTR residence time.

It is recognized that although the chamber appears to respond similar to a CSTR during
tracer experiments, the plasma itself may not be a CSTR. A simple confirmation of this is
shown with spatially resolved optical emission spectrometry. In Figure 4.33, a
characteristic spatially resolved chlorine intensity (arbitrary units) contour plot is
presented and measured firom a CCl2F2/Ar plasma. The ordinate of the plot is the axial
distance above the powered electrode, and the abscissa represents the distance from the
center of the electrode (at the far right of the plot) to the radial edge of the electrode (at
the far left of the plot). Clearly, the plasma is not uniform, and appears to have the
highest intensity near the surface of the electrode at the Debye sheath. This feature must
be kept in mind when discussing the chemistry model which assumes that the plasma is
well-stirred. Moreover, the discrepancy between the reactor and the description of the
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reactor in the model may be important in explaining quantitative differences between the
two.
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Figure 4.33. Iso-intensity spatially resolved contour plot of atomic chlorine in a
CChFi/Ar plasma. The figure indicates that the plasma is not a spatially uniform reactor.

4.4.3

Energy Conservation

Invoking the approximation (and recognizing the impacts of the approximation)
that a CSTR model applies for this system, one now formulates the energy conservation
equation:
dU

^= m £ Y ; h : - m X Y ^ h , - Q ^ + Q _ ,
Clt

lc=I

k=l

(4.18|
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where Usys is the total internal energy of the system. The first and second terms on the
right hand side represent the total energy entering and leaving the system, respectively,
with the k'*' species, where there are a total of Kg species in the gas. The third and fourth
terms represent the energy lost and produced at the reactor walls, respectively. An
important feature of the plasma that was introduced in chapter 2 was that this system is
not in thermal equilibrium with respect to the species present in the plasma; the electrons
and the neutral gas species exhibit markedly different temperatures. As such. Equation
4.18 must be modified to account for the fact that the different species will influence the
energy transfer in the system in different ways. More specifically, the source term, Qsource,
is defined as the energy that is deposited into the electrons, Q'source, and into the
formation and heating of ions, Qions- The energy deposited into the electrons can be
determined by an electron energy balance equation:
|-(p.VuJ=raY;h; -mYA +ci,.W,h.V + S,A-Q?5 -Q^; +Q_,f4.19|
at
where the subscript e represents electrons, Ue is the internal energy of the electrons, (d^ is
the rate of electron creation and loss in the gas phase,

represents the loss of electrons

to the wall, and Qioss is the energy loss due to elastic and inelastic collisions of electrons
with other species present in the plasma. By combining Equations 4.18 and 4.19 and
invoking the usual substitutions with energy balances, one finally arrives at:
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pvfcp(i-Yj^+i^^^]=m |;Y:(h: - h j
Clt Wc
dt J
itsi
V ^
^ «e

201

- V SKCO.W, -<b,W,Vh. -SA-Q,„ +QS;-^
k=I,«e

where Cp is the mean gas specific heat excluding electrons and R is the universal gas
constant. A Maxwellian electron distribution function is assumed in the model. In the
model, the flux and energy of ions to the reactor walls are adjusted by the Bohm
criterion."* Note that an important feature of this plasma model is that in Equation 4.20,
both the electron temperature and the neutral temperature are solved for, which are
important for defining electron and neutral based reaction rate coefiBcients. A damped
Newton method is used to obtain a steady state solution to the mass and energy balance
equations. For this approach, initial guesses of the species concentrations and
temperatures are required in order to converge to a solution. When the initial guesses are
off, a false time step iteration is used in order to obtain better initial guesses. The false
time stepping procedure attempts to solve the transient conservation equations with a
backward Euler scheme. The transient equation is iterated until the solution reaches a
prescribed tolerance, at which time the program attempts to again solve the steady-state
problem using the transient solution as input.
4.4.4

Kinetic parameters

A reaction data set has been assembled for the species listed in Table 4.2 to model
CF4 conversion in plasmas and is presented in Table 4.3. The program requires
thermodynamic properties for all of the species present in the reactor, as well as kinetic
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information. This information is found in Appendix C in Chemkin III format, along with
a complete description of the operational procedures of the Chemkin III code. When
thermodynamic data was not available in the literature, estimations from Appendix B
were used.

Table 4.2 Modeled species

Feed Gas
CFx
CHFx
CiFx
CnFx N>2
Others
Ions

CF4, H2
cf3, cf2, CF, C
chf3, chf2, CHF, CH, CHFa, CH2F2, ch2f, ch3f
C2F6, C2F5
C3F8, c3f7, c4f10, c4f9, C5Fi2
E, F, H, HF
CF3^ CF2", CF% C*, F

All of the reaction rates are written in the modified Arrhenius form:
JE.
[4.211

where T is the temperature in K, A is the pre-exponential constant in molecule cm^/s, and
Ea/R is the activation energy in K. Pressure dependent 3-body recombination reactions
are estimated using the Lindemann form:

k= k

ko[M]

[4.221

where ko and koo are the low and high pressure reaction rates as predicted with equation
4.21 and [M] is the concentration of the third body. When possible, the reaction rates for
electron induced dissociation reactions are predicted using

recommended
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electron impact cross-sections, a, and assuming a Maxwellian electron distribution about
an average electron temperature, Te:

where me is the electron mass, k is Bolt23nann's constant, and s is a dummy variable of
integration and has units of energy. Predicted rate coefficients are plotted against the
average electron energy and then fit with a modified Arrhenius expression (Equation
4.21). Momentum transfer reaction cross sections for electron reactions are assumed to be
IX10"'^ cm" for all species.
Electron-induced reaction rates are calculated with the electron temperature, Te.
All other homogeneous reaction rates are determined with the neutral gas or ion
temperature. The neutral and ion temperatures are assumed to be equal in the gas phase
and are determined along with the electron temperature through iterative solution of the
plasma mass and energy conservation equations (Equations 4.17 and 4.20). In real
plasmas, negative ions are typically trapped in the plasma. The model accounts for this by
allowing neutralization reactions to be the only loss mechanism for negative ions, hence,
=0.

An important feature included in the modeled chemical reaction set is the ability
to predict molecular growth through polymerization reactions with CF2 or cf3.
Consideration of this growth process is a direct result of the thermodynamic model in
Section 4.3.
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C„ F. + CF^

C

F,

[4.241

where z = (x+y) < 2N+4. Except for a few cases where N=1 and y=2 or 3, reaction rate
data is not readily available in the literature for homogeneous propagation reactions. For
those cases where N>1, the N=1 reaction rates are used'^^ with conservative adjustment
as an approximation.
In addition to CFx recombination, H recombination with fluorocarbon radicals
allows for the production of hydrofluorocarbon species. The rates for these reactions are
estimated using H-stabilization reaction rates.''' For this model, only alkane chemistry is
evaluated, although one may argue that alkene species will also be present. Finally,
negative attachment to perfluoroalkanes is not investigated, although this also will be
important. An important chemical reaction that is not considered is gas phase HF
formation:
H -H F

> HF

[4.251

This reaction has been ignored because it is a 3-body reaction, and it is assumed that the
reactivity of atomic hydrogen and atomic fluorine with the third mody will prevent direct
HF recombination.
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Table 4.3 Reaction rate data
Dissociative Ionization

1.
2.
J.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.

Reaction
e -i" CF4 —> CF3^+ F + 2e
e-+CF4^CF2^+2F + 2ee- + CF4 —> CF^ + 3F + 2ee-+CF4->C^+4F + 2ee-+CF3-^CF2^+F + 2ee-^-CF3^C^ + 2F + 2ee- -f- CF2 —> CF^ + F + 2e'
e + C2F6 —^ CF3^ + CF3 + 2e
e- + C2F6 —> CF^ + CF3 + 2F + 2ee + C2F6 —> CF2^ + CF3 + F 2e
e- + C3F8 —> CF3^ + C2F5 + 26*
e + C3F8 —> CF^ + C2F5 + 2F + 2e'
e + CHF3 -* CF3^ + H + 2ee" + CHF3
CF2^ + HF + 2ee- + CHF3
CF^ + HF + F + 2e-

A (cm^/s)
2.9x10"''
1.54x10-*
1.94x10"*
1.73x10"*
2.68x10"*
2.21x10"*
2.96x10*
6.87x10"*
1.3x10"*
8.9x10"'
2.76x10-*
2.60x10*
7.03x10"*
2.61x10"'
2.00x10"*

3
1.35
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Ea/R(K)
1.57x10=
2.851x10^
4.008x10=
4.584x10=
2.009x10=
2.543x10=
1.801x10=
1.674x10=
2.351x10=
2.759x10^
2.400x10=
3.324x10^
2.418x10^
1.606x10^
2.520x10^

Notes
[1]
[2]
[2]
[2]
[21
[2]
[21
[3]
[31
[3]
[41
[4]
[51
[51
[51

A (cmVs)
TO"
3.72x10
-10
1.30x10
9.43x10 10
9.20x10 -9
-8
2.1x10
9.00x10"'
9.09x10
9.00x10
9.00x10
-12
9.40x10
,-9
4.68x10
,-io
3.25x10
-9
4.01x10
-10
4.29x10
-8
1.07x10

p
0

EJR (K)

Notes

e' Dissociation
Reaction

16.

17.
18.

19.
20.
21.
22.

23.
24.
25.
26.

27.
28.

29.
30.

e- + CF4 - • CF + 3F + e
e- + cf4 - CF2 + 2F + e
e- + cf4 • • CF3 + F + e'
e- + CF3 - • CF + 2F + ee- + CF3 • • CF2 + F + e'
e- + CF2 • CF + F + e"
C + F + e"
e- + CF
2CF3 + e
e- + C2F6
e- + C2F5 —> CF3 + CF2 + e
e- + H2 -> 2H + e"
e- + CHF3 —> CF3 + H + e
e- + CHF3 —> CHF2 + F + e
e- + CHF3 —• CF2 HF + e
e- + CHF3
CHF + 2F + e"
e- + chf3 ^ CF + HF + F + e*

0
0
3.07x10--0.263
4.02x10--0.83
-0.33
-0.33
2.38
0

0
0
0
0

3.295x10^
2.038x10^'
1.937x10^'
8.312x10^
5.374x10^
4.803x10'
7.494x10
8.173x10
8.173x10'*
9.470x10^
2.283x10=
2.283x10^
3.346x10^
5.549x10=
2.351x10=

[2]
[2]
[2]
[1]
[1]

[1]
[1]

[l],a
[1]

[1]
[5]
[5]
[5]
[5]
[5]
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Ionization
Reaction

31.
32.
33.
34.

e- + CF3 -> CF3* + 2e"
e- + CF2 —^ CF2 + 2e
e- + CF
CF^ + 2e"
e- + C -> C" + 2e"

A (cm^/s)
1.11x10""
1.28x10"®
9.00x10"'
1.50x10"®

(3

0
0
0.544
0.575

Notes
EJR(K)
1.171x10''
[2]
1.376x10^
[2]
1.580x10'
[1]
1.355x10^
[I]

e' Dissociative Attachment
Reaction

35.
36
37.
38.

e- + CF4 —> CF3 + F"
e- + C2F6 —> C2F5 + F
e- + CsFg —• C3F7 + P
e- + C4F10 —> C4F9 + F

A (cmVs)
2.03x10"''
4.70x10®
2.84x10"®
2.84x10"®

-2.367
0
0
0

A (cm''/s)
5.00x10"*
5.00X10'®
5.00x10"®

^
0
0
0

A (cm^/s)
1.83x10"^
9.13x10""
3.32x10"'°
3.32x10"'°
1.66x10"'
1.66x10"'
1.66x10"'
1.33x10"'°
2.47x10"'°
3.32x10"'°
9.58x10"'®
5.51x10""
1.495x10"'°
2.989x10"
9.13x10"^'
7.257x10"®

3

Ea/R(K)

0
0
0
0
0
0
0
0
-0.11
0
1.35
0
0
0
2.42
-0.746

2.243x10''
0
2.482x10^
2.482x10^
1.509x10^^
1.509x10-^
1.509x10"^
2.027x10'*
5.080x10'
0
9.003x10^
5.540x10^
9.305x10^
4.728x10^
-2.112x102.193x10^

3

Ea/R(K)

1.656x10=
1.394x10^
1.394x10'
1.372x10'

Notes
[I]
[3]

B
B

Neutralization
Reaction

"39^
40.
41.

CF3^ + F CF3 + F
CF2^ + F^CF2 + F
CF^ + F'-^CF + F

Eg/R (K.)
0
0
0

Notes
[V\~
[1]
[1]

H activated Decomposition
Reaction

42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.

CF4 + H ^ CF3 + HF
CF3 + H
CF2 + HF

CF2 + H <-> CF + HF
CF + H
C + HF
C2F6 + H
C2F5 + HF
C3F8 + H
C3F7 + HF
C4F10 + H
C4F9 + HF
CHF3 + H ^ CHF2 + HF
CHF2 + H
CHF + HF
CHF + H
CH + HF
CH2F2 + H <-> CH2F + HF
CHF3 + H
CF3 + H2
CH2F2 + H
CHF2 + H2
CH3F + H
CH2F + H2
CHF2 + H
CF2 + H2
C2F5 + H
CHF2 + CF3

Notes
[6]
[6]
[6]
[6]
[6]
B
B
[6]
[6]
[6]
[6]
[6]
[6]
[6]
[6]
[6]
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F activated Decomposition
Reaction

58.
59.

60.
61.
62.

H2 + F

H + HF

chf3 + F
cf3 + HF
chf2 + F
CF2 + HF
ch2f2 + F ^ chf2 + HF
ch3f + F
ch2f + HF

A (cm^/s)
4.48x10"'^
7.47x10""
4.98x10'"
1.49x10"'°
2.24x10"'°

(K)

Notes
[6]
[6]
[6]
[6]
[6]

P

Ea/R

0.5
0
0
0
0

1.251x10-'
1.861x10^
0
9.305x10^
6.036x10-

Ea/R (K)

4.98x10""
4.98x10""
2.24x10"'1.20x10"'^
4.98x10""
4.98x10'"
4.98x10'"
4.98x10""
1.49x10*'^

P
0
0
0
0
0
0
0
0
0

8.047x101.006x10^
5.633x10^
5.633x10^
1.107x10^
2.314x10^
2.213x10^
2.414x10^
7.04x10^

Notes
[6]
[6]
[6]
[6]
[6]
[6]
[6]
[6]
[6]

A (cm^/s)

3

Ea/R (K)

Notes

1.05x109.58x10-IS

0
1.35

2.666x10^
9.003x10^

Activated Decomposition

Reaction
63.
64.
65.
66.
67.
68.
69.
70.
71.

2CHF2

ch2f2 + cf2
chf2 + cf3 <-). chf3 + cf2
cf3 + ch3f
chf3 + ch2f
cf3 + ch2f2 ^ chf3 + chf2
ch2f + chf2
ch3f + CF2
cf3 + ch2f
chf3 + CHF
chf2 + ch2f ^ CH2F2 + CHF
ch2f + ch2f
ch3f + CHF
ch2f2 + ch2f ^ chf2 + ch3f
Atom Transfer
Reaction

72.
73.

CF3 + hz
chf2 + HF
CHF + HF
CF, + H,

A (cm^/s)

[6]
[6]

3-body pressure dependent recombination

Lindemann forai assumed (Equation 4.22)
Reaction

74.

2CF3 + M

A (cm^/s)

C2F6 + M

high
low

75.

CF3 + F + M

CF4 + M

high

76.

CF2 + F + M

CF3 + M

high

CF2 + M

high

low
low

77.

CF + F + M

low

1.03x10'^
5.53x10-2^
2.00x10'"
7.70x10*^'
1.30x10""
3.00x10'^'
1.00x10'"
3.32x10'^'

P
0
0
0
0
0
0
0
0

Ea/R(K)

1.201x10^
1.201x10^
0
0
0
0
0
0

Notes
[6]
[7],C,D
[7]
[7]
[7]
[7]
[7]
[7]
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3-body recombination^
Reaction

78.
79.
80.
81.
82.
83.
84.
85

CF3 + H + M ^ CHF3 + M
CF2 + H + M
CHF2 + M
CF + H + M
CHF + M
C + H + M<^CH + M
CF2 + H2 + M
CH2F2 + M
CHF2 + H + M ^ CH2F2 + M
CHF + HF + M
CH2F2 + M
CHF + H2 + M <-> CH3F + M

A (cm''/s)
1.00x10-'"
1-00x10-'°
1.00x10'°
1.00x10-'°
2.82x10-'®
4.57x10-'®
6.04
3.74x10'^

3

E/R (K)

0
0
0
0
-0.71
-0.32
-4.26
-2.85

0
0
0
0
2.057x10^
3.868x10^
2.042x10^
6.539x10^

Notes
F
F
F
F

[6]
[6]
[6]
[6]

2-body recombination^
Reaction

86.
87.
88.
89.
90.
91.

C2F6 + CF2 —> C3F8
C3Fg + CF2 —> C4F10
C4F10 CF2 —> C5F12
C2F5 + CF3 —> C3F8
C3F7 + CF3 —> C4F10
C4F9 + CF3 —> C5F12

A (cm^/s)
2.84x10-'"
2-84x10-'°
2.84x10-'°
1.03x10"'
1.03x10-'
1.03x10"'

3

A (cm^/s)
0.4
0.4
0.4
0.4

3

0
0
0
0
0
0

Notes
2.567x10''
[6]
2.567x10^ [6],H
2.567x10** [6],H
1.201x10^
[6],I
1.201x10^
[6],I
1.201x10^
[6],I

Ea/R(K)

Surface recombination
Reaction

92.
93.
94.
95.

CF3^ + e•-> CF3
CF2" + e- -> CF2
CF" + e"
CF
+ e* -> C

0
0
0
0

Ea/R(K)

0
0
0
0

Notes
[1]
[l]

[1]
[1]
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Table 4.3 Notes:
[1] Reference 180
[2] Reference 175
[3] Reference 176
[4] Reference 177
[5] Reference 178
[6] Reference 179
[7] Reference 181
A. Christophorou and Olthoff suggest that no measurements of this reaction mechanism
have been made, despite its widespread use in plasma chemistry modeling.
B. electron attachment to perfluorocarbon species not addressed in this model, although
it is likely that such reactions are important
C. The low pressure pre-exponential factor is taken from Plumb and Ryan''° and
modified to include the same activation energy as is present in the high pressure
reaction rate as reported by Burgess and Zachariah'^'
D. These reactions are often assumed to have no activation energy based on the
measurements of Plumb and Ryan.'^° Strictly speaking, an activation energy will like
exist.
E. The pressure dependence is not included in these reactions.
F. Reaction rate is estimated from reaction 83.
G. The third body is neglected as there are sufficient numbers of atoms to absorb energy
from recombination
H. Rection rate is predicted from Reaction 86.
I. Reaction rate is estimated from reaction 74.

4.4.5 Simulation Results
An example of the conversion of the plasma products as a function of Hz inlet
mole fraction for 5 seem total flowrate, 400 mTorr, and 200 W deposited power is shown
in Figure 4.34. Note that the plasma model appropriately predicts that with increased
hydrogen concentration in the feed gas, the plasma product distribution will first point
towards macromolecular growth and then to hydrofluorocarbon growth at the expense of
the macromolecules.
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Figure 4.34. Aurora simulation of distribution of products in a CF4/H2 plasma as a
function of XH2 at 400 mT, 200 W, 5 seem total flowrate.

Using the values in Figure 4.34, it is possible to determine the conversion of CF4 to
macromolecule (4i) and hydrofluorocarbon (^2) species from Equation 4.6, shown in
Figure 4.35. For convenience, the experimental determined conversion parameters from
Figure 4.17 are also plotted. Qualitatively, the plasma experiments and models are in
excellent agreement in that both conversion parameters are found to be functions of the
mole fraction of hydrogen in the feed. Moreover, the model correctly predicts that at
some critical hydrogen concentration, the production of hydrofluorocarbon species
dramatically increases at the expense of macromolecule production. The model and
experiments do not agree on the exact hydrogen mole fraction at which macromolecule
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production is maximized; the model differs from experiment by a factor of approximately
four.
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Figure 4.35. Simulated conversion of CF4 to macromolecules (4i=0) and
hydro fluorocarbon species (^2=^ at 400 mTorr, 200 W, and 5 seem. The open symbols
are the simulated data and the closed symbols are the experimental points replotted from
Figure 4.15.

At this point, it is worth noting that the plasma chemistry model has not been
"tweaked" in order to pull out macromolecule or hydrofluorocarbon production. The
conversions in Figure 4.35 are based on a physically realistic description of the reactor
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properties and a simple chemical reaction data set. Note that the reaction set does include
reactions whose rates are not reported in the literature, such as those similar to Equation
4.24. However, these rates are conservatively estimated from similar reactions whose
rates are well established. The rate constants have not been adjusted in order to develop
agreement with the above model.
The qualitative agreement between the model and the experiment does not
necessarily indicate that the appropriate reaction mechanisms are being treated. The most
direct way to validate the model is to compare the results quantitatively. However,
quantitative comparisons are difficult since the experiments are based on destructive
analysis of the species present near the wall of the plasma and no mass inversion analysis
is used to determine original species concentrations. As an alternative approach, the
model is validated by comparing the simulated conversion of CF4 to experimental
conversion over the varied plasma operating parameters (pressure, power, and flow). A
full factorial set of plasma chemistry simulations were performed for the plasma
operation parameters listed in Table 4.4.
Table 4.4 Simulation variables

Variable
Pressure (mTorr)
Power (W)
Flowrate (seem)
Xh2
Contour plots of simulated

Nodes
6
4
4
150

Range
50-400
50-200
5-35
lxl0-'-0.65

and ^2 versus Xh2 for varied power at constant pressure

(400 mTorr) and flowrate (5 seem), varied pressure at constant power (200 W) and
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flowrate (5 seem), and varied flow at constant pressure (400 mTorr) and power (100 W)
are shown in Figures 4.36-4.38, respectively. 4i is plotted in (A) and ^2 is plotted in (B).
The log(XH2) axis has been expanded between —2 and 0 in order to resolve the contours.
This differs from Figures 4.18-20 which were plotted from -4 to 0.
200 j

180 i
160

(A)

o

O

CO
O

CO

OOOC^

j

140 1

120

o
o.

100

80 ^

o
ro

i

60 -i

o

CD OOOOJ
o 09034^0
•

t

i

•

200 —

(B)

cm^,53

180 ^
160 I

^

140

O 120
O
^

;

I

i

i ! :

100

M!
llll

00 ^

60 -|
-2

.1
^og(X^)

Figure 4.36. Aurora simulated conversion parameters plotted for variation in the

hydrogen mole fraction and power at constant pressure (400 mTorr) and flowrate (5
seem).
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Figure 4.37. Aurora simulated conversion parameters plotted for variation in the

hydrogen mole fraction and pressure at constant power (200 W) and flowrate (5 seem).
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Figure 4.38. Aurora simulated conversion parameters plotted for variation in the
hydrogen mole fraction and flowrate at constant power (200 W) and pressure (400
mTorr).

The model correctly shows that for low input mole firactions of H2, (^i: XH2 <0.1,
^2- Xh2< 0.5), CF4 conversion is relatively insensitive to changes in power, pressure, or
flow. For H2 mole fractions greater than the critical level,

and ^2 depend on Xh2 in a

manner similar to the experiments. The model correctly predicts that a decrease in flow
and an increase in pressure result in increased

conversion. The experimental
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dependence on power is not captured with the simulations, likely due to an inaccuracy in
the assumption that the power applied to the plasma in the experiments equals the power
deposited to the plasma in the model. Recall that it was assumed that all of the power was
completely deposited into the plasma in the experiments. The onset of the change in
with the fraction of H2 differs in the simulations and the experiment by roughly a factor
of 4. With ^2, a dependence on H2 is seen in both the experiments and the simulations.
However, the simulations do not appear to have a dependence on power, pressure, or
flow. This indicates that recombination reactions resulting in hydro fluorocarbon species
as products (Reactions 78-82, Table 4.3) should have a pressure dependence, similar to
Reactions 74-77. Note that for both

and ^2, the simulation overestimates the maximum

conversion by a factor of roughly 5-10.

4.5 DiscussioQ

In the previous sections, experiments and simulations were used to determine how
cf4 converts to macromolecules or hydrofluorocarbon species in the presence of H2. In

general, the experiments and simulations were qualitatively consistent. The mechanisms
by which the parent cf4 molecule is converted to fluorocarbon
hydrogen bearing fluorocarbon

macromolecule and

species are summarized here. Dissociated ionic and

neutral products of cf4 are formed in a plasma through electron induced reactions. As
introduced by Plumb and Ryan,'®' three-body fluorine recombination reactions with
electron dissociated products of cf4 are important in fluorocarbon plasmas.

206

CF, + F —CF,,.

[4.26]

When hydrogen is present, it has been demonstrated that the available concentration of
atomic fluorine is reduced in the plasma due to the formation of HF. This is typically
thought to occur through a direct HF elimination reaction.
CF, + H

CF,_, + HF

[4.27J

However, the kinetic model suggests that this is likely a net reaction and more likely
proceeds through the following intermediate reactions.
CF, + H <-2^CHF,

CHF, + F

CF, + HF

[4.281

(4.291

Introduction of H? into the plasma allows for CF* species to be available for growth
reactions in addition to the recombination reactions of Equation [4.26]. Experiments
show that as the hydrogen concentration is increased to greater than approximately 1%,
conversion of CF4 to CNFX, N>1 occurs readily. Recall that a possible explanation is
through CF2 insertion reactions.
+CF3

[4.301

or,
CnF^n +CF,

[4.311

However, in the experimental results, the macromolecule species concentrations changed
by many orders of magnitude while CF2 appeared to be unaffected by H? addition. One
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might conclude experimentally that Reactions 4.30 and 4.31 are not likely growth
mechanisms. Unlike analog chemistries where propagation occurs with the AHa radical
(i.e. CH2 or SiHa), CF2 is not expected to be important for homogeneous propagation in a
cf4 plasma because the reactions are kinetically slow in comparison with the following

two-step process.

+CF,-eil->C^.,F^.,

14.331

A sensitivity analysis of the kinetic plasma model suggests that CF3 is likely to form in
the plasma through the following mechanism:
CP, + e-

CF; + F + 2e-

CFj'+e—^CFj

14.34]

[4.35]

where S denotes a surface neutralization reaction. Note that direct neutral dissociation of
cf4 does not appear to be an important pathway for cf3 production in the plasma. As

reviewed by Christophorou and Olthofif,'^^ a substantial discrepancy exists in the
available cross section data for neutral dissociation reactions of cf4 "*

and any use of

this data in plasma models should be performed with extreme care. In this case, we use
the NIST recommended cross-sections of Sugai et al}^^ which are the only direct
experimental measurements available to date.
The chemical mechanisms proposed in Reactions 4.26, 4.28, 4.29, 4.32 and 4.33
can be used to explain the macromolecular growth behavior observed in the experiments
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and in the models. At very low hydrogen concentrations, any formation of
macromolecular species depends on the concentration of CFz, CF3, and electrons as well
as the electron temperature. The hydrogen concentration is low enough in this region that
Reaction 4.27 is not expected to occur at a high rate. When the hydrogen concentration is
increased to above approximately 1% mole fraction. Reaction 4.28 competes with
Reaction 4.27 for available CF3, so that increases in the hydrogen concentration result in
a dominance of Reaction 4.28 over reaction 4.26. An increase in the CHF* concentration
allows for Reaction 4.29 to proceed rapidly. When the hydrogen mole fraction is
increased to approximately 30%, the availability of atomic fluorine begins to limit the
reaction such that Reaction 4.26 competes with Reaction 4.29. It is in this region that
fluorocarbon species are observed to convert to the hydrofluorocarbon "intermediates"
through reaction 4.28, but can not proceed back to fluorocarbon and HP due to the lack of
available atomic fluorine.

Hence, the hydrogen and CP* species are trapped as

hydrofluorocarbon intermediates.
As seen earlier, the presence of H? enhances the production of macromolecules in
a CP4 plasma, suggesting that the following reaction may dominate the radical production
needed for polymerization in Reaction 4.33.
c N F2N^2 + H

> C N F2N.1 + HP

(4.36)

Recall that this reaction was proposed in section 4.3 as being a thermodynamically
favorable radical production mechanism. However, the model suggests that at the
hydrogen mole fraction

where ^1 is maximized for any given power, pressure, or
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flowrate, electron induced dissociation of Reaction 4.32 remains the dominant radical
production mechanism. One can conclude, then, that macromoiecule growth in a plasma
should be able to proceed in any fluorocarbon plasma, independent of the hydrogen
concentration, simply by supplying enough electrons so that the radical production
mechanism (Equation 4.32) and CF3 production (Reactions 4.34 and 4.35) proceed easily.
To scrutinize this proposal. Figure 4.39 is presented which reveals how the electron
temperature, the concentration of CF3, the reaction rate for Equation 4.32 where N=2, the
rate of production for C2F6 and C2F5, and the ratio of the C2F5 and C2F6 rates of
production vary with Xh2 for the simulated conditions of 300 mTorr, 200 W, and 5 seem.
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Figure 4.39. Summary plot of reaction model suggesting how electrons influence
macromoiecule formation. (A) The electron temperature is shown as a fimction of Xh2(B) The rate of production of C2F5 is compared with the rate of production of C2F6 and is
shown to directly correlate with the electron induced radical production rate from CaFe(C) The concentration of CF3 is shown to directly correspond to the rate of production of
CiFe and C2F5, indicating that its increase with hydrogen drives C2F6 and C2F5
production, but in comparison with (A), is not initially due to increased electron
temperature.
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In Figure 4.39C. the CiFa rate of production tracks the increase in CF3 concentration. For
Hi mole fractions below approximately 20%, the C2F5 rate of production also tracks the

CF3 concentration. This suggests that one role of hydrogen is to increase the CF3
concentration in the plasma. Considering how the electron temperature varies with Xh2
for Xh2 < 0.2 (Figure 4.39A), it is likely that the increase of CF3 with Xh2 is a result of
HF formation which in turn prevents CFx-F recombination reactions (Equation 4.26); the
electron temperature does not change in this region. Figure 4.39B suggests that for Xh2 ^
0.2. the addition of hydrogen serves to increase the electron temperature which results in
a dramatic increase in the rate coefficient of Equation 4.32 for N=2. This results in an
enhanced production of C2F5 from C2F6 which then initiates macromolecular growth. It is
expected for the plasma properties to change a the plasma chemistry changes from a
predominantly CF4 plasma to a H2 plasma as the ionization and dissociative potentials of
these two species differ.
In summary, hydrogen serves two purposes for macromolecule formation. The
first purpose of hydrogen is to enhance the production of CF3 through HF elimination
reactions which inhibit Reaction 4.26 and thus, enhance the rate for Equations 4.33. The
second purpose of hydrogen is to increase the electron temperature, which also enhances
the rate coefficient for macromolecule radical production as shown in Equation 4.32.
4.6 Summary
FTMS and plasma experiments were used to show that macromolecule formation
can occur homogeneously in a plasma, and is strongly related to the plasma operating
parameters and the amount of H2 added to the reactor. Thermodynamic and plasma
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chemistry models were used in conjimction with the experiments to reveal how
macromolecular production occurs. A growth mechanism which is consistent with
experimental and simulated results suggest that macromolecules form through CF3
propagation reactions with CnFin+i radicals of alkane species. It was shown that hydrogen
has a profound effect on this reaction sequence in that it reduces gas phase atomic
fluorine concentrations through the formation of HF which in turn increases the available

CF3 concentration. It was also observed that added hydrogen increases the electron
temperature which increases the rate of CnF2n+i radical production. Hydrogen is also
believed to promote hydrofluorocarbon production in the plasma. This conversion occurs
at a mole fraction consistent with other researcher's observations of dramatic reductions
in silicon dioxide etch rate. The consequences of CF* conversion to other macromolecule
and hydrofluorocarbon species are linked to contaminant formation in plasma etch
reactors, and will be addressed specifically in the next chapter.
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CHAPTER 5
Plasma Induced Particle and Film Formation

Particles and deposited films are ubiquitous components of processing plasmas
over a wide range of operational conditions. In some applications, the films and/or
particles are the intended products of plasma reactions and are used for the production of
novel materials and coatings, and for laboratory studies of particle-laden (dusty) plasmas
commonly found in space and which are used for studying Coulombic systems. However,
in other applications, most notably in etch reactors used in the microelectronics industry,
the unintended production of particles and films, or contaminants, can have deleterious
effects on product yield, reactor throughput, and reactor performance. Independent of the
application, a technique for controlling the production of films and particles is critical.
Early contributions in the plasma literature discuss how plasma-borne particles
and films may have tremendous impact on the properties of a discharge.' Research efforts
since have advanced the understanding of particle-plasma and film-plasma interactions,
allowing for considerable control over peuticle and film growth and behavior.^® This is
evidenced by the present use of plasmas in the microelectronics industry for film
deposition and by the dusty plasma community which routinely traps particles to study
coulombic crystals, liquids, and gases. However, in the pursuit of higher quality film
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deposition or if desired, the operation of dust-free pristine plasmas, it is necessary to also
understand specifically how particles and films nucleate.
The driving force behind dust-free plasma operation is the microelectronics
industry. Continued success in that industry has necessitated the constant development of
faster and more powerful microelectronic chips. A consequence of this is that the
dimensions of the electronic devices on the chips are continuously shrinking, and as a
result, the dimension of a "critical" or "killer" contaminant is also shrinking.'^ A critical
contaminant is defined as a foreign object, which, if present on the microelectronics
device during any point in its manufacturing process, has the potential of inducing device
failure. Hence, each successive generation of micro-chip requires prevention of smaller
and smaller particles from reaching and contaminating the devices. To a large extent, the
industry has become quite adept at preventing contamination induced device failures by
learning how to operate the various reactors in a "clean" maimer and by learning how to
remove particles from the device with post-process surface cleaning procedures. Both of
these approaches have interesting challenges associated with them. In the case of "clean"
reactor operation, there is an old and oft rediscovered phrase, "just because you can't see
particles in the plasma, does not mean that they are not there." This phrase gained
popularity in the microelectronics industry when lasers were used to illuminate small
particles that were, to the amazement of many, electrostatically suspended and trapped in
the plasmas.^"* Continuing along this line, plasma studies utilizing particle extraction and
transmission electron microscopy (TEM) have shown that particles whose dimensions are
smaller than laser illumination detection limits (< -500 nm) readily form in plasmas.'*"'

215

More recently, a group of researchers have each developed a laser-induced in situ particle
ablation technique for detecting particlesand it is expected that in the near future,
these devices will give real time results that are similar to the plasma-particle extractionTEM findings.

In the case of surface cleaning, the goal is to remediate the particle

problem by washing or brushing the particles off of the surface. However, these
processes place high demands on precious chemical resources (namely, water) and are
not particularly well suited for removing small particles. It can be expected that in the
near future, particles having diameters on the order of lO's of nanometers will be
considered contaminants to microelectronics devices. In response to this and in light of
the above discussion, the most direct course of action is to fundamentally understand how
particles form in plasmas so that their nucleation can be prevented. Understanding
particle nucleation in plasmas is one of the primary objectives of this work. To that end, a
short summary of the review in Chapter 2 regarding particle nucleation studies is given
here.
Emeleus and Breslin® summarized potential sources of particle nucleation
precursors to include material from

chamber surfaces, processing gas, or plasma

dissociated byproducts of the parent gases. Recent efforts have produced evidence that all
of these are indeed potential sources of particle nucleation. However, mechanisms of
particle and film nucleation in plasmas remain subjects of current research.
The most substantial effort directed towards understanding particle formation in
plasmas has been with plasma enhanced deposition applications. It has been shown that
the incorporation of plasma-bome particles in a deposited film can unpredictably change
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film properties.'®^ In these systems, the particle formation mechanism is typically thought
to be homogeneous. Many authors have shown that positive and negative ions and short
lived radicals are important for the formation of particles.^^"^' It has been demonstrated
that an increase in power'°"'^ or pressure,"** or a decrease in gas flow rate"*'-^^ result in an
increase of the particle concentration or size. Frequency modulation is commonly used to
suppress particle formation in deposition plasmas.^' However, even with frequency
modulation, particles will still likely form. However, the modulation of the plasma allows
the particles to be swept out of the reactor while the plasma is extinguished and before
they can grow to a critical size and potentially contaminate a substrate or device. It may
be concluded that although particles may still form in plasma enhanced deposition
reactors and that the mechanisms governing their growth dynamics are still not
thoroughly understood, a significant body of research exists which will help solve related
problems in industry.
Relatively little is known experimentally about particle and film deposition in
plasmas used for fluorocarbon

reactive ion etch applications. Moreover, predictive

modeling is challenged by the limited availability of thermochemical kinetic data for the
gases of interest to reactive ion etch. Significant contributions have been made recently
by Christophorou and co-workers in their reviews of literature associated with electronimpact cross sections for plasma etch gases.However, they conclude that much
uncertainty exists and that much work remains to be done.
A consistent message is taken firom the limited work that has been performed with
contaminant formation in fluorocarbon etch plasmas. Despite no evidence that particle
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nucleation and film deposition rates are related to silicon dioxide etch rates, numerous
researchers have concluded that in order for the particles to form, a substrate must be
present. Hence, one may conclude that etch byproducts play a critical role in the
formation of particulates.^'*'^'^* Anderson and co-workers have suggested that
heterogeneous (C-Si)n polymerization will play an important role in the production of
particles in freon etch plasmas.^* Moreover, Anderson observed that the particles were
only formed while silicon oxide was being etched. Once the oxide was cleared leaving
bare silicon, the particles left the plasma. It was concluded that the particle formation
must be related to the presence of oxygen in the plasma. Buss and Hareland'®^ have
shown using laser light scattering techniques that with fluorocarbon plasmas, particle
production is more prevalent when the plasma gas exhibits a high carbon to fluorine ratio.
Buss and Hareland also found that addition of hydrogen bearing species enhances particle
production. Hydrogen bearing species are commonly added to plasma processing gases in
order to enhance the selective etching of silicon dioxide over silicon and to promote
highly anisotropic etching.

In contrast with the results of Anderson."® Buss and

Hareland'^® showed that the addition of oxygen to fluorocarbon plasmas inhibits particle
production.
Plasma operating parameters have been found to influence particle production.
Anderson et al?^ have shown that as with particle formation in deposition plasmas, when
•
the power or pressure is increased, the particle production
decreases. Anderson et al.28

and Haverlag et al?^ have separately shown that particle production is related to the
deposition of films in the etch plasmas, suggesting the importance of heterogeneous
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particle nucleation. Hence, a particle formation study is not complete unless it is
performed simultaneously with a film deposition study.
The production of silicon-based microelectronic devices requires plasma etching
of silicon dioxide, wherein the formation of passivation films on the sidewalls of trenches
and on bare silicon is critical for anisotropic etching and for etch selectivity. Numerous
mechanisms have been proposed to explain film growth in fluorocarbon etch plasmas. It
has been suggested that small molecular weight CFx radicals formed in the plasma diffuse
towards and adsorb onto the surface of the substrate. The justification for this mechanism
is that the growth rates and composition of films have been found to correlate with the
concentration of the supposed precursors near the electrode.Diffusing species having
large C/F ratios have been shown to have a high propensity for film deposition.'^® Plumb
and Ryan have shown that for a given feedstock, it is possible to control the C/F ratio
through the addition of other gases.They discuss how the addition of H2 or O2
affect reactions in fluorocarbon

plasmas and can increase or decrease the C/F ratio,

respectively.
In contrast with the mechanism proposed for the formation of passivating films on
silicon. Booth et al. have recently suggested that film formation is due to the formation of
large molecular weight species, or macromolecules, in the plasma which diffuse towards
and adsorb onto surfaces in the reactor.'"'^ Fisher and coworkers have shown that the net
flux of low molecular weight radicals is positive in the direction pointing away from the
reactor surfaces.Hence, it can be concluded that low molecular weight species
might not be precursors to film formation on surfaces. Instead, large molecular weight
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species are suspected to induce particle and film nucleation. Stoffels et al?^ have recently
shown using mass spectrometry that macromolecule production is possible in CF4, CiFe,
and C3F8 etch plasmas. In the previous chapter of this dissertation, a detailed set of
experiments and models were used to develop a chemical reaction mechanism by which
macromolecules can form in fluorocarbon plasmas.
In this chapter, experimental results firom plasma-induced particle and film
formation studies are presented. Laser light scattering techniques, XPS. AES, FTIR,
electron microscopy, and ellipsometry are all used to investigate particle and film
formation. It will be shown that the types and formation mechanisms of particles and
films that are formed in the plasma chamber are intimately related to the gaseous
products in the plasma (fi-om Chapter 4). Herein lies the first report where experimental
results directly support the relationship between particle and film

formation in a

fluorocarbon plasma and plasma-induced macromolecule formation. Classical nucleation
theory^"* is then applied to a fluorocarbon plasma to show that macromolecule formation
is a necessary step for particle and film nucleation to occur.
5.1 Particle Formation
As discussed previously, particles form readily in fluorocarbon plasmas. In this
section, the effect of gas chemistry is discussed with respect to the influence on particle
formation. In Chapter 6, particle-plasma interactions will be discussed with respect to
how the particles move in the plasma. Laser light scatter, discussed in Chapter 3, is the
primary diagnostic used to indicate when particles nucleate in plasmas.
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Particles have been observed to form through both homogeneous and
heterogeneous mechanisms in fluorocarbon plasmas. In order to differentiate between the
two particle formation mechanisms in a fluorocarbon plasma, a reactive fluorocarbon
plasma was run followed by a pure argon plasma at the same reactor operating
conditions. The chamber was brought to base pressure between the two plasma runs. In
an argon plasma, the presence of particles must be due to material initially present on and
subsequently sputtered from the chamber wall. Since particles have never been detected
in this reactor with the argon plasma when the chamber walls are clean, it is concluded
that any particles that do form in an argon plasma originate from material deposited onto
the reactor surfaces during the preceding fluorocarbon

reaction. The chamber is

mechanically cleaned with isopropyl alcohol between each CFVAr plasma sequence to
assure reactor cleanliness. If particles form in a fluorocarbon plasma but do not form in
the following argon plasma run, it is concluded that homogeneous nucleation
mechanisms dominate particle formation. If particles form in both a fluorocarbon plasma
and the successive argon plasma, it is concluded that heterogeneous nucleation
mechanisms may have contributed to particle formation in the fluorocarbon

plasma,

however, it is not possible to determine whether homogeneous or heterogeneous
nucleation mechanisms dominate.
A particle study was performed where the above technique was applied to a
fluorocarbon/hydrogen plasma, the results of which are summarized in Table 5.1. All
plasma operating conditions were held constant: 400 mTorr, 200 W, 7.6 seem, and were
chosen based on the results in the previous chapter where increased power, increased
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pressure, or decreased flow all enhanced macromolecule fonnation. The appearance onset
time was recorded as the time when particles were first observed in the chamber during
the cf4/h2 plasma with laser light scatter.

Table 5.1. Laser light scatter particle detection with variation in XmCondition #
I
2
3
4
5
6
7
8
9
10
11

12
13

XH2

1x10""
4x10*^
8x10"'
I.IxlO"'
4.5x10'^
7.5x10'^
1.1x10"
1.4x10-'
1.9x10-'
3.5x10-'
6.0x10-'
8.5x10-'
1

Particles - CF4
No
No
No
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
No

Particles - Ar
No
No
No
No
No
No
Yes
Yes
Yes
Yes
Yes
No
No

Onset time
N/A
N/A
N/A
N/A
~ 5 min.
-5 min.
-6 min.
~ 7 min
1-2 mins.
< 1 min.
< 1 min.
N/A
N/A

Table 5.1 an be divided into five regions: I-no particles in CF4 plasma, Il-particles
in CF4 only. III - particles in CF4 and Ar with a long appearance onset time, IV —
particles in CF4 and Ar with a short appearance onset time, and V - no particles in a H2
plasma. In region I (conditions 1-4), no particles were observed with the laser light scatter
technique. This result is consistent with the literature in that a "pure" CxFy plasma does
not result in film or particle growth.^® The typical reason for this was discussed by
McVittie and coworkers'^' who said that atomic fluorine attacks films and prevents them
fi-om growing. One may assume that the same justification holds for particle formation in
fluorocarbon plasmas. In region II (conditions 5-6), particles were observed to form in
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the CF4 plasma, but not during the following argon sputter plasma. As will be shown
later, films are not observed to deposit on the chamber walls in this region. It may be
concluded that particle formation must have proceeded in the gas phase in this region.
The appearance onset time in region II is on the order of five minutes. In region III
(conditions 7-8), particles are observed to form both during the CF4 plasma and in the
following argon plasma, indicating that film must have been deposited on the chamber
walls during the CF4 plasma experiment. This suggests that heterogeneous particle
formation mechanisms were important for particle formation during the CF4 plasma.
However, the appearance onset time of the particles in the CF4 pleisma is comparable to
that in region II, where homogeneous nucleation mechanisms are important. Hence, one
may conclude that both homogeneous and heterogeneous nucleation mechanisms are
important for particle formation in this region. In region IV, particles are observed to
form in both the CF4 and the following argon plasmas, again indicating that
heterogeneous particle formation mechanisms are important. In this region, however, the
appearance time has shortened dramatically, so that particle formation is observed almost
instantaneously after plasma ignition. Finally, in region V (conditions 12-13), no particles
were formed because the plasma gas was essentially all hydrogen which is not known to
directly serve as a precursor to particle and film nucleation.
The properties of the suspended particle clouds varied between regions 11, III, and
IV, the regions in which particle formation is observed to occur. Particle traps formed in
region II and III are shown in the video captured images of plasma-bome laser
illuminated particles shown in Figures 5.1-5.2.
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II: Xh2 = .045

Figure 5.1. Diffuse particle cloud observed with LLS, 400 tnTorr, 200 W, 7.6 seem,
Xh2=0-045, region IL

III :Xh2 = .11

5 mm

Figure 5.2. Diffuse particle cloud observed with LLS. 400 mTorr, 200 W, 7.6 seem,
XH2=0.11, region IIL

For regions II and III, depicted in Figures 5.1 and 5.2, respectively, a particle trap
is observed where the particles are too small to be observed individually with laser light
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scatter, but rather, are observed as diffuse clouds of particles. Recall that in region III,
post-cf4 sputtering plasmas with argon indicated that there were some heterogeneous
contributions to particle nucleation whereas in region II, only gas phase nucleation
mechanisms are were suspected. The particle clouds, the particles trapped in the clouds,
and the particle detection onset times are all similar in regions II and III. It may be
concluded that since the characteristics of particles in region III are similar to those in
region II, then the nucleation mechanisms may be similar. Hence, particles in region III
likely nucleated through homogeneous mechanisms. An electron micrograph of particles
sampled from the powered electrode after a CF4 plasma operated in region II is shown in
Figure 5.3. The particles have diameters on the order of 500 lun and are spherical, further
indicating that homogeneous formation processes are likely.

i d k V

X 1 8 ^ 0 H :

I

. S / f m

Figure 5.3. Scaiming electron micrograph of plasma-bome particles sampled from the
powered electrode after a 400 mTorr, 200 W, 7.6 seem, XH2=0.04, plasma on for 2 hours,
47 minutes.
The particles shown in Figure 5.3 were collected after the plasma had been operated for
nearly 3 hours. Shorter plasma operation times simply result in the formation of smaller
particles.
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At high hydrogen input mole fractions (region IV), the particles are observed to
form immediately in the plasma after ignition, and the particle traps yield markedly
different characteristics than the traps in regions II and III. The traps appear to contain
very large particles that are non-spherical, as represented by the laser light scattering
images in Figures 5.4 and 5.5. In some cases, these particles, or flakes, appear to have
dimensions approaching millimeter length scales. As shown in Figure 5.4, particles in the
particle trap will size segregate, as represented by the striated layers of large particles on
the bottom of the particle trap and the diffuse cloud on the top of the trap. Moreover, the
large particles are observed to align vertically, which is a direct consequence of the
Coulomb coupling phenomena discussed in Chapter 2.

IV:XH2 = .19

«« »«• 1 .«

'

%

5 mm
Figure 5.4. Diffuse particle cloud with large particles observed with LLS at 400 mTorr,
200 W, 7.6 seem, XH2=0-19, region IV.
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IV : Xh2 = .36

5 mm

Figure 5.5. Diffuse particle cloud with large particles and flakes observed with LLS at
400 mT, 200 W, 7.6 seem, XH2 = 0.36, region IV.
An electron micrograph of particles sampled from the powered electrode af^er a five
minute operation of a fluorocarbon plasma in region IV indicates that the large trapped
particles represented in Figure 5.5 are likely flakes of material that initially deposited on
the chamber walls from the plasma. Once the film flaked from the walls, the flake
charged negatively and trapped electrostatically in the plasma particle trap.
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Figure 5.6. Particle sampled from the powered electrode after operation of a cf4/h2
plasma: 400 mTorr, 200 W, 7.6 seem, XH2 == 0.602, plasma on time = 5 minutes.
Another feature of the particle clouds that form in region IV is the induction of
plasma instabilities, as shown in Figure 5.7. Particle formation occurs at such a high rate
in this region that the loss of plasma electrons to the continuously growing particle
concentration results in the excitation of dust-induced instabilities. Represented in Figure
5.7 is a particle trapping phenomena, termed here as "particle boiling" where particles are
vertically ejected from the particle trap only to decay back to the trap. Particle behavior
during dust-induced instabilities will be explored further in Chapter 6.

228

Particle boiling

5 mm

Figure 5.7. Particle "boiling" dust-induced plasma instability observed with LLS during
a cf4/h2 plasma, 400 mTorr, 200 W, 7.6 seem, Xh2 = 0.36.
It is important to recognize that in region IV, particles are observed to form
predominantly at the chamber walls, they exhibit flake-like properties, have shapes on the
order of tens to hundreds of microns, and the particle concentrations are high enough to
excite plasma instabilities.
To summarize the particle formation results. Table 5.2 shows the inlet hydrogen
mole fraction, the predominant particle formation mechanism, and for comparison,
includes the approximate values of the conversion products in the plasmzi,
discussed previously in Chapter 4.

and ^2,
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Table 5.2. Summary of particle properties, particle trap properties, and chemical
conversion in the plasma chamber at 400 mTorr, 200 W, and 7.6 seem.

XH2
Particles
formed
Formation
mechanism
Appearance
onset time
Particle type

Plasma
Instabilities
^2

I
<0.03
No

II
0.03-0.1
Yes

III
0.1-0.2
Yes

IV
0.2-0.8
Yes

V
0.8-1
No

N/A

Homogeneous

Heterogeneous

N/A

N/A

~ 5 minutes

Homogeneous
&
heterogeneous
~ 5 minutes

<1 minute

N/A

N/A

lOO's nm
spherical
particles
No

lO's-lOO's iim
flakes and
particles
Yes

N/A

No

lOO's nm
Spherical
particles
No

<0.08
0.001

0.15
0.001

0.5
0.001

0.01
0.1

<0.001
<0.001

No

As can be seen from Table 5.2, there appears to be a direct correlation between the
particle formation mechanism and the formation of gas phase species from CF4 in the
plasma. These results suggest that when the plasma converts CF4 to large molecular
weight species or hydrofluorocarbon products, particles are formed (regions II-IV)- When
macromolecules are generated in the plasma (regions II and III), the particles appear to
slowly grow in the gas phase. When the plasma produces

predominantly

hydrofluorocarbon species (region IV), the particles appear to grow on the chamber walls
in the form of large flakes. This evidence substantiates the proposal that macromolecules
induce particle formation. Moreover, it is clearly seen that the presence of hydrogen has
profound influence on particle formation.
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5.2 Film Formation
A study of film growth in fluorocarbon

plasmas has been performed and is

discussed in detail here. As mentioned previously, particles may nucleate through
heterogeneous processes. As such, it is necessary to perform a film deposition study
simultaneously with a particle formation study. For the film

deposition study,

condensable species formed in the plasma are collected on plasma-immersed probes
which can be placed at various locations in the chamber. Each film is then analyzed with
Auger electron spectroscopy, x-ray photoelectron spectroscopy, Fourier transform infra
red spectroscopy, and ellipsometry.
5.2.1

Effect of H2
It has been shown in this work that hydrogen can have profound influence on the

chemical processes in the plasma and on particle formation. It is possible with variation
of only the input hydrogen concentration, keeping all other plasma operating parameters
constant, to initiate homogeneous particle formation, heterogeneous particle formation,
and dust-induced instabilities. In this section, the influence of hydrogen on film
deposition is explored as it relates to the previously noted changes in the gas phase
conversion of CF4 and particle formation. For the hydrogen study, the films are deposited
on nickel substrates that are placed near the plasma reactor wall, as this is the region from
which plasma species are sampled and analyzed with residual gas analysis. The films
discussed here were grown in a CF4 plasma with varied Hi mole fraction at 400 mTorr,
200 W, 7.6 seem, for 30 minutes.
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Auger electron spectra are shown in Figures 5.8 and 5.9 for fihns deposited in a

CF4/H2 plasma. The spectra indicate the presence of carbon (from deposited films),
fluorine (from deposited films), nickel (from the underlying substrate) and oxygen (from
the underlying substrate). The un-identified peaks are all secondary peaks of the above
mentioned species. The intensity of the nickel peak is a good indicator of film thickness
as that peak is derived from the substrate imdemeath the deposited film; if a thick film is
present, the nickel peak would be diminished, as observed in Figures 5.8-5.10. It is
observed here that the nickel intensity decreases as the hydrogen mole fraction

is

increased above ~5%, implying that film readily deposits on the reactor walls. In the
same region of hydrogen mole fraction where film growth occurs (0.05 < Xh2 < 1), the
carbon peak is observed to grow in, again indicating that film was deposited in the
plasma (Figures 5.9a-e). For hydrogen mole fractions above approximately 20%, the film
appears to change from a fluorocarbon film to a predominantly carbon film (Figure 5.9e).
Recall from the plasma chemistry studies that it is in this region where the CF4 parent gas
was converted to hydrocarbon and hydrofluorocarbon species with excellent efficiency.
Hence at high H2 inlet mole fractions, CF4 converts to hydrocarbon species in the plasma
and deposit on the reactor walls as a hydrocarbon film. This phenomena will be further
illustrated experimentally throughout this chapter and will be discussed theoretically at
the end of the chapter.
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Figure 5.8. Auger spectra of films grown in a CF4/H2 plasma at 400 mT, 200 W, 7.6
seem. (A) Xh2 = 2x10-^, (B) Xh2 = 4x10•^ (C) Xh2 = 8x10-\ (D) Xh2 = l.IxIO-\ and (E)
XH2 = 4.5x10-1
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Figure 5.9. Auger spectra of films grown in a cf4/h2 plasma at 400 mT, 200 W, 7.6
seem. (A) XH2 = 7.5xl0•^ (B) XH2 = 1.12x10"', (C) XH2 = 1.4x10-', (D) XH2 = 1.9x10-',
(E) Xh2 = 3.6x10-', and (F) Xh2 = 1-
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Figure 5.10. Auger peak to peak intensity for nickel which lies underneath deposited film
from a CF4/H2 plasma at 400 mTorr, 200 W, and 7.6 seem.
As discussed previously, quantitative analysis of the carbon to fluorine ratio is
challenging to perform with auger spectroscopy. This is due to the fact that the incident
electron beam used to generate auger electrons in a sample tends to preferentially
displace fluorine out of fluorocarbon films

as shown previously in Figure 3.25. The

measured fluorine to carbon ratio, in Figure 3.25, varies in excess of 50% with prolonged
exposure to the electron beam. Keeping this in mind, a plot showing how the fluorine to
carbon ratio changes with XH2 is shown in Figure 5.11. In general, there is too much
scatter in the data to provide a meaningful interpretation of how the carbon to fluorine
ratio is changing, except for the region where film is known to deposit (Xh2 > !%)• In
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this region, as observed earlier, the carbon intensity increases, thereby reducing the F/C
ratio.

XH2
Figure 5.11. F/C ratio change in the Auger spectra of fikns deposited in a CF4/H2 plasma
at 400 mTorr, 200 W, and 7.6 seem as a function of Xh2A rough and qualitative summary of the Auger analysis results, compared again
with gas phase chemical conversion results from Chapter 4, is given in Table 5.3. In
general, it can be concluded that the properties of the films as analyzed with AES
correlate with the gas phase production of carbonaceous species in the plasma. Further
surface analysis corroborates and strengthens this finding.
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Table 5.3. Summary of Auger analysis compared with gas phase production of species in
the plasma.

^2

11
0.03 - 0.07
No

III
0.07 - 0.2
Yes

IV
0.2 - 0.8
Yes

N/A
N/A

N/A
N/A

Slow
Fluorocarbon
film

Baseline
Baseline

increasing
baseline

Ma.ximized
Baseline

fast
Hydrofluorocarbon
film
baseline
maximized

V

1
00
6

Xh2
Film
deposited?
Growth rate
Film
composition

I
<0.03
No

No
N/A
N/A
Baseline
Baseline

X-ray photoelectron spectroscopy has been used to analyze the chemical bonding
properties of the deposited films and is shown in Figures 5.12-5.14. Each spectra shown
is an average of 5 scans over a 1000-0 eV energy scale, 1 eV step size, 50 millisecond
dwell at each step, and a 200 eV pass energy. Similar to the results of auger analysis,
there is indication of very little film deposition below hydrogen mole flections of ~5% in
regions I and II evidenced by the presence of a nickel peak (Figures 5.12a-d, 5.13a-b). At
below critical hydrogen concentrations, carbon and fluorine are both present in the
sample with no apparent change in intensity. For mole fractions above some critical value
(~5%), the lack of a signal from the nickel substrate in Figures 5.13c-d and 5.14a-b
indicate that a film is deposited. Note that fluorine is present in all of the spectra where
film deposits. However, the fluorine intensity decreases dramatically in Figure 5.14b in
agreement with the Auger analysis observations, where a predominantly carbon-rich film
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is deposited at this hydrogen concentration. No evidence of film deposition is observed
when the hydrogen mole fraction of hydrogen approaches 1 (Figure 5.14c).
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Figure 5.12. XPS spectra of films grown in a cf4/h2 plasma at 400 mTorr, 200 W, 7.6
seem, for 30 minutes. (A) Xh2 = 2x10"^, (B) Xhi = 4x10"^, (C) Xh2 = 8x10'^, and (D) Xh2
= IxlO-l
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Figure 5.13. XPS spectra of films grown in a CF4/H2 plasma at 400 mTorr, 200 W, 7.6
seem, for 30 minutes. (A) Xh2 = 4.5x10"^ (B) Xh2 = 7.5x10"^ (C) Xh2 = 1.1x10"', and (D)
Xh2 = 1.4x10-'.
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Figure 5.14. XPS spectra of films grown in a CF4/H2 plasma at 400 mTorr, 200 W, 7.6
seem, for 30 minutes. (A) XH2 = 1.9x10'', (B) XH2 =3.6X10"', and (C) XH2 = 1.
Higher resolution surface analysis scans were taken of the films using XPS at 0.1
eV/step and 100 eV pass energy. It is well established that the fluorine neighbors and
bonds will shift the electrical structure of carbon atoms.As such, any shifts in the core
electron binding energies of carbon (C Is) can be related to the presence of neighboring
species, and in this case, to the presence of fluorine in deposited films. Table 5.4 gives
the average binding energies for several fluorocarbon species.
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Table 5.4. Core electron binding energy shifts of carbon in the presence of fluorine
Species
C(ls)
CHF
CF2

CF3

Binding energy (eV)
284.5
288
292
293

Many authors have provided excellent discussions regarding chemical shifts of
carbon in fluorocarbon films.'®' It is observed that in Figure 5.15 a-d (Xh2 < l.lxlO'^),
strong chemical shifting of the carbon Is electrons is not present. In Figure 5.16a-c,
shifting is observed, and indicates that the carbon is highly bound to fluorine. In Figure
5.16d, where a thick film is observed to form, the carbon Is shift due to fluorine is not
present. Recall that the gas phase species in the plasma are predominantly hydrocarbon
and hydrofluorocarbon species. One can conclude from the lack of an intense fluorine
peak present in the Auger spectra (Figure 9e) and the XPS spectra (Figure 5.14b) along
with the lack of a carbon Is chemical shift, that the film deposited in region IV is likely
an amorphous carbon. The conversion of CF4 to hydrofluorocarbon and hydrocarbon
species in the plasma indicates that hydrogen should be present in the film. However,
neither XPS nor AES can produce such information; Fourier Transform Infra-Red
Spectroscopy is used to further analyze the chemical properties of the films, and will be
discussed later.
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Figure 5.15. High resolution XPS spectra of carbon (Is) chemical shifts for film
deposited in a CF4/H2 plasma at 400 mTorr, 200 W, 7.6 seem, for 30 minutes. (A) XH2 =
2x10"', (B) Xh2 = 4xlO-^ (C) Xh2 = 8xlO•^ and (D) Xh2 = IxlO'l
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Figure 5.16. High resolution XPS spectra of carbon (Is) chemical shifts for film
deposited in a CF4/H2 plasma at 400 mTorr, 200 W, 7.6 seem, for 30 minutes. (A) XH2 =
7.5x10^ (B) Xh2 = 1.1x10*', (C) Xh2 = 1.9x10"', and (D) Xh2 = 3.6x10-'.
In addition to the shifts in the carbon (Is) peak, it is also possible to use the
fluorine (Is) peak as an indicator of attachment to carbon.In general, if fluorine is
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bound to a metal to form a metal fluoride (i.e. NiF), it will exhibit a binding energy
similar to the predicted similar to the predicted free fluorine Is binding energy (684.9
eV). If the fluorine is bound to a fluorocarbon film, the carbon will result in a chemical
shift of the fluorine Is electron to higher energies (689.0 eV for p-[CF2=CF2]). Figure
5.17 shows that under plasma conditions when film deposits, any fluorine present is
always bound to the fluorocarbon film. Otherwise, any present fluorine appears to be
bound to the substrate.
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Figure 5.17. High resolution XPS F(ls) binding energies determined from
deposited from a CF4/H2 plasma at 400 mTorr, 200 W, 7.6 seem, and 30 minutes.

films
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Single-bounce FTIR was used to analyze the properties of films deposited in the
plasma, the results of which are shown in Figure 5.18. The films were deposited on gold
film coated glass microslides. In Figures 5.18a and b, (XH2=0.011 and 0.035,
respectively) there are no obvious indications of film deposition or the presence of any CF or C-H functional groups. FTIR spectra of film grown at X=0.13 (Figure 5.18c) exhibit
a strong CF stretch at 1264 cm*^ There is no indication that hydrogen is present in the
films deposited in this region. However, when the hydrogen concentration is increased
such that XH2=0.35 (Figure 5.l8d), a strong CH stretch at 2950 cm"' along with the
presence of CHT and CH3 bending modes at 1460 and 1380 cm"' indicate that the film is
predominantly hydrocarbon. A small peak at 1264 cm"' in the spectra shown in Figure
5.18d indicates that some of the carbon is bound to fluorine.
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Figure 5.18. Single bounce absorbtion FTIR of films deposited in a CF4/H2 plasma at
400 mTorr, 200 W, 7.6 seem, for 30 minutes. (A) Xh2 = 0.011, (B) Xh2 = 0.035, (C) Xh2
= 0.13, and (D) XH2 = 0.35.
5.2.2 Summary of the Effect of H2
At this point, it is helpful to provide a complete summary of the surface analysis
results, shown in Table 5.5.
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Table 5.5. Summary of particle and film analysis and the effect of adding hydrogen to a
CF4 plasma.

Xh2
Particles
formed
Particle
Formation
Mechanism
Film growth
Film
composition
Film growth
rate
^2

I
<0.03
No

II
0.03 - 0.07
Yes

III
0.07 - 0.2
Yes

IV
0.2 - 0.8
Yes

V
0.8-1
No

N/A

Homo
geneous

Homo
geneous

Hetero
geneous

N/A

No
N/A

No
N/A

Yes
fluorocarbon

No
N/A

N/A

N/A

~ 2A/min

Yes
Hydro
fluorocarbon
~50 A/min

<0.08
0.001

0.15
0.001

0.5
0.001

0.01
0.1

<0.001
<0.001

N/A

In Region I, gas analysis reveals that changes in the XH2 mole fraction do not
significantly change the distribution of dissociated products of CF4 towards the formation
of fluorocarbon macromolecules or hydrofluorocarbon species. Note that in this region,
no particles were observed in the center of the chamber and film was not deposited on the
reactor walls. In region II, gas analysis reveals that an increase in Xh2 results in an
increase in the macromolecule fluorocarbon concentration and almost no change in the
single carbon CFx or hydrogen bearing species at the wall of the reactor. It is noted that in
the center of the reactor, particles formed homogeneously, but no film was deposited. In
region III, macromolecule fluorocarbon production appears to reach a maximum. This is
met with a slow film growth at the reactor wall which appears to be predominantly a
fluorocarbon film

containing no hydrogen. There is evidence supporting both

homogeneous nucleation of particles and sputtering of deposited films. In region IV, the
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production of macromolecule fluorocarbon species declines dramatically and is replaced
with hydrogen bearing species. Films deposit on the reactor wall approximately an order
of magnitude faster than observed in region III. XPS, AES, and FTIR all reveal that the
film is a hydrogen containing carbon film with little or no fluorine. While there is some
evidence of homogeneous nucleation, it is clear that sputtered and flaked material from
film deposits influences the production of particles. Note that in regions I through IV,
recall that there is no apparent change in the CF2 concentrations with variations in Xh2- In
region V. little carbon is introduced into the chamber. Hence, it is not expected that
hydrocarbon, hydrofluorocarbon, or macromolecule fluorocarbon

species will be

produced. Particles and films are not observed to form in this region.
Hydrogen is observed to have tremendous impact on particle and film formation.
This finding in of itself is not a new concept.However, what is observed here is that
both homogeneous and heterogeneous mechanisms are important, largely dependent the
production of various carbonaceous species in a CF4 plasma. Recalling the myriad of
particle and film formation mechanisms that were proposed in the literature, it is now
evident that many of the proposed mechanisms are actually correct, depending on the
chemistry that was used in the plasma. Also note that the growth processes discussed here
do not require the presence of a silicon based substrate. Arguments have been given
which suggest that low molecular weight dissociative fragments

of CF4 are not

responsible for particle and film formation, which imply that other carbonaceous species
formed in the plasma must be important. In the previous chapter, it was shown how these
species could be formed. What remains to be given is a justification of why the plasma
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produced carbonaceous species influence particle and film production. For this, a
classical nucleation development is given.
5.3 Particle and Film Nucleation
As discussed previously, there is substantial experimental evidence that the
conversion of CF4 in a CF4/H2 plasma to macromolecule species gives rise to
homogeneous nucleation of particles and deposition of fluorocarbon films. Furthermore,
there is evidence that suggests that, in support of the work of Fisher and coworkers,

CF2 is not the critical precursor to these processes. One is now left with explaining
theoretically why it is the formation of macromolecule fluorocarbon species which gives
rise to particle and film formation instead of the lower molecular weight species in the
plasma. As a simple approach, a theoretical development based on classical nucleation is
given. The classical nucleation argument assumes that molecular species come together
and form clusters whereby the bonds holding the molecules together have energies
comparable to van der Wall's energies.^"* Recall from Chapter 2, the rate of particle
nucleation, J, is given by:

[5.11

where a is the surface tension of a liquid drop of the monomer species, denoted as 1, mi
and ni are the mass and concentration of the monomer, respectively, and V| is the
monomer density. The maximum rate at which the particles can come together to form
clusters is based on the kinetic theory of gases and the rate at which the clusters
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dissociate largely depends on the attractive interactions of the particles. As a measure of
the molecular interactions, one usually turns to the supersaturation ratio, S, which is
determined by the actual partial pressure of the clustering molecules divided by the
saturation vapor pressure of the species at a given temperature. At a given temperature, if
the super saturation vapor pressure is high, it physically indicates that the molecules do
not attractively interact as strongly as if the vapor pressure is low. If S is greater than
unity, it suggests that the molecules exhibit a driving force to stick together. If S is less
than unity, it suggest that the species have a driving force to stay un-clustered. At a bare
minimum with a classical approach, S must exceed unity. The critical element that is
missing from this treatment is the vapor pressure for each plasma-produced species.
Hence, one must estimate the vapor pressure. The following techniques for estimating
vapor pressure are taken from reference [191] and are presented here. Typically, a species
vapor pressure can be predicted with the Clausius-Clapeyron equation:
dUiP,„
AH
^=
%
dT
AZRT'

[5.21

where Pyp is the vapor pressure, T is the temperature. AHv is the heat of vaporization, AZ
is the compressibility factor and is assumed to be unity, and R is the universal gas
constant. Integrating over the temperature gives:
/

lnP,=InP,+^

_L_1
T,

T.

[5.31

where Pi and Ti can be any reference pressure and temperature. It is typical to assume
that these are the criitical values, so that upon rearrangement, [5.3] becomes:
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In

VP

vPc.

AH
'l-il
RT . TJ

(5.41

To estimate Pyp versus T, one needs estimates for the critical values and the heat of
vaporization, which are generally unavailable just like the vapor pressure. The heat of
vaporization can be estimated by the method of Giacalone:
RT.In(Pj

(5.51

where Tb is the boiling temperature. Letting 0 = Tb/Tc, one obtains:

In

Pvp ^ _ l n P c 9 ^
vPc. i - e l

T;
T

[5.61

The critical pressure can be estimated by the method of Lyduson which uses additivity
based on the properties of the molecule:
MW
P, =
• (0.34 4-X;APf

15.7]

where AP for the species of interest in this work are given in Table 5.5 and MW is the
molecular weight. The additivity approach is also used to obtain 0:
0 = 0.567 + X

~E

15.81

The boiling temperature is obtained by the method of Meissner:
^ 637[R„J "-i-B
'°
[P]

[5.9|
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where [P] is the Parachor given by the method of McGowan:
[P] = ^ atomic contributi ons -19(# of bonds)

[S.IOJ

and Rd is the molar refraction. The method of Eisenlohr can be used to estimate Rj and is
the additive contributions of each component in the plasma. The parameter B in Equation
5.9 is a fudge factor which can be used for adjusting the fit of the predicted vapor
pressure to experimental values. Finally, to estimate the vapor pressure, one determines
the boiling temperature (Equation 5.9) through estimation of the parachor (Equation 5.10)
and the molar refraction (Table 5.6). One determines also the estimation of the ratio of
the boiling temperature to the critical temperature, 0. The critical temperature is found by
dividing the boiling temperature by 0. The critical pressure is found from Equation 5.7
which can then be used with the other predicted parameters to determine the vapor
pressure as a function of temperature from Equation 5.6.

Table 5.6. Atomic contributions used for estimation of critical property predictions

-c-

=c-H
-F

AP
0.210
0.198
0.0
0.224

AT
0
0
0
0.018

[P]
47.6
-

24.7
30.5

RD

2.418
6.569
1.10
0.95

For the work presented in this dissertation, the plasma atomic and molecular species are
assumed to be in thermal equilibrium with the reactor walls, which were near room
temperature. As such, the vapor pressure is predicted for each species at room
temperature. To illustrate the power of this method. Figure 5.19 gives the predicted vapor
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pressure of CF4 as a function of temperature along with the known vapor pressure that is
taken from the NIST thermodynamic world wide web source.''^ If B from Equation 5.19
is assumed to be zero, the prediction and the known values agree within a factor of ten.
By adjusting B so the predicted boiling temperature agrees with the known boiling
temperature of CF4 (145 K), one obtains exact vapor pressure agreement (B=4550).
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Pvap.=st B=0
Pv.p.e. B=4550
Pvap-NIST

0.01

0.001
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Temperature (K)
Figure 5.19. Comparison of the predicted values of CF4 vapor pressure with NIST
recommended values.
The vapor pressure for B = 4550 is in excellent agreement with NIST values for CF4.
However, for increased number of carbon atoms in the fluorocarbon molecule, B = 4500
does not give agreement with NIST recommended values. By adjusting B for the vapor
pressure predictions to agree with NIST recommended values, for successive increases in
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the number of carbon atoms, N, it is possible to improve the predicted values. Figure 5.20
shows how the value B changes with increased N in order to obtain agreement between
prediction and NIST values.
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Figure 5.20. Adjusted B to bring predicted and NIST recommended vapor pressures into
agreement.
A simple correlation from Figure 5.20 indicates that B = 550 + 4300*N. If B is selected
to always be equal to B = 4550, then the agreement with NIST recommended vapor
pressures is always better than a factor of ten.
The first feature to notice is that with CF4, the vapor pressure is approximately
170 atm from the NIST calculation, and 900 atm from the prediction with B = 0. These
vapor pressures are exceptionally high and indicate that CF4 will never nucleate as a
particle or a fibn at room temperature and standard pressures or below. If fluorine atoms
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are stripped from the parent CF^ to form smaller molecular weight species, it is certainly
possible to estimate the respective vapor pressure, realizing that the predictions may have
very limited accuracy. Using the above approach, one can show that for each removal of
fluorine from CF4, the estimated vapor pressure increases as shown in Figure 5.21.
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Figure 5.21. Estimations of saturation vapor pressure for CFx species at 300 K.
Hence, the proposal that CF* species are direct precursors to classical particle
nucleation is highly unlikely. However, if one assumes that the CF* species react to form
larger molecular weight species, then the predicted vapor pressure is found to drop off
dramatically, possibly resulting in super-saturated conditions (Figure 5.22).
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Figure 5.22. Estimated vapor pressure for CNFIN+I species relative to CF4.
Note that for C14F28, the vapor pressure is on the order of I Terr, which is
comparable to typical plasma operating pressures. The importance of this is that the
supersaturation ratio, S, can exceed unity if the size of the fluorocarbon,
increases in N, as shown in Figure 5.23.
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Figure 5.23. Estimation of the supersaturation ratio for CNF2N+2 as a function of N at
constant plasma operating pressure.
Two problems remain with this approach. First, the large molecular weight
fluorocarbon partial pressure will likely not be the same as the reactor pressure, contrary
to what was assumed in Figure 5.23. Second, the supersaturation ratio usually must
greatly exceed values of unity to exhibit measurable nucleation rates. To resolve these
issues, one must consider the size of the size of the molecules in this system, [f a
fluorocarbon molecule contains 14 carbon atoms, the hard sphere diameter will exceed 1
nanometer. It is not uncommon in silane plasma studies of particle formation to assimie
that once a molecule grows out to such a large size, it will begin growing by colliding
with other particles and agglomerating or coalescing. Hence, it is proposed here that the
same process occurs in a fluorocarbon plasma as was suggested by Boufendi et al.*^ First,
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there is rapid formation of large molecular weight species through radical-radical
recombinative reactions. The large molecules will then begin colliding and coalescing. A
collisional kinetic theory of gas argument can be used to show that the radical
recombinative growth to a 14 carbon molecule can occur on the order of I millisecond. In
order for the particle to grow to observable sizes with laser light scatter, the particles
must grow to sizes on the order of lO's of nanometers. Assuming kinetic theory applies to
the collisions of the small particles, then a time constant can be assumed;

t =^

IS.13I

*N

where A.N is the mean free path and Vn is the velocity of the particles (assumed to be in
thermal equilibrium with the surroimding gas). The mean free path is given by:''^

~ 2^1/2 Tt(2rp)-np
..2
where np is the partial pressure of the particle. The velocity is assumed from kinetic
theory:

kT = 0.0258 eV = J ^Ppfp Vp

Substituting [5.14] and [5.15] into [5.13] yields a collision time scale.

[5.15]
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Assviming a particle density of 1.5 g/cm^ and a reactor temperature of 300 K, one obtains
the time constant for like-sized particle collisions as a function of particle density and
radius:
10
np=lxl0Vcm^

V
/
3 V
np=lxlO9/cm

u

V

E

V V ^ VV !

O.l 1

j np=lxI0'°/cm^

•••
0.01

le-9

le-8

Particle size (m)
Figure 5.24. Estimated time for one collision between two particles in the plasma as a
function of the particle size at various particle concentrations.
If one then assumes that N small particles having radii, ri, must collide to form one large
particle of radius, vz, and if mass is conserved and the large particle geometry is assumed
to rearrange so as to be spherical, then one finds that:
r,' =Nr'

15.17]

or to form a 10 nm particle from collision and coalescence of 1 rmi particles, then
approximately 1000 1-nm particles must collide. Using this assumption and the
approximate time scales shown in Figure 5.24, it is found that the time required to form a

259

10 nm particle varies with concentration as shown in Figure 5.25, and is approximately
10 minutes for an initial particle concentration of 1x10^ particles/cm^.
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Figure 5.25. Estimated time required to form a 10 nm particle from a given 1 nm particle
concentration.
Recall that the typical experimental times before particle growth occurred was on the
order of 5 minutes which suggest that the concentration of Inm particles must be on the
order of 3xlO'/cm^. At 400 mTorr, this implies that the mole fraction of particles is
approximately 2x10'^. From the discussion above, this further implies that CF4 must grow
out to large molecular weight species whose partial pressures are on the order of 1x10'^
Ton* which, considering the experimental and modeled results of the fluorocarbon
conversion is completely reasonable. Another important point to notice is that the time
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scale is much greater than of the reactor residence time. In order to keep the particles in
the plasma, the particles must charge negatively and trap electrostatically.
Experimentally, net growth rates of fluorocarbon film were found to be —2 A/min.
Converting this term into molecules per second and determining a coverage density
allows for the determination of the concentration of the species responsible for the film
growth. The molecular diameter (cm) for an N-carbon fluorocarbon

species can be

approximated according to:^'^
d =2 " 3 r 28N + 21
4uU.022xl0^

1/3

[5.18]

The corresponding growth rate is:
R=

2x10''° (60)

J [molecules/s]

[^ (

2
' 28N + 21 y
100 471'.6.022x10''J

1/3

[5.19]

The coverage density of a N-carbon molecule can be approximated as:'''

D=

3
4K

f

28N + 21
.6.022x10^.

73

[molecules/cm" ]

[5.201

The growth rate is related to the coverage density by:

D

[5.21]

where the flux, T = nv/4. Using the Boltzmann velocity for an N-carbon fluorocarbon:
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V=

kT
(50N +38X6.022x10'')

>W2
[5.221

it is possible to solve for the concentration of the depositing species assuming a 2 A/min
growth rate:

( S O N 3 8 )1 / 2
n = 1.5x1012
28N + 21

A

[1/cm^]

[5.231

Equation 5.23 predicts that for a constant growth rate, the concentration of species
contributing to growth decreases with the size of the species:
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Figure 5.26. Concentration of CNFIN+I species required to obtain a 2A/min film growth
rate.
In order to account for the observed 2A/min fluorocarbon film

growth rate with

fluorocarbon species firom the plasma, the mole fraction of the depositing species must be
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on the order of 0.1%. The plasma chemistry model did not take into account for the
formation of a fluorocarbon molecule as large as 14 carbons. However, if C4F10 is used as
a reasonable indicator of how a larger species will respond in the plasma as a function of
inlet hydrogen mole fraction, then it is possible to identify where particle and film growth
will become important (Figure 5.27). Shown is a value of NC4FIO/100.
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Estimated Fluorocarbon
Particle and film growth
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Estimated particle growth
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Figure 5.27. Chemkin plasma chemistry model from Chapter 4, 400 mTorr, 200 W, 5
seem, for the concentration of C4F10/IOO. Transitions for particle grov\th, and particle and
film growth are depicted.
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To siunmarize, it has been shown that the growth of N-carbon fluorocarbon
molecules results in a decrease in the supersaturation ratio with increased N. It is found
that for small N, clustering interactions will not likely lead to the formation of a stable
cluster. However, with larger N (approaching 15), collisions of the large species will
likely form stable clusters. These species are individually so large that the typical
nucleation rate equation [5.1] is forgone, and a growth rate is determined simply from a
kinetic theory of gas expression. At this point, continued reactive growth of the molecule
will likely occur, however, as N gets large, each successive reaction has less of an impact
on the molecules final size. Instead, the large molecules are treated as small nucleates
which can collide and coalesce. Experimentally, when particles are observed in Regions
II and III, the particle onset time is approximately 5 minutes, and the particle primary
nucleate size is on the order of 10 nm. This implies that the smaller nucleates which
coalesce to form a 10 nm primary particle must be present in concentrations on the order
of 10^/cm^ or that the concentration of large molecules, which were arbitrarily defined as
being small nucleates, must be on the order of lOVcm^. It was then assumed that a similar
species contributes to the formation of films on the chamber walls. In comparison with
the growth rate measurements, it is found firom a kinetic theory approach that the
nucleating species must be present in concentrations of at least 10"/cm^. Recalling both
the plasma chemistry experiments and models, the gas phase concentrations of large
molecular weight fluorocarbon

species are foimd to vary with hydrogen in a manner
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similar to how estimated concentrations of precursor for particle and film production
varies with hydrogen (Table 5.7).
Table 5.7. Comparison of actual and expected variation of particle and film production
behavior with variation in hydrogen.
Region
Behavior

I
Nothing

II
Particle Production

Experimentally
observed Xh2
Kinetically derived
gas concentration
Xh2 transition from
comparison with
chemistry model

<0.03

0.03 - 0.07

m
Particle and film
production
0.07 - 0.2

N/A

>3x10^ IW

>1x10" l/cm'

<0.06

0.06-0.3

0.3-0.5

Considering that the plasma chemistry model only agreed with the experimental
plasma chemistry results to within a factor of 4, the expected and actual transitions
between particle production and film production in the plasma as a function of hydrogen
inlet mole fraction are in excellent agreement. It can be concluded with a high degree of
confidence through experiment and model that the formation of large molecular weight
fluorocarbon species directly contributes to the production of homogeneous particle
production and the slow deposition of a fluorocarbon film.
The last piece of this analysis is to determine theoretically how the formation of
hydrocarbon species in the plasma contributes to particle and film production. It was
shown experimentally that when CF4 is converted to primarily hydrocarbon and
hydrofluorocarbon species in the gas phase, film deposition occurred at a much faster rate
than when the CF4 was converted to large molecular weight fluorocarbon species. To
assess the influence of hydrocarbon and hydrofluorocarbon species on particle and film
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formation, the supersaturation ratio is again determined, using predicted vapor pressures.
The values of the "fudge" factor, B, for predicted vapor pressures of CHxFy species varies
dramatically depending on choices of x and y.

Table 5.8. Values of B for accurate vapor pressure predictions of CFxHt-x species.
X, CFxH4-X
4
3
2
1
0

B
-4550
6900
7600
5100
-3200

If the vapor pressure of radical species is estimated, it is not clear which B value should
be used. As an example, the predicted vapor pressure at 300 K of the radical CHT can be
derived from CH2F2, CH3F, or CH4 as parent molecules, resulting in values of 8 atm, 27
atm, and 1700 atm, respectively. This extreme degree of variability renders this approach
unusable. However, from NIST recommended vapor pressure values,

there does exist a

strong variation in the vapor pressure of fluorocarbon species as hydrogen is added as
sho\\Ti in Figure 5.28.
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Figure 5.28. NIST recommended values of vapor pressure for CFxH4-x species at 300 K.
It is important to recognize that the I-carbon hydrocarbon and hydrofluorocarbon species
still have large vapor pressures, resulting in maximum supersaturation ratios on the order
50 ppm. Hence, it is unlikely that these species will participate in classical nucleation
processes. In order to explain the experimental results, two possibilities are suggested.
First, it is possible that increased concentrations of hydrogen in the plasma result in the
formation of hydrofluorocarbon and hydrocarbon species, but also result in the increased
concentrations of atomic carbon. Since the vapor pressure of carbon is exceedingly low,
it is anticipated that nucleation of particles and films from atomic carbon can occur
readily. It is also possible that CHx and CHxFy radicals adsorb onto and react on the
surface to form carbon-based solid products, which result in the formation of film. This
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mechanism has been well established with hydrocarbon-based plasmas and may proceed
through either homogeneous or heterogeneous processes.'^ The fact that large molecular
weight hydrocarbon species were not observed in the plasma chemistry study suggests
that polymerization proceeds through a heterogeneous process:
CF^ + e

• ^^3 + F + e

CF3+H
CH,Fy+e-

•CHFj
>CH,Fy_,+F + e-

CH,F,_,+S
CH.F,.,|^+CH„F,

[5.24]

>CH,Fy_,|^
•CjH.F.I,

where S represents a surface site. The growth rates observed here are similar to those
reported for pure hydrocarbon plasmas.
5.4. Summary
It has been shown here that the addition of hydrogen to a CF4 plasma held at
constant operating conditions can have profound impact on the formation of particles and
films. It was found that when particles formed homogeneously, the process was likely
due to the homogeneous polymerization of CF* species to form large molecular weight
products. The large species are expected to then collide and coalesce to form primary
particles. The time constant associated with coalescence, when compared with
experimentally observed particle formation times, resulted in the determination of a
minimum concentration of the large molecular weight fluorocarbon

species. The

concentration of these species was shown to vary with Xh2 in Chapter 4, and the
hydrogen mole firaction at which the macromolecule concentration reaches the threshold
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for particle formation agrees well with observed Xh2 thresholds for particle formation. It
was found that if the concentration of the macromoiecuies was increased, the adsorbtion
of these species to the reactor walls occurs at a rate comparable to the growth rate of
fluorocarbon film on the reactor walls. The actual Xh2 region in which fluorocarbon

film

is observed to form agrees with predicted values of Xh2 for fluorocarbon film deposition.
The transition of the chemical products in the plasma from fluorocarbons to hydrogenbearing species results in dramatic changes in film deposition characteristics, and the
resulting deposition rate is comparable to reports of film deposition from pure
hydrocarbon plasmas. This flirther substantiates the experimental finding that the
fluorocarbon species

in the plasma are converted into hydrofluorocarbon and

hydrocarbon species, which in turn deposit film as would a plasma that contained only
hydrocarbon species as the feed.
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CHAPTER 6
Particle Behavior

The dynamics of particles in plasmas can be, at times, very complicated. Particles
are known to accme a negative charge in the plasma and trap electrostatically. A balance
of the gravitational, electrostatic, thermophoretic, and drag forces, discussed in Chapter 2,
determines the ultimate particle trapping location in the plasma. However, what is not
readily understood is how the particles dynamically behave. It has been shown that the
particles may exhibit kinetic energies ranging from room temperature (0.0258 eV) to
close to 1000 eV, which is many times the thermal temperature of any species or material
in the plasma. To a large extent, the particle behavior is a direct consequence of the fact
that the particles carry multiple negative charges, reaching tens of thousands of elemental
charges. It was determined that a study of how the particles interact in the plasma may
help establish the appropriate mechanisms governing the particle behavior. Once such
mechanisms are established, it may be possible to scale those mechanisms to an arbitrary
particle size so that events such as particle agglomeration can be predicted.
The focus of this chapter is to monitor the behavior of particles in plasmas with
laser diagnostic techniques. A major component of this work was performed with laser
Doppler velocimetry (LDV) during the author's masters thesis research. Particle behavior
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theory was applied during the present work in order to evaluate the particle behavior.
This work has been published in the Journal of Applied Physics, and is included in
Appendix D. In addition to the LDV work, in situ coherent lidar (ISICL) has been used to
study the behavior of particles in plasmas. All of the results shown here are qualitatively
in excellent agreement with the LDV results. Particle behavior theory discussed in
Appendix D will not be re-introduced here.
Four major studies were performed with the ISICL as outlined here. In the first
study, the trapping locations of particles in a GEC plasma reactor cell were evaluated as a
function of plasma power and chamber pressure. A spatial and velocity resolved study
was then performed to evaluate how the particle velocities were distributed throughout
the particle trap. In the third study, the transient behavior of a particle trap that was
growing due to the constant addition of more particles to the trap was evaluated. Finally,
in the fourth study, the behavior of the particles in the presence of a particle-induced
plasma lighthouse instability was evaluated.

6.1 Particle Generation
Particles were generated in the plasma by first operating a CCI2F2 plasma for
approximately five to ten minutes. This plasma served the function of depositing a thin
film of material on the walls of the reactor. After the CCI2F2 plasma was extinguished,
the plasma chamber was pumped to backgroimd (~10'^ Torr) and then backfilled to 50400 mTorr using 7.6 seem of Argon. Upon plasma ignition, argon ions would accelerate
into the chamber walls and break loose the previously deposited film, resulting in the
formation of particles which subsequently charged and trapped electrostatically in the
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plasma. The ISICL was then scanned in three directions to develop a spatially-resolved
profile of the particle trap dynamics. Shown in Figure 6.1 is a two-dimensional overlay of
the scanning grid on a cross section of the GEC plasma reactor.
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Figure 6.1. Schematic of the GEC plasma cell and the ISICL scanning region.

The ISICL laser optics scanned in the Z and 0 (not shown) direction. The entire optics
head was translated in the R direction. A full Z-0-R scan took approximately 3-4 minutes,
depending on the user-defined scan rates. The ISICL recorded the time, position, and
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intensity of each particle-laser scatter event. A post-processing data regression program
was developed (included in Appendix A) which read the raw data stream from the ISICL
and placed the particles in user-defined "bins". This allowed for a semi-quantitative
picture of particle concentration to be developed based on the number of particle
detection events which occurred in each bin. The particle detection histogram (number of
particle detection events in each bin) was then fed into a plotting program. Threedimensional color contour surfaces were developed, as shown in grayscale in Figure 6.2.

Jl
Figure 6.2. Representative two-dimensional slice of a particle trap at 75 W, 100 mTorr,
7.6 seem.

273

The plot shown in Figure 6.2 is easy to interpret in color. However, color plots do not
reproduce well, so contour plots will be given as an alternative (Figure 6.3).
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Figure 6.3. Contour plot of two-dimensional particle contour plot represented in Figure
6 .1.
6.2 Effects of Power and Pressure
The effect of power and pressure on the ultimate trapping location of the particles
in the plasma reactor was studied using ISICL. The particle traps were initiated by the
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argon-sputtering process as mentioned before and were allowed to equilibrate for three
hours before measurements were taken.
The effect of pressure at constant power (150 W) is shown in Figure 6.4. Note
that as the pressure is increased from 100 mTorr (A) to 450 mTorr (D), the particles tend
to move inward towards the ground electrode. At 450 mTorr, the particles have
concentrated in between the electrodes at a location that was not observable with the
ISICL in its present configuration. The reason for this behavior is as follows. When the
pressure in the plasma is increased, the plasma will concentrate between the electrodes
and the electron current will flow from the surface of the powered electrode to the ground
shield surrounding the powered electrode. When the pressure is reduced, the collisional
mean free paths are increased, and the electron current will flow from

the powered

electrode to the walls of the reactor. This phenomena was illustrated by Steffens and
Sobolewski'^'^ in a GEC reactor cell. Hence at low pressure, the plasma will fill the entire
reactor volume, and at high pressure, will concentrate between the electrodes. The
particles trap locations shown in Figure 6.4 simply represent the fact that the particles are
tracking the position of the plasma with respect to chamber pressure.
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Figure 6.4. Variation of particle trapping locations with respect to pressure at constant
power. (A) 100 mTorr, (B) 182 mTorr, (C) 283 mTorr, and (D) 454 mTorr.
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If the pressure is held constant (100 mTorr) and only the plasma power is varied,
the particle trap will move as shown in Figure 6.5. As the power is increased, the
particles are observed to fill the entire volume of the plasma chamber, whereas at low
power, the particles are observed to trap in localized regions. Furthermore, at high power
(200 W), the particles appear to be pushed out of the inter-electrode region. This behavior
can be explained as follows. Increased plasma power at constant pressure translates to an
increased electron density. The plasma will respond both by intensifying between the
electrodes and also by filling

out the reactor volume. At high power, high electron

densities in the inter-electrode region prevent efficient transfer of charge from one
electrode to another. In response to this, the electrons will move out of the electrode
region to less concentrated regions where charge can be effectively coupled to ground via
the reactor walls. The expansion of the plasma is tracked by the position of the particle
trap, which fills the complete chamber volume at high power, and is tightly focussed near
the inter-electrode region at low powers.
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6.3 Velocity Resolved Particle Behavior
With each particle-laser scatter excursion which occurs at a predefined focal
region, collimated laser light will be scattered back to a photodetector in the ISICL optics
head. Coherent detection is used whereby the scattered laser light is mixed with a
reference beam that is sampled from the incident laser beam. The result is a Doppler shift
that was shown previously in Figure 3.18. The frequency of the Doppler burst is directly
related to the velocity at which the particle travels. It is not possible to determine the
direction of particle travel with this instrument, and for those measurements, laser
Doppler velocimetry is used. In the present experiments, only the magnitude of the
velocity can be determined. The signal is then passed through an array of band pass
filters. In standard operation of the ISICL, the band pass filters serve only to separate the
data for easy data transfer to a computer. It was realized, however, that by selectively
removing and replacing the bandpass filters,

velocity resolved measurements could be

obtained. In the present experiments, only one set of band pass filters were used during a
scan, so that any particles in the particle trap would only be recorded if their velocities
corresponded to the width of the bandpass filter:

^Yow-high ~ ''^low-high
where fiow is the low pass filter frequency and fh,oh is the high pass filter frequency. The
parameter, d, is the fringe spacing which arises from coherently mixing a scattered beam
with a reference laser beam. The corresponding velocity bandwidth is directly calculated
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with Equation 6.1. After each scan, the bandpass filters were swapped so that other
ranges of particle velocity could be measured during subsequent scans.
Velocity resolved particle concentration contour plots are shown in Figures 6.66.9 at 170 mTorr and SOW, lOOW, 150W, and 200W, respectively. At each condition and
at each velocity range, the particle concentrations are self normalized to a fixed scale.
Therefore, in comparing one velocity range to another, the spatial variations of the
velocity-resolved particle traps may be compared, however, the total concentration firom
one plot to another can not be compared. At a fixed pressure and low power (Figure 6.6),
the particles will spatially segregate in the chamber depending on particle velocity. The
low velocity particles will tend to drift out to the walls of the reactor and the particles
exhibiting high velocities will concentrate near the inter-electrode region. As the power is
increased (Figures 6.7-6.9), the high velocity particles will be pushed out of the interelectrode region due to the expanding plasma. As a result, the spatial segregation of the
particles based on velocity tends to disappear. At a constant power (150 W) where spatial
segregation is observed to disappear, the particles will remain de-segregated with a
decrease in pressure (Figure 6.10) or can be forced to re-segregate with an increase in
pressure (Figure 6.11). Hence, low power or high pressure both result in the spatial
segregation of the particle trap by particle velocity. Recall, these conditions also result in
the compression of the plasma between the electrodes. It can be concluded that particles
which exhibit high particle velocities are confined to the bulk plasma, whereas the
particles exhibiting low velocities are shed from the particle traps and are slowed by gas
drag. From a different perspective, particles near the plasma are excited to high velocities
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while particles on the outer regions of the plasma are not excited and exhibit low
velocities. These findings are in qualitative agreement with LDV studies.®' It may be
concluded that from a microelectronics processing perspective, reduced plasma pressures
and increased plasma powers serve to push the particles to the outer regions of the
reactor, resulting in a low probability of contaminating a substrate once the plasma is
extingxiished.
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Figure 6.6. Velocity resolved particle traps at 170 mTorr, 50 W, 7.6 seem Ar
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Figure 6.8. Velocity resolved particle traps at 173 mTorr, 150 W, 7.6 seem Ar
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6.4 Transient Particle Trap Behavior

An important feature of particle traps that was discussed with previous laser
Doppler velocimeter studies is the fact that the particle trap shape can take a tremendous
amount of time to reach an equilibrium state. Equilibration time scales on the order of
hours were observed.*^ The ISICL was used to explore the transient behavior of particle
traps after plasma ignition. In the previous LDV experiments, a constant dose of particles
was injected into the reactor. In the present experiments, the particle concentration
continuously increased due to the constant formation of particles from

the previously

deposited film on the chamber walls. A temporal history of the particle trap behavior is
given in Figure 6.12 and 6.13. Notice that it is not until nearly two hours after plasma
ignition that the particle trap begins to exhibit an equilibrium shape, similar to that shown
in Figure 6.13b or 6.13c. The temporal particle trap study was conducted in an argon
plasma at 350 mTorr, 150 W, and 7.6 seem.
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Figure 6.12. Temporal evolution of a particle trap in a 350 mTorr, 150 W, and 7.6 seem
argon plasma.
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Figure 6.13. Temporal evolution of a particle trap in a 350 mTorr, 150 W, and 7.6 seem
argon plasma, continued from Figure 6.12.

6.5 Lighthouse Instability
The final application of the ISICL was to study the behavior of particles in the
presence of a plasma instability. In this particular ease, a lighthouse instability was
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initiated by the presence of the negatively charged particles. This instability occurs when
the particle concentration in the plasma reaches some critically high level, although this
value is not quantitatively known. The lighthouse plasma instability results in a plasma
lobe which circulates azimuthally around the particle chamber, hence, the name. It is of
interest to investigate how the particles behave dynamically in the presence of the
instability. Of specific interest is whether the particles track the plasma lobe or are
instead in a fixed particle trapping location, and simply move to another location when
the plasma lobe passes through the fixed particle trap location. The reason for studying
such a system is to establish whether a plasma instability may be responsible for pumping
particle energies up to extremely high values, as discussed in the article in Appendix D.
To study such a system, the following experimental apparatus was developed, shown in
Figure 6.14.

Plasma

ISICL electronics
Particles

Photodetector

Figure 6.14. Experimental setup used for studying the dust-induced lighthouse plasma
instability.
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The plasma emission was monitored through a set of focussing optics and a
photodetector, and the particles were detected with the ISICL. The ISICL and the
photodetector were separated by 45 degrees, hence if there is any correlation between the
plasma emission and the particle detection, the signals will be 45 degrees out of phase.
The ISICL and the photodetector signals were monitored with a multi-charmel data
acquisition system. A sample time-history of the plasma emission (lower signal) and
particle intensity (upper signal) is shown in Figure 6.15.

Plasma Emission Signal
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Particle Detection Signal

J
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Time (s)
Figure 6.15. Time history of particle detection and plasma emission detection.

It can be readily seen in Figure 6.15 that the detection of particles is strongly
correlated with the plasma emission signal. Note that the particle signal and the plasma
emission signal have been phase shifted by 45 degrees. Structurally, what is observed in
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Figure 6.15 is the presence of a particle trap which is attached to the trailing edge of the
rotating plasma lobe, which is rotating at approximately I Hz. Under certain plasma
operating conditions, the particles were observed to trap in both the leading edge of the
plasma emission as well as the trailing edge, as shown in Figure 6.16.
Trailing Edge Particle Trap

Leading Edge Particle Trap
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Figure 6.16. Temporal behavior of a particle trap in the presence of a lighthouse
instability. In certain locations, the particles were observed to trap in both the leading and
the trailing edge of the plasma emission.

There have been previous demonstrations in the literature which show that particles will
trap at the trailing edge of a lighthouse plasma instability.'^' Figure 6.16 represents the
first report of particles trapped on the leading edge of a rotating plasma instability. The
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particle concentrations tend to be much lower in the leading edge than in the trailing edge
trap location. Furthermore, there appears to be very little mixing of particles between the
trailing and leading edge particle traps.
Physically, the particle trap behavior observed here implies that the particles are
attached to the edges of the circulating plasma lobe. Moreover, once the particles are
trapped in either the leading or trailing edge particle trap, they remain confined to that
trap, as particles are never observed to be present in the plasma lobe. This very important
conclusion suggests that the particle trap will circulate at the same rotational velocity that
the plasma instability does around the plasma. If the trap is assumed to extend to near the
periphery of the reactor at a 1 Hz frequency, then the rotational velocity can reach speeds
on the order of 50 cm/s. For a 1 jim particle that is confined to the rotating particle trap,
this corresponds to a kinetic particle energy of 3000 eV. Hence, it has been shown here
that particles present in a plasma during a lighthouse instability will exhibit high particle
energies due to the fact that the particle traps rotate in the chamber along with the rotating
plasma lobe.

6.6 Summary
The behavior of particles in plasmas has been investigated using numerous laser
diagnostic techniques. Laser Doppler velocimetry is discussed in Appendix D and in situ
coherent lidar (ISICL) is discussed in the present chapter. The two techniques yield
similar findings with respect to where the particles trap in the plasma as a function of
power and pressure. In addition, it has been shown that particles trapped near the plasma
or in the plasma will exhibit higher energies than those particles outside of the plasma
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region. This finding implies that the plasma serves to pump up the particle energies. The
influence of the plasma on particle energy was corroborated by a study of particle
dynamics in the presence of a lighthouse plasma instability, where it was shown that
particles will trap to the leading and trailing edges of a rotating plasma filament. By
nature of the speed at which the plasma filament rotates around the chamber, the particles
were observed to exhibit energies on the order of lOOO's of eV. Theoretical details which
describe the dynamic behavior of particles in plasmas are given in Appendix D.
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CHAPTER?
Conclusions

7.1 Objectives
As stated in the beginning of this dissertation, the objective of this work was to
develop a cradle to grave understanding of how particles and films nucleate and interact
in plasmas. The first
nucleate in fluorocarbon

task was to understand fundamentally how particles and films
plasmas. An extensive experimental and modeling effort was

dedicated to this task, and to a large extent, was successful. The results of this work are
summarized in the next section. The second task was to characterize the behavior of
particles in plasmas. A large portion of this task was accomplished during the author's
masters research, however, the majority of the theoretical development was accomplished
during the present research efforts.

7.2 Summary of Results and Contributions
•

Fourier Transform Ion Cyclotron Resonance Mass Spectrometry was used at Bell
Laboratories, Lucent Technologies to evaluate the potential for CF4 to undergo
molecular growth reactions. It was found that the positively charged fragments of CF4
do not undergo growth reactions upon exposure to more CF4. However, the
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negatively charged fragments will grow if exposed to both more CF4 and water.
Products as large as 650 amu were formed, which correspond to a fluorocarbon
molecule containing 11 carbon atoms.

•

Residual gas analysis was performed on a fluorocarbon

plasma to investigate the

conversion of CF4 to large molecular weight fluorocarbon

species, as was found in

the earlier FTICRMS experiments. It was found that large molecular weight species
can form in a fluorocarbon

plasma if the gas is also exposed to a source of molecular

hydrogen.

•

An unexpected result from the residual gas analysis work is that CF4 will convert to
hydrofluorocarbon and hydrocarbon species in the presence of large concentrations of
Hi. Hence, hydrogen is found to have a profound influence on the formation of
carbonaceous species in the plasma. At moderate concentrations (Xh2 > 0.05), large
molecular weight fluorocarbon

species are formed. At high concentrations (Xh2 >

0.3), single carbon hydro fluorocarbon and hydrocarbon species are formed.

•

Previous studies in the literature suggested that the role of hydrogen in fluorocarbon
plasmas is to breakdown the fluorocarbon
elimination

reactions.

This

species by removing fluorine

mechanism,

however,

does

not

through HF

explain

why

hydrofluorocarbon and hydrocarbon species are formed in the plasma. In order to
understand the plasma chemistry, a thermodynamic equilibrium model and a well-
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stirred plasma chemistry model were developed. Through comparison with
experiment, it was found that the actual role of hydrogen is first to recombine with
CFx (X=0..3) species to form CHF* species. Atomic fluorine will then react to form
HP. Hence, CF* was found to catalyze the reaction of HF, and hydrogen played the
important role of preventing CFx-F recombination. This process resulted in an overall
increase in the C Fx concentration which allowed for radical-recombination reactions
to proceed, resulting in the formation of large molecular weight species.

•

A molecular growth reaction mechanism was proposed whereby a CF4 molecule is
first activated through an electron induced dissociation of fluorine to form CF3. The
CF3 radical will then recombine with another CF3 molecule to terminate the reaction

at C2F6. The product is reactivated through another electron-induced dissociation
reaction followed by a second recombination reaction with CF3. This mechanism is in
contrast to the oft-proposed CFi insertion molecular growth reaction mechanism. This
later mechanism was found to be kinetically slow.

•

The hydrogen concentration in the feed gas was found to be extremely important for
establishing the transitions between macromolecular growth reactions and the
formation of CHF* species in the gas phase in the plasma.

•

A second study was dedicated towards evaluating the formation of particles and films
in plasmas. Laser light scattering techniques were predominantly used to evaluate
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conditions under which plasma-bome particles are formed. A spatially resolved
plasma-immersed probe system was designed and built for collecting films from any
region in the plasma. Surface analysis of the deposited films was performed with
Auger electron spectroscopy and X-ray photoelectron spectroscopy. A major
component of this research involved bringing on-line and updating an AES/XPS
surface analysis tool.

•

The particle and film studies were performed with variations in plasma operating
conditions and feed gas concentration. It was found that the formation of particles and
films correlated directly with the plasma chemistry results, in that when large
molecular weigh fluorocarbon species were formed from cf4, homogeneously grown
particles and fluorocarbon film was observed to form in the plasma reactor. Similarly,
when the plasma converted cf4 to hydrofluorocarbon and hydrocarbon species, a
hydrocarbon film was observed to form along with predominantly heterogeneously
grown particles (flakes). Five regions of differing contamination behavior were
outlined, and were found to be directly controlled by the concentration of hydrogen in
the plasma.

•

The critical element to controlling peuticle and film formation in a CF4 plasma is to
understand and predict what happens to the CF4 in the gas phase. A plasma chemistry
model such as the one discussed in Chapter 4 should be of great utility to a
fluorocarbon plasma operator to explore conditions under which particle and film
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formation will occur. The operator need only identify the propensity for large
molecular weight fluorocarbon, hydrofluorocarbon, or hydrocarbon species to form in
the gas phase in the plasma as indicators of when particles and films will form.

•

As a result of the collaborations between the plasma research efforts at the University
of Arizona and the microelectronics industry, we had the opportunity to perform
plasma-based developmental testing of the ISICL (in-situ coherent lidar) currently
under commercial development at Particle Measuring Systems. The utility of this
single-window back-scatter particle detector was demonstrated. The system was used
to study the dynamic behavior of a growing particle trap and to investigate the
behavior of particles in the presence of a particle-induced lighthouse plasma
instability.

7.3 Recommended Future Work
One of the major challenges with recommending future activities with respect to
this work is anticipating the needs of the major sponsor of this work, the microelectronics
industry. One obvious avenue to explore is how to use plasmas to deposit fluorocarbon
films. Plasma-deposited fluorocarbon films have the potential of being novel lowdielectric materials which may find application in the microelectronics industry. The
research presented here suggest that the film precursor must first go through a
homogeneous polymerization process. The plasma chemistry model developed here could
be expanded in order to take into account surface deposition processes and could then be
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used as a predictive tool. The ultimate goal of this would be to predict film deposition
rates and properties based on plasma operating conditions.
Another major problem associated with the microelectronics industry is how to
remove films which deposit on reactor walls. An emerging technique used to strip silicon
films fi-om silane-based silicon deposition reactors is the use of a NF3 plasma. It is
possible that the same technique can be used to remove fluorocarbon films fix>m reactor
surfaces and to possibly clean the sidewall passivation layers on etched surfaces in
silicon. The present work suggests that hydrogen may be used to convert any deposited
fluorocarbon films to hydrocarbon films. The hydroczu-bon films could then be removed
by baking out the chamber.
As a component of the residual gas analysis study, liquid nitrogen cooled surfaces
were used to selectively trap large molecular weight species on the walls of the reactor.
An important contribution would be to perform trapping/outgassing studies of large
molecular weight fluorocarbon

species firom

reactor walls in order to establish

adsorption/desorption kinetics. This would be of significant value to the film deposition
study mentioned earlier.
The fluorocarbon plasma has been well established here as having the propensity
for forming nano-scale particles. Recent advances in particle separation/particle beam
technology may be applied with a fluorocarbon plasma serving as a generation source for
particles. Deposited films originating from fluorocarbon

nano-scale particles have the

potential of being porous (due to the formation of voids firom the packing of spheres).
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The porosity may be an important feature in developing a thin film which has a dielectric
constant below that of Teflon.
Along this line is the need to develop a plasma-specific particle nucleation theory.
Particle nucleation is often discussed in the plasma literature with little regard for what
nucleation entails. A theoretical treatment fi-om a kinetic theory of gas approach is needed
and would be of extreme value to numerous communities.
There have been suggestions by the industrial sponsors of this work to evaluate
particle and fihn formation with gases other than CF4. Suggested gases include C2F6 and
CsFg. The current kinetic library presented in this work could easily be expanded to
include studies involving C2F6 and CsFg as parent gases. Moreover, the plasma system is
presently in condition to perform such studies. However, the author does not feel that
such studies will give rise to profound results regarding the mechanism of particle and
film formation. It is anticipated that C2F6 and CsFg simply initiate the molecular growth
process at a higher molecular weight.
An important contribution that was not established in this work is the importance
of how hydrogen is introduced into the system. Oftentimes in the microelectronics
industry, hydrogen is introduced to the reactor in the form of CHF3. It would be
important to determine whether the form of the hydrogen bearing species plays any role
on particle and film formation.
Recalling the cold-wall large fluorocarbon molecule studies, it is expected that
reactor temperature may play an extremely important role in the formation of
contaminating films on the reactor walls. It is anticipated that variation of the reactor wall
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temperature may be important for preserving the cleanliness of the chamber walls and
prolonging the time needed before the chamber is cleaned.
All of the work discussed here was performed in a capacitively coupled parallel
plate reactor. The industry also uses high-density inductively coupled plasmas for
plasma-etch processes. It would be of value to perform a similar investigation in an
inductively coupled tool.
Finally, a continuing component of this work is to evaluate the effectiveness of
"in situ" particle monitors, or ISPM's. If the ISICL is made commercially available and is
applied to industrial plasma processing reactors, it is anticipated that the industry will
begin seeing particles that they have never observed before. There will be a need in the
future to investigate the behavior of particles in low-pressure high-density plasma tools
that are presently being used in industry.
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Appendix A

Fortran Programs for Data Regression

A.l

RGA.for
The following program is a fortran code used for regressing many mass spectra

files simultaneously. The program reads from Mainsheet.txt the name of the files and the
associated plasma operating conditions. The program then scans each file for the partial
pressure of user-defined mass peaks. The plasma operating conditions and the partial
pressure values are stored in a large file called Condensed.txt, which can then be fiirther
manipulated with a data spreadsheet.

Program RGAINTERP
IMPLICIT NONE
INTEGER C,M,Count,J,K,CNT,REG
REAL Mass, Intensity, Int( 1000,1000), Peak(lOOO), Prs(lOOO)
Real Pwr(lOOO)
Real CF4(1000), H2(1000), Totflow(1000), XH2(1000)
CHARACTER name1*10
Write (*,*) 'RGA INTERPRETATION PROGRAM'
Write (*,*) 'How many peaks are there? (MAX = 50)'
Read (*,•) M
Write (*,*) 'Please input the peak mass/z in order*
Do Count = 1,M
Write (*,•) 'Peak #', Count,'?'
Read (*,*) Peak(Count)
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EndDo
Open (12, File = 'Mainsheet.txt', status = 'OLD')
Read (12,*)
CNT = 0
DoC= 1,1000
Read (12,*,END=15) Prs(C),Pwr(C),CF4(C),H2(C),XH2(C),namel
Totflow(C) = CF4(C) + H2(C)
Write (*,*) namel
Open (13, File = namel, status='Old')
Do J = 1,8
Read (13,*)
EndDo
Count = I
Do K:= 1,400
Read (13,*) Mass, Intensity
If (Mass .HQ. Peak(Count)) THEN
Int(C,Count) = Intensity
Count = Count + 1
ENDIF
ENDDO
Close(13)
CNT = CNT + 1
ENDDO
15 Continue
REG = CNT
Close (12)
Open (14, File = 'Condensed.txt', status = 'UNKNOWN')
Write (14,10) 'Pressure Power Flow XH2',Peak(l),Peak(2),Peak(3),
+ Peak(4),Peak(5),Peak(6),Peak(7),Peak(8),Peak(9),Peak(10),
+ Peak(l l),Peak(12),Peak(13),Peak(14),Peak(15),Peak(16),Peak(17),
+ Peak(18),Peak( 19),Peak(20),Peak(21),Peak(22),Peak;(23),Peak(24),
+ Peak(25),Peak(26),Peak(27),Peak(28),Peak(29),Peak(30),Peak(31),
+ Peak(32),Peak(33),Peak(34),Peak(35),Peak(36),Peak(37),Peak(38),
+ Peak(39),Peak(40),Peak(41),Peak(42),Peak(43),Peak(44),Peak(45),
+ Peak(46),Peak(47),Peak(48),Peak(49),Peak(50)
10 Format (A25,el2.6,el2.6,el2.6,\,
+
el2.6,el2.6,el2.6,el2.6,el2.6,el2.6,eI2.6,\,
+
e12.6,e12.6,e12.6,e12.6,e12.6,e12.6,e12.6,\,
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+
e12.6,e12.6,e12.6,e12.6,e12.6,e12.6,e12.6X
+
e12.6,e12.6,e12.6,e12.6,e12.6,e12.6,e12.6,\,
+
e12.6,e12.6,e12.6,e12.6,e12.6,e12-6,e12.6,\
+
e12.6,e12.6,e12.6,e12.6,e12.6,e12.6,e12.6,\,
+
el2.6,el2.6,el2.6,el2.6,el2.6)
Do J = I,REG
Write (14,20) Prs(J),Pwr(J),Totflow(J),XH2(J),INT(J,l),INT(J,2),
+ INT(J,3),INT(J,4),INT(J,5),INT(J,6),INT(J,7),INT(J,8),
+ INT(J,9).INT(J,10),INT(J,11),INT(J.I2),INT(J,13),INT(J,14),
+ INT(J,15),INT(J,16),INT(J,17).INT(J.18),INT(J,19),INT(J,20),
+ INT(J,21),INT(J,22),INT(J,23),INT(J,24),INT(J,25),INT(J.26).
+ INT(J,27),INT(J,28),INT(J,29),INT(J,30),INT(J,31),INT(J,32),
+ INT(J,33),INT(J,34),INT(J,35),INT(J,36),INT(J,37),INT(J,38),
+ INT(J,39),INT(J,40),INT(J,41),INT(J,42),INT(J,43),INT(J,44),
+ rNT(J,45),INT(J,46),INT(J,47),INT(J,48),INT(J,49),INT(J,50)
20 Format (e12.6,e12.6,e12.6,e12.6,e12.6,e12.6,\,
+
e12.6,e12.6,e12.6,e12.6,e12.6,e12.6,\,
+
e12.6,e12.6,e12.6,e12.6,e12.6,e12.6,\,
+
e12.6,e12.6,e12.6,e12.6,e12.6,e12.6,\,
+
e12.6,e12.6,e12.6,e12.6,e12.6,e12.6,\,
+
e12.6,e12.6,e12.6,e12.6,e12.6,e12.6,\,
+
e12.6,e12.6,e12.6,e12.6,e12.6,e12.6,\,
+
e12.6,e12.6,e12.6,e12.6,e12.6,e12.6,\,
+
e12.6,e12.6,e12.6,e12.6,e12.6,e12.6)
ENDDO
Close (14)
END ! RGA.FOR
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A.2 INTERP.FOR
This program is designed to read in a raw data file from the ISICL which includes
a time stamp for a particle excursion, a three-dimensional position, and a scattering
intensity. The program opens a new file and re-writes the data in a compressed "binned"
format.

Program INTERP
Implicit None
Integer ax,ay,az,ai
Integer Countl,Count2,Count3,AXMIN,AXMAX
INTEGER AYMIN, AYMAX, AZMIN, AZMAX,X,Y,Z.a,b,c,d,e,f,g,h,i
INTEGER Matrix(-200:200,-200:200,-200:200),N 1,N2,N3
Integer Matrix2(0:30,0:30,0:30)
DOUBLE PRECISION Atime
Do Count 1 = -50,0
Do Count2 = -50,20
Do Count3 = -50,50
Matrix(Coimtl,Count2,Count3) = 0
EndDo
EndDo
EndDo
Write (*,*) "Filled matrix with zeros"
AZMIN = 0
AZMAX = 0
AXMIN = 0
AXMAX = 0
AYMIN = 0
AYMAX = 0
OPEN (3, File = "old.log", status = 'OLD')
Read (3,*)
Do Countl = 0,1000000
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Read (3,*,Err=100) Atime,AX^Y,AZ,AI
IF (AX .LT. AXMIN) THEN
AXMIN = AX
ENDIF
IF (AX .GT. AXMAX) THEN
AXMAX=AX
ENDIF
IF (AY .LT. AYMIN) THEN
AYMIN = AY
ENDIF
IF (AY .GT. AYMAX) THEN
AYMAX=AY
ENDIF
IF (AZ .LT. AZMIN) THEN
AZMIN = AZ
ENDIF
IF (AZ .GT. AZMAX) THEN
AZMAX = AZ
ENDIF
Matrix(AX,AY,AZ) = Matrix(AX,AY,AZ) + 1
EndDo
Write (*,*) "Reached end of file"
100 Close (3)
X = abs((AXMAX - AXMIN) / 30)
Y = abs((AYMAX - AYMIN) / 30)
Z = abs((AZMAX - AZMIN) / 30)
IF (X .EQ. 0) Then
X= 1
ENDIF
IF (Y .EQ. 0) THEN
Y= 1
ENDIF
IF (Z .eq. 0) THEN
Z= 1
ENDIF
Open (4, File = "new.txt", Status = "UNKNOWN")
Do a = 0,30,1
Dob = 0,30,1
Do c = 0,30,1
g = a*x
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h = b*y
i = c*z
N1 = AXMIN+A*X
N2 = AYMIN + B*Y
N3 = AZMIN + C*Z
Do D = 0,X
Do e = 0,Y
Do F = 0,Z
Matrix2(a,b,c) = Matrix2(a,b,c) + Matrix(Nl+D,N2+EJ^3+F)
Enddo
Enddo
Enddo
Write (4,*) N1,N2,N3, Matrix2(a,b,c)
EndDo
EndDo
Enddo
Close (4)
Write (*,*) "Compressed data stored in new.txt"
End
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Appendix B
Estimation of Thermochemicai Data for CxFyOz species

Plasmas are utilized extensively for the manufacture of microelectronic devices.
Despite the widespread use of plasmas, very little is known about the type of species
present and the reactions that occur in a plasma reactor. Typical reactors can have
simultaneous reactions where there is dissociation of the parent gas into radicals,
productions of both negative and positive ions, heterogeneous growth of films and
etching of reactor walls, films,

and substrates, homogeneous polymerization,

homogeneous and heterogeneous nucleation, etc. In an attempt to broaden the capabilities
for modeling the chemistry that occurs in these reactors, thermodynamic properties for
species derived from atoms that are contained in the parent gas, in reactor walls, in
substrates, and as trace level impurities are estimated. The present work is focused on
fluorocarbon chemistries used for etching silicon dioxide.
This Appendix is organized as follows, hi section B.I, the method for estimating
thermodynamics properties of molecules through the use of bond and group additivity is
described. The thermodynamic properties of hydrocarbon molecules, for which extensive
experimental thermodynamic data exists, is estimated as a case study to show the utility
of group and bond additivity. The fluorocarbon molecules for which thermodynamic
properties are estimated are presented in section B.2. The data and estimated properties
for various bonds and groups relevant to the fluorocarbon system are given in section
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B.3. The estimated thermodynamic properties of the fluorcarbon species as a function of
temperature are tabulated and presented graphically in section B.4. In section B.5, a
thermodynamic equilibrium model is described which was used in Chapter 4 to describe
equilibrium extent of reactions in plasmas.

B.l Estimation of thermodynamic properties
Thermodynamic properties can be estimated by the method of bond and group
additivity. An excellent treatise on the subject has been written by Benson, et al.

The

concept of additivity is quite simple and becomes more accurate when more details are
included in the approximation. The zeroth order approximation entails constructing the
thermodynamic properties of a molecule by summing the thermodynamic properties of
each of the atoms in the molecule. The first order approximation entails summing the
thermodynamic properties of the bonds in the molecule and is discussed in section B.1.1.
The second order approximation, discussed in section B.l.2, entails constructing groups
and summing the group properties. The limitations of additivity for estimating
thermodynamic properties are discussed in section B.1.3.

B.1.1 Estimations with bond energy additivity
Estimations of thermodynamic properties can be made by summing the
contributions of each bond in a molecule. Consider the molecule methane (CH4) which
has four carbon-hydrogen bonds. To estimate the thermodynamic properties for CH4, it is
necessary to know the thermodynamic properties of only the C-H bond. These properties
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can be derived from statistical arguments, but it is more common to use the experimental
data for a symmetric molecule like CH4 and simply divide the thermodynamic properties
by four in order to obtain the properties for a C-H bond. Once the C-H bond properties
are known, it is possible to estimate the properties of larger molecules. Table B.1.1 lists
the standard enthalpy of formation AH", standard entropy S°, and specific heat at
constant pressure Cp, referenced to 298 K for various bonds of interest to this work.
Table B.1.1
Thermodynamic Properties of Selected Bonds at 1 atm'®'
Bond

AH°a98 (kJ/mol)

S°298 (J/mol FC)
54.010
-68.664
70.757
-16.747
100.483
38.100
57.778
-59.871
77.874
12.206
-2.512
41.031
132.303

Cpjgg (J/mol K)
7.285
8.290
13.984
11.304
11.304
20.515
10.886
10.886
19.259
17.585
15.491
9.211
23.865

-16.035
11.430
-217.714
C-F
-50.242
C-O
-113.044
0-H
90.016
0-0
13.398
Cd-H^"
28.052
Cd-C
-163.285
Cd-F
-58.197
CG-H^"'
-60.290
CO-C
-211.433
CO-0
-322.384
CO-F
(a) Data taken from reference [172]
(b) Cd- represents a bond between an atom and a carbon double bonded to another carbon
atom
(c) CO- represents a bond between an atom and a carbon atom double bonded to oxygen
C-H
C-C

With the information listed in Table B.1.1, it is possible to construct the
thermodynamic properties of various species. As an example, the properties of the
CnH2n+2 Straight chain family will be estimated and shown in Table B.1.2. In addition to
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the estimated properties, referenced values from

the literature are shown. All of the

referenced data presented here are summarized in reference [197].

Table B.1.2
Thermod5Tiamic properties of the CnH2n+2 family

N

I
2
3
4
5
6
7
8
9
10

11
12
13
14
15
16
17
18
19
20

Estimated va ues

Referenced values

% Error

% Error

AH°298

S''298

Cp.298

AH®298

S*'298

AH%98

S°298

kJ/moI
-64.14
-84.78
-105.42
-126.06
-146.70
-167.34
-187.98
-208.62
-229.26
-249.90
-270.54
-291.18
-311.82
-332.46
-353.10
-373.74
-394.38
-415.02
-435.66
-456.30

J/mol K
216.04
255.40
294.75
334.11
373.46
412.82
452.18
491.53
530.89
570.24
609.60
648.96
688.31
727.67
767.02
806.38
845.74
885.09
924.45
963.80

J/moI K
29.14
52.00
74.86
97.72
120.58
143.44
166.30
189.16
212.02
234.88
257.74
280.60
303.46
326.32
349.18
372.04
394.90
417.76
440.62
463.48

kJ/mol
-74.923
-84.724
-103.916
-126.232
-146.538
-167.305
-187.945
-208.586
-229.185
-249.826
-270.467
-291.066
-311.707
-332.348
-352.989
-373.588
-394.187
-414.828
-435.427
-456.068

J/mol K
186.271
229.646
270.090
310.326
349.179
388.661
428.058
467.038
506.017
544.996
583.975
622.954
661.891
700.870
739.849
778.829
817.808
856-787
895.766
934.745

14.39
0.07
1.45
0.14
0.11
0.02
0.02
0.02
0.03
0.03
0.03
0.04
0.04
0.03
0.03
0.04
0.05
0.05
0.05
0.05

15.98
11.21
9.13
7.66
6.95
6.22
5.63
5.24
4.92
4.63
4.39
4.17
3.99
3.82
3.67
3.54
3.42
3.30
3.20
3.11

The estimated and referenced thermodynamic values are presented graphically for
the CnH2n+2 family in Figure B.l as a function of the index, n.
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Figure B.l. Estimated (-0-) and referenced (-V) values of standard enthalpy of
formation and standard entropy at 298 K and 1 atm for the CnHin+i family
It is readily seen that the use of bond energy additivity is very powerful for predicting
thermodynamic properties of CnH2n+2 molecules.

B.1.2 Estimations with group additivity
A better approximation of thermodynamic properties can be made using group
additivity. Groups are formed by considering the interactions of each bond to a root atom
in the molecule. Consider a methyl terminating group attached to the end of a straight
chain hydrocarbon. The carbon atom central to the methyl group will interact with three
fluorine atoms and one carbon atom as shown in (a) of Figure B.2. Similarly, the n"*
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carbon atom in a hydrocarbon with n+2 carbon atoms may have interactions with two
carbons and two fluorine atoms as represented by part (b) of Figure B.2.

(a)

(b)
H

H

H

H

Figure B.2. (a) Methyl group and (B) center group found in linear hydrocarbon chains.

Thermodynamic values for groups often are reported with enough information to
predict how molecule thermodynamic properties change with temperature. As an
example, the thermodynamic properties of the two groups shown in Figure B.2 are listed
in Table B.3.
Table B3.
Thermodynamic properties of hydrocarbon groups
Group^"*
C-H3C
C-H2C2

AH°Q98
(kJ/moI)
-42.705
-20.641

S°298
(J/molK)
127.321
39.440

300 K
25.92
23.03

400 K
32.82
29.10

Co° (J/mol K)
500 K
600 K
39.36
45.18
34.54
39.15

800 FC
54.51
46.35

1000 K
61.84
51.67

From these values, thermodynamic properties are estimated for the straight chain CnH2n+2
family as a function of temperature in Table B.4. The standard enthalpy and entropy at
298 K are compared with literature values and an estimation error is given.
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Table B.4.
Thermodynamic properties of the C„H2n+2 family estimated with group additivity
N

1
2
J

4
5
6
7
8
9
10
11
12
13
14
15
16

17
18
19
20

Estimated values
AH°Q98
(kJ/mol)

S°298

Cp298

(J/mol K)

(J/mol K)

-

-

-

-85.41
-106.051
-126.692
-147.333
-167.974
-188.615
-209.256
-229.897
-250.538
-271.179
-291.82
-312.461
-333.102
-353.743
-374.384
-395.025
-415.666
-436.307
-456.948

254.642
294.082
333.522
372.962
412.402
451.842
491.282
530.722
570.162
609.602
649.042
688.482
727.922
767.362
806.802
846.242
885.682
925.122
964.562

51.84
74.87
97.9
120.93
143.96
166.99
190.02
213.05
236.08
259.11
282.14
305.17
328.2
351.23
374.26
397.29
420.32
443.35
466.38

Reference values
S°298
AH°(;298
(kJ/mol) (J/mol K)
186.271
-74.923
229.646
-84.724
270.090
-103.916
310.326
-126.232
349.179
-146.538
-167.305
388.661
-187.945
428.058
467.038
-208.586
506.017
-229.185
544.996
-249.826
-270.467
583.975
-291-066
622.954
661.891
-311.707
700.870
-332.348
739.849
-352.989
778.829
-373.588
817.808
-394.187
856.787
-414.828
895.766
-435.427
934.745
-456.068

Error
AH°298

Error

0.81
2.05
0.36
0.54
0.40
0.36
0.32
0.31
0.28
0.26
0.26
0.24
0.23
0.21
0.21
0.21
0.20
0.20
0.19

10.88
8.88
7.47
6.81
6.11
5.56
5.19
4.88
4.62
4.39
4.19
4.02
3.86
3.72
3.59
3.48
3.37
3.28
3.19

S°298

Predicted values for enthalpy and entropy as a function of temperature are
reported for select values of n and compared with available literature values in Figure B.3
and Figure B.4, respectively. The variation of the enthalpy of formation and entropy are
determined using the following relationships.172

ah;=AH;+(T-T>c,,
S° = S° + In

IB.1I

x^
K To y

[B.21

316

100
50 ^
i

I

0 ^
I
^

-50

2

-100 ^

o
X

!

c
S

<

-150

N=6 predicted
n=8 predicted
n=10 predicted
n=6ref[196]
n=8 ref[196]
n=10ref[196]

-200
-250
-300
200

400

600

800

1000

1200

Temperature (K)
Figure B.3 Predicted and reference values for the enthalpy of formation as function of

temperature for C6H14 (o), CgHig (V), and C10H22 (•)•

Where Tm is the average of the temperature of interest and To-
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Figure B.4. Predicted and reference values for entropy as function of temperature for
C6Hi4. CgHis, and C10H22-

B.1.3 Limitations with using additivity
Thermodynamic predictions using bond energy additivity do not predict energetic
differences between isomers. On a limited scale, group additivity will give small changes
between isomers, however, does not properly account for the new degrees of freedom.
Caution should be applied when predicting values for highly branched and large
molecular weight species.
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B.2. Molecules under investigation
The molecules of interest to this work are described in detail in the following text.
Listed are the individual molecules and molecular families along with potential isomers.
Each molecule is divided up into its respective bonds and groups in order to determine
what information is needed for the estimation of thermochemical properties. Each sub
section contains a new molecule family. The bonds and groups in that molecule are listed
under heading "A" and "B". Certain groups do not have thermochemical properties
readily available. These groups are denoted by * and are estimated in section B.3.
B.2.1 CnF2n+2
n=l: cf4

F
N>3

F—C—F

F

F
A.
B.

4
N/A

C-F

F— C—
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F
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B.2.2 CaF2n+2 isomer with one branch
N>4
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N-1
C-C

B.

3
I
N-4

C-CF3
C-C3F
C-C2F2

B.2.3 CnF2n family
N=3: C3F6
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B.2.5 C„F2„0
N=l: CF2O

A.
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2
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B.2.6 CnFjnO isomer#!
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B.2.7 CnFinO isomer #2
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B.2.8 CnF2nO isomer #3
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B.3 Thermodynamic Properties of Groups
In this section, the thermodynamics properties of the groups will be presented. As
noted in section B.2, some groups do not have published thermodynamic properties. The
method by which thermodynamic estimations were made for select groups will be given
in section B.3.1. In section B.3.2, a table containing the properties of all of the groups
used to estimate thermodynamic values for the molecules presented in section B.2 will be
given.

B.3.1 Estimation of Group Thermodynamic properties

B.3.1.1 C-OFC
To generate the group properties for C-OFC, the properties of two other groups
are used. The C-OF contribution comes from multiplying the properties of the molecule
COF2 by Y2. The C-OC contribution comes from multiplying the group C-OC2 by

The

two contributions are summed to generate a C-OFC group.

B.3.1.2 Cd-FO
The group properties for Cd-FO are generated by taking 14 of the O-C2 group
summed with Vi of the Cd-F2 group.
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B.3.1.3 C-OFj
The group properties for C-OF3 are formed by adding Vz of the O-C2 group to V*
of the CF4 molecule.

B.3.1.4 C-COF2
The contribution to the C-COF2 group is made of three parts. The first part uses Vz
of the properties for the O-C2 group. The second part uses Vz of the C-CF3 group to get a
C-C1/2F3/2 contribution. The third part uses

V*

of the C-C2F2 group to get a C-C1/2F1/2

contribution. Summing over all of the contributions gives properties for a C-COF? group.

B.3.1.5 Cd-FC
The Cd-FC group is formed by adding contributions from
Vz

Vz

of a Cd-F2 group and

of a Cd-C2 group.

B.3.2 Summary of Group Thermodynamic Properties
The thermodynamic properties of groups, both referenced values and predicted
values are summarized in Table B.3.1. Included for each group is a second order
polynomial fit of the specific heat data in the form of Cpx = Cpo + aT + bT^.
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Table B3.1
Group Thermodynamic Properties
Group

AH°a98
(kJ/moI)
-666.746
C-CF3
-405.848
C-C2F2
-203.06
C-C3F
-745.203
C-F3O
-481.691
C-COF2
-385.138
C-OCF
-131.466
C-OC2
-97.134
O-C2
-210.697
Cd-FO
-43-263
Cd-C2
-183.87
Cd-FC
-324.477
Cd-F2
(a)
Reference 195.
(b)
Reference 172.

S°298
(J/mol K)
177.82
74.475

Cpo

CoT (J/mol k:
A

Notes

20.94
12.56

0.1292
0.1088

B
-6-684 e-5
-4.18 e-5

-

-

-

-

214.30
125.760
160.815
62-802
36-341
96.202
-53.137
51.516
156.168

22.48
5.452
16-46
10.8
12-46
17.58
10.24
16.48
22.72

.1201
0-1695
0.0732
0.0465
6-012 e-3
0-0383
0.0269
0.0488
0-0707

-5.91 e-5
-1-36 e-4
-3.249 e-5
-1.701 e-5
9.597 e-7
-1.598 e-5
-1.176 e-5
-2.236 e-5
-3.295 e-5

ra,bl
ra,bl
rbi

ra,bl
ra,bl
ra,bl
ra,b1

B.4 Estimated thermodynamic properties of CxFyOz families
The thermodynamic properties for each of the CxFyOz molecule families are
reported here. Each section begins with a table where the predicted standard enthalpy of
formation, standard entropy, and coefficients for the specific heat quadratic dependence
on temperature are reported versus the coordination number, n. In addition, estimations of
the standard enthalpy of formation and entropy at 298 K are given using bond energy
additivity. Following each table are two figures, A and B, for enthalpy of formation and
entropy as a function of temperature, respectively.

328

B.4.1 CnF2n+2
Group
N
1
2
J

4
5
6
7

AH°f.298
(kJ/moI)
-929.47
-1333.49
-1739.34
-2145.19
-2551.04
-2956.88
-3362.73

o
E

o
X
<

S°298
(J/mol K)
261.68
355.64
430.115
504.59
579.07
653.54
728.02

CaT (J/mol K)
A
B
Cpo
0.15
-7.75E-05
22.53
0.26
41.88
-1.34E-04
54.44
.3672
-1.8e-4
67-00
0.48
-2-17E-04
0.58
79.56
-2.59E-04
0.69
92-12
-3.01E-04
0.80
104.68
-3.43E-04

Bond
S°298
AH°f;298
(J/mol
K)
(kJ/mol)
-879.23
283.03
355.88
-1294.85
497.39
-1730.28
570.24
-2154.28
643.09
-2578.28
-3002.28
715.94
788.79
-3426.27

-1500
-2000

-2500
-3000
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200
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400
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Figure B.5. CnFin+i

N=1
N=2
N=3
N=4
N=5
N=6
N=7
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B.4.2 C„F2n+2 isomer with one branch
Cp(T) data is not available for the C-c3f group, hence it is not possible to estimate the
properties of this family with group additivity.
B.4.3 CnFin family
Group
N

2
J
4
5
6

7

AH°f7QK

S°298

(kJ/mol)
-648.95
-1175.09
-1580.94
-1986.79
-2392.64
-2798.49

(J/moI K)
312.34
385.50
459.98
534.45
608.93
683.40

Bond
CoT (J/mol K)

Cpo

45.44
40.14
72.70
85.26
97.82
110.38

A
0.14
0.25
0-36
0.47
0.58
0.68

S°298

B
-6.59E-05
-1.22E-04
-1.64E-04
-2.06E-04
-2.48E-04
-2.89E-04

(kJ/mol)
-653.14
-1114.95
-1538.94
-1962.94
-2386.94
-2810.94

0

-500

o
E

-1000

-1500
o

X
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Figure B.6. CnPm family

(J/mol K)
311.50
386.02
458.87
531.72
604.57
677.42
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B.4.4 CnF2n isomer #1
Group
N
2
3
4
5
6
7

AH°a98
(kJ/mol)
-648.95
-1175.09
-1701.23
-2107.08
-2512.93
-2918.78

S°298
(J/mol FC)
312.34
385.50
458.67
533.15
607.62
682-10

Bond

Cdt (J/moI
A
Cpo
45.44
0.14
0.25
40.14
74.84
0.36
87.40
0.46
99.96
0.57
0.68
112.52

K)

AH°C298
(kJ/moI)
-653.14
-1114.95
-1576.75
-2000.75
-2424.75
-2848.74

B
-6.59E-05
-1.22E-04
-1.78E-04
-2.20E-04
-2.62E-04
-3-04E-04

0
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E

o
X
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Figure B.7. CnF2n isomer #1

S°298
(J/mol K)
311.50
386.02
460.55
533.40
606.25
679.10
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0.4.5 CnF^nO
Group
N
1
2
3
4
5
6
7

AH°a9g
(kJ/moI)

S°298
(J/mol K)

Cpo

-

-

-

-

-

-1051.88
-1457.73
-1863.58
-2269.43
-2675.28
-3081.12

338.64
413.11
487.59
562.06
636.54
711.01

37.40
49.96
62.52
75.08
87.64
100.20

0.20
0.31
0.42
0.53
0.64
0.75

-9.93E-05
-1.41E-04
-1.83E-04
-2.25E-04
-2.67E-04
-3.08E-04

COT (J/mol K)
A
B

Bond
S°298
AH°fa98
(kJ/mol) (J/mol K)
-644.768 264.606
-1035.82 342.062
-1459.81 414.912
-1883.81 487.762
-2307.81 560.612
-2731.81 633.462
-3155.81 706.312

-500
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E
o

X

<
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«
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=
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'
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Figure B.8. CnF2nO

1000
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B.4.6 CnF2nO isomer #1
Group
N
1
2

3
4
5
6
7

AH°f;298
(kJ/moI)

S°298
(J/mol K)

-

-

-1051.88
-1464.96
-1870.81
-2276.65
-2682.50
-3088.35

338.64
418.44
492.92
567.39
641.87
716.34

COT (J/mol K)
B
A

Cpo
37.40
52.68
65.24
77.80
90.36
102.92

-

-

0.20
0.30
0.41
0.52
0.63
0.74

-9.93E-05
-1.51E-04
-1.92E-04
-2.34E-04
-2.76E-04
-3.18E-04

Bond
S°298
AH®f^9g
(J/mol
K)
(kJ/mol)
-644.768 264.606
-1035.82 342.062
-1426.86 419.518
-1850.86 492.368
-2274.86 565.218
-2698.86 638.068
-3122.86 710.918

-1000
o
E

-1500
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o

X
<3
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Figure B.9. CnF2nO isomer # I
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B.4.7 CnFinO isomer #2
Group

1
2
3
4
5
6
7

AH°f.298
(kJ/moI)

S°298
(J/moI K)

oO
u

N

-

-

-

-

-

-1051.88
-1377.51
-1780.75
-2186.59
-2592.44
-2998.29

338.64
503.01
627.35
701.82
776.30
850.77

37.40
75.24
79.15
91.71
104.27
116.83

0.20
0.24
0.41
0.52
0.63
0.74

-9.93E-05
-1.25E-04
-2.69E-04
-3.11E-04
-3.52E-04
-3.94E-04

CoT (J/mol FC)
B
A

Bond
S°298
AH°a98
(kJ/mol) (J/moI K)
-644.768 264.606
-1035.82 342.062
-

-

-

-

-

-

-

-

-

-

-1000

o
E
0
1
<
-3000

N=2
N=3
-T— N=4
— N = 5
N=6
—z— N=7

-3500
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1400
1200

o
E

1000
800

o

CO
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400

200
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400

600

800

1000

Temperature (K)

Figure B.IO. C„F2nO isomer #2
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B.4.8 CnFjnO isomer #3
Group
N
1
2

3
4
5
6
7

AH°a98
(kJ/mol)

S°298
(J/moI K)

Cpo

-

-

-

-

-

-1051.88
-1377.51
-1903.65
-2309.50
-2715-35
-3121.19

338.64
503.01
576.18
650.65
725.13
799.60

37.40
75.24
89.61
102.50
115.06
127.62

0.20
0.24
0.33
0.45
0.56
0.67

-9.93E-05
-1.25E-04
-1.64E-04
-2.23E-04
-2.65E-04
-3.07E-04

CoT (J/mol K)
A
B

Bond
S°298
AH°t298
(J/moI
K)
(kJ/mol)
-644.768 264.606
-1035.82 342.062
-

-

-

-

-

-

-

-

-

-

-500
-1000
o
E

-1500
-2000

o

X
<3

-2500
-3000

N=2
N=3
N=4
N=5
N=6
N=7

-3500 —
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1200
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1000
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800
600
400
200
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400

600

800

1000

Temperature (K)

Figure B.11. CnF2nO isomer #3
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B.4.9 CnF2„+20
Group
N
2
3
4
5
6
7

AH°Q98
(kJ/mol)
-1490.41
-1893.64
-2296.87
-2702.72
-3108.57
-3514.42

S-'zgs
(J/mol K)
428.60
517.88
607.16
681.64
756.11
830.59
-1000

CoTa/moIK)
Cpo

44.96
48.87
52.78
65.34
77.90
90.46

A
0.24
0.42
0.60
0.71
0.82
0.92

B
-1.18E-04
-2.62E-04
-4.06E-04
-4.47E-04
-4.89E-04
-5.31E-04

Bond
S°298
AH°a98
(kJ/mol) (J/moI K)
-1406.77 391.048
-1830.77 463.898
-2254.76 536.748
-2678.76 609.598
-3102.76 682.448
-3526.76 755.298

-lAI

-1500
o
E

-2000

-2500
o

X

<

-3000
-3500

N=2
- — N=3
N=4
— N = 5
N=6
— N = 7

-4000
1600
1400
1200

O

1000

E

800

o
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600
400

200
200

400

600

800

Temperature (K)

Figure B.12. CnFan+zO

1000
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B.4.10 CnF2n+20 isomer #1
Group
N
2

'y
J
4
5
6
7

AH°f.298
(kJ/moI)
-1490.41
-1893.64
-2299.49
-2705.34
-3111.18
-3517.03

S°298
(J/mol K)
428.60
517.88
592.36
666.83
741.31
815.78
-1000

Cpo
44.96
48.87
61.43
73.99
86.55
99.11

CoT (J/mol K.)
A
B
0.24
-1.18E-04
0.42
-2.62E-04
-3.04E-04
0.53
-3.46E-04
0.64
-3-87E-04
0.75
-4.29E-04
0.85

Bond
S°298
AH°a98
(kJ/mol) (J/mol K)
-1406.77 391.048
-1830.77 463.898
-2254.76 536.748
-2678.76 609.598
-3102-76 682.448
-3526.76 755.298

JCM.

-1500
o
E

-2000
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O
X
<
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N=2
•o— N=3
N=4
-T— N=5
N=6
-r— N=7
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o
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o
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400
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200

400

600

800

1000

Temperature (K)

Figure B.13. CnFan+iO isomer #1
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B.4.11 C„F2„+IH
Group
N
2
J
4
5
6
7
->

AH°a98
(kJ/mol)
-1091.5
-1497.62
-1903.74
-2309.86
-2715.98
-3122.1

S°298
(J/mol K)
341.64
416.165
490.69
565.215
639.74
714.265

Cpo
25.964
38.524
51.084
63.644
76.204
88.764

CoT (J/mol K)
A
B
0.278
-1.51E-04
0.385
-1.92E-04
0.493
-2.34E-04
0.602
-2.76E-04
0.711
-3.18E-04
0.820
-3.60E-04

Bond
S°298
AH°Q98
(kJ/mol) (J/mol K)
-

-

-

-

-

-

-

-

-

-

-

-

B.4.12 C„F2„H2
Group
N
2
•-»

J

4
5
6
7

AH°f,298
(kJ/mol)
-856.62
-1262.47
-1668.32
-2074.16
-2480.01
-2885.86

S°298
(J/moI K)
327.408
401.88
476.36
550.83
625.31
699.78

Cpo
10.048
22.608
35.168
47.728
60.288
72.848

Bond
COT (J/mol K)
A
B
0.293
-1.68E-04
-2.09E-04
0.402
0.511
-2.51E-04
0.619
-2.93E-04
-3.35E-04
0.728
0.837
-3.77E-04

AH°Q98
(kJ/mol)

S°298
(J/mol K)

-

-

-

-

-

-

-

-

-

-

-

-

B.4.13 CnF2n-!H3
Group
N
2
3
4
5
6
7

AH°Q98
(kJ/mol)
-643.93
-1049.78
-1455.63
-1861.47
-2267.32
-2673.17

S°298
(J/mol K)
311.92
386-39
460.87
535.34
609.82
684.29

Cpo
9.696
22.256
34.816
47.376
59.936
72.496

CDT (J/mol K)
B
A
0.259
-1.32E-04
0.368
-1.74E-04
0.477
-2.16E-04
0.586
-2.57E-04
0.695
-2.99E-04
-3.41E-04
0.803

Bond
S°298
AH°a98
(J/mol
K)
(kJ/mol)
-

-

-

-

-

-

-

-

-

-

-

-
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B.4.14 C„F2„-2H4
Group
N
2
3
4
5
6
7

AH°f.298
(kJ/mol)
-431.24
-837.09
-1242.94
-1648.78
-2054.63
-2460-48

S°298
(J/mol K)
296.43
370.9
445.38
519.85
594.33
668.80

Cpo
9.34
21.90
34.46
47.02
59.58
72.14

CoT (J/mol
A
0.226
0.334
0.443
0.552
0.661
0.770

K)
B
-9.63E-05
-1.38E-04
-1.80E-04
-2.22E-04
-2.64E-04
-3.05E-04

Bond
S°298
AH°a98
(kJ/mol) (J/mol K)
-

-

-

-

-

-

-

-

-

-

-

-

B.4.15 C„F2„-,H
Group
N
2
3
4
5
6
7

AH°f^98
(kJ/mol)
-481.9
-1008.04
-1413.89
-1819.74
-2225.58
-2631.43

S°298
(J/mol K)
293.50
366.66
441.14
515.61
590.09
664.56

Cpo
9.70
44.35
56.91
69.47
82.03
94.59

CBT (J/mol
A
0.259
0.263
0.372
0.480
0.589
0.698

K)
B
-1.32E-04
-1.28E-04
-1.70E-04
-2.12E-04
-2.53E-04
-2.95E-04

Bond
S°298
AH°a98
(kJ/mol) (J/moI K)
-

-

-

-

-

-

-

-

-

-

-

-

B.4.16 CnFin-lHl
Bond

Group
N
2

3
4
5
6
7

AH°f^98
(kJ/mol)
-314.85
-769.60
-1175.45
-1581.30
-1987.14
-2392.99

S°298
(J/mol K)
274.65
352.55
427.02
501.50
575.97
650.45

Cpo
13.85
28.43
40.99
53.55
66.11
78.67

CoT (J/mol
A
0.170
0.280
0.389
0.498
0.606
0.715

K)
B
-7.78E-05
-1.45E-04
-1.87E-04
-2.29E-04
-2.70E-04
-3.12E-04

AH°f.298
(kJ/mol)

S°298
(J/mol K)

-

-

-

-

-

-

-

-

-

-

-

-
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B.4.17 C„F2„+IOH
Group
N
2
3
4
5
6
7

AH°£;298
(kJ/mol)
-903.88
-1302.12
-1788.81
-2270.50
-2752.19
-3233.88

S*'298
(J/mol K)
336.01
425.29
551.05
676.81
802.57
928.33

Cpo
36.34
40.25
45.70
51.16
56.61
62.06

CoT (J/mol K)
A
B
0.132
-5.69E-05
0.310
-2.01E-04
0.480
-3.66E-04
0.649
-4.73E-04
0.819
-6.09E-04
0.988
-7.45E-04

Bond
S°298
AH°fa98
(kJ/mol) (J/mol K)
'

-

-

-

-

-

-

-

-

-

-

B.5 Equilibrium Concentration Estimations in a CF4 plasma
A thermodynamic equilibrium software package "HSC""® was used to perform
equilibrium thermodynamic calculations. The method for equilibrium concentration is
based simply on minimization of the Gibb's free energy. An excellent discussion of
multiple reaction complex equilibrium calculations is found in reference [199] as well as
many other introductory thermodynamics textbooks. Each reaction assumed to occur in a
reactor is written and a conversion(s) is(are) assumed. The assumed conversion is then
used to determine the concentration of species produced, from which a new conversion is
calculated. The process is iterated until the assumed conversion and the resulting
conversion converge.
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APPENDIX C
Chemkin Ill/Aurora
A plasma chemical kinetics model was used to simulate the plasma chemistry.
The model consists of three modules: Chemkin, Surface Chemkin, and Aurora. In
Chemkin, an input data file stores thermodynamic information for each species to be
evaluated along with each reaction and the corresponding reaction rate. A sample input
file is given here.

CHEM.INP

ELEMENTS C F E H END
SPECIES E CF4 CF3 CF2 CF C F CF3+ CF2+ CF+
F- H2 H HF CF3-CF3 CF3-CF2
C3F7 C3F8 C4F9 C4F10 C5FI2 CHF2 CH2F2 CHF3 CHF CH
CH3FCH2F 1CHF2-CF3
END
THERMO ALL
300 1000 4000
E
7I09IE I 0 0 OG 300.000 10000.000 1000.00
I
0.25002515E+01 O.OOOOOOOOE+00 O.OOOOOOOOE+00 O.OOOOOOOOE+00 O.OOOOOOOOE+00 2
-0.74597845E+03-0.11736856E+02 0.25002515E+01 O.OOOOOOOOE+OO O.OOOOOOOOE+OO 3
O.OOOOOOOOE+00 O.OOOOOOOOE+00-0.74597839E+03-0.11736856E+02
4
F
62494F 1 0 0 OG 300.00 4000.00 1000.00
I
0.02500251 E+02 O.OOOOOOOOE+OO O.OOOOOOOOE+OO O.OOOOOOOOE+OO O.OOOOOOOOE+OO
0.08765875E+05 0.03945399E+02 0.02500251E+02 O.OOOOOOOOE+OO O.OOOOOOOOE+OO
O.OOOOOOOOE+OO O.OOOOOOOOE+OO 0.08765876E+05 0.03945399E+02
4

2
3

C
121086C 1 0 0 OG 0300.00 5000.00 1000.00
I
0.02602087E+02-0.0178708lE-02 0.09087041E-06-0.11499333E-I0 0.03310844E-14 2
0.08542154E+06 0.04I95177E+02 0.02498584E+02 0.08085776E-03-0.02697697E-05 3
0.03040729E-08-0.110665I8E-12 0.08545878E+06 0.04753459E+02
4
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CF
OC IF I 0 OG 300.000 4000.000 1000.00
I
0.35169971E+01 0.12089I48E-02-0.60I43578E-06 0.I3575995E-O9-O.11482483E-13 2
0.28732038E+05 0.44058543E-K) I 0.33005944E-K) 1 0.19444903E-03 0.34597969E-05 3
-0.40776976E-08 0.13716I08E-11 0.28878675E+05 0.59432727E+01
4
CF2
OC IF 2 0 OG 300.000 4000.000 1000.00
1
0.50029794E+01 0.24864935E-02-0.12464072E-05 0.28270893E-09-0.23988842E-13 2
-0.24953852E+05-0.69528532E+00 0.24142320E+01 0.99729280E-02-0.93280230E-05 3
0.43416270E-08-0.89897809E-12-0.2425418lE+05 0.12607297E+02
4
CF3
OC IF 3 0 OG 300.000 4000.000 1000.00
I
0.67235935E+01 0.40703915E-02-0.20365891E-05 0.46122641E-09-0.39086914E-13 2
-0.58465139E-^05-0.83871964E+01 0.13041433E+01 0.22337050E-01-0.26757189E-04 3
0.16780253E-07-0.44847212E-11-0.57129447E+05 0.18814414E+02
4
CF4
OC IF 4 0 OG 300.000 4000.000 1000.00
1
0.85462944E+01 0.55234993E-02-0.27598083E-05 0.62431141E-09-0.52859284E-13 2
-0.11550435E+06-0.19855956E+02 O.I 062409 lE+00 0.35839829E-01-0.46865445E-04 3
0.31646809E-07-0.88459968E-11-O.l 1351758E+06 022039809E+02
4
C+
I20186C IE -1 0 OG 300.00 5000.00 1000.00
1
0.02511827E+02-0.0I735978E-03 0.09504267E-07-0.022I885IE-10 0.0I862189E-I4 2
0.02166772E+07 0.04286130E-K)2 0.02595384E+02-0.04068664E-02 0.06892366E-05 3
-0.05266488E-08 0.15083378E-12 0.02166628E+07 0.03895729E+02
4
CF+
OC IF IE -I OG 300.000 4000.000 1000.00
I
0.30759352E+01 0.16483498E-02-0.78678871E-06 O.I7245280E-09-0.14274514E-I3 2
0.13525396E+06 0.59989II7E-K)1 0.37624647E+01-0.24319554E-020.69273470E-05 3
-0.576I02I0E-08 0.15988393E-11 0.I35I9695E+06 0.30543173E+01
4
CF2+
OC IF 2E -I OG 300.000 4000.000 1000.00
1
0.43538303E+01 0.3I807458E-02-0.15580208E-05 OJ4780415E-09-0.29176464E-I3 2
0.I0869208E+06 0.33317870E+01 0.33613467E+0I 0.41091944E-02 0.39470829E-06 3
-0.23730658E-08 0.80299926E-12 0.10908321E+06 0.898I7200E+01
4
CF3+
OC IF 3E -1 OG 300.000 4000.000 1000.00
1
0.57698397E+01 0.50956483E-02-0.24988068E-05 0.55813539E-09-0.46832908E-I3 2
0.47300785E+05-0.48506611E+01 0.16613815E+01 0.18333224E-01-0.2028524 lE-04 3
O.I2852I08E-07-0.36834892E-I I 0.48373104E+05 0.I5996377E+02
4
F62794F IE 1 0 OG 300.00 5000.00 1000.00
I
0.02500251E+02 O.OOOOOOOOE+00 O.OOOOOOOOE+00 O.OOOOOOOOE+00 O.OOOOOOOOE+00
-0.03148634E+06 0.03251584E+02 0.02500251E+02 O.OOOOOOOOE+00 O.OOOOOOOOE+00
O.OOOOOOOOE+00 O.OOOOOOOOE+00-0.03148635E+06 0.03251584E+02
4

2
3

CF3-CF3
75CHERODC 2F 6 E OG 300.00 3000.00 1150.00
1
0.17I50062E+02 0.46114319E-02-0.19268956E-05 0.35553332E-09-0.23964360E-13 2
-O.I6795IOOE+06-0.6I723795E+02 0.1480660lE+00 0.61793558E-OI-O.784O9584E-O4 3
0.4837155 lE-07-0.11822352E-10-0.16368577E+06 023729541E+02
4
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CF3-CF2 78ROD91CHERAUC 2F 5 0 OG 300.00 3000.00 1150.00
I
0.1395945 lE+02 0.49I26632E-02-0.21053836E-05 0.399I3356E-09-0.27648992E-i3 2
-0.n242354E+06-0.419l0578E+02 0.1574787lE+01 0.46I49396E-01-0.56963498E-04 3
0.34834336E-07^.85235376E-11-0.10927738E+06 0.20480869E+02
4
C3F7
HSC
OC 3F 7 0 OG 300.000 1500.000 1000.00
I
0.9605470lE+01 0.29605289E-O1-O.I206835IE-04-O.36530I0IE-O9 0.75616322E-13 2
-0.15856531E+06-0.93967312E+01 0.9458494lE+01 0.30I00878E-01-0.12677736E-04 3
-0.45393645E-10 0.16481113E-13-0.15853115E+06-0.86642051E+01
4
C3F8
HSC
OC 3F 8 0 OG 300.000 1500.000 1000.00
1
0.70044872E-K)l 0.42627418E-01-O.I9717644E-04-O.I068I469E-08 0.219285I9E-12 2
-D.21304724E+06-0.55497089E-01 0.65443471E+01 0.44191956E-01-0.2I700295E-04 3
0.44100467E-IO-0.14709534E-I3-0.2I293974E+06 022375745E+01
4
C4F9
HSC
OC 4F 9 0 OG 300.000 1500.000 1000.00
I
0.11071280E+02 0.42839656E-01-0.17057196E-04-0.27316795E-09 0.5816922IE-13 2
-0.20833892E+06-0.12509049E+02 0.10965987E+02 0.43210130E-01-O.I7545800E-04 3
0.13790469E-10-0.53661569E-14-0.20831503E+06-0.11987652E+02
4
C4F10
OC 4F 10 0 OG 300.000 1500.000 1000.00
1
0.80139074E+01 0.57461908E-01-OJ6784305E-04 020921099E-09-0.48704637E-I3 2
-0.26274072E+06-0.90859632E+00 0.80556869E+01 0.57283371E-01-0.26543574E-04 3
0.96243427E-10-0.39710n2E-I3-0.26274703E+06-0.11036194E+0I
4
C5F12
OC 5F 12 0 OG 300.000 1500.000 1000.00
I
0.94322602E+01 0.70790551E-01-0.31818183E-04 029192179E-09-0.58319925E-13 2
-0.31252088E+06-0.37633254E+01 0.95732030E+01 0.70319190E-01-0.31214846E-04 3
-0.64441021E-10 0.25123864E-13-0.31255486E+06-0.44693050E+01
4
H2
121286H 2 0
OG 0300.00 5000.00 1000.00
1
0.02991423E+02 0.07000644E-02-0.05633828E-06-0.09231578E-10 0.15827519E-14 2
-0.08350340E+04-0.13551 lOlE+01 0.03298124E+02 0.0824944lE-02-0.08143015E-05 3
-0.09475434E-09 0.04134872E-11-0.10125209E+04-0.03294094E+02
4
H
120186H 1 0
OG 0300.00 5000.00 1000.00
I
0.02500000E+02 O.OOOOOOOOE+00 O.OOOOOOOOE+00 O.OOOOOOOOE+00 O.OOOOOOOOE+00 2
0.02547162E+06-0.04601176E+01 0.02500000E+02 0.00000000E+00 0.00000000E+00 3
O.OOOOOOOOE+00 O.OOOOOOOOE+00 0.02547162E+06-0.04601176E+01
4
HP
121286H IF 1
OG 0300.00 5000.00 1000.00
1
0.02956767E+02 0.07721015E-02-0.09899834E-06-0.04993520E-10 0.I4293306E-14 2
-0.03361061E+06 0.04011673E+02 0.0343184IE+02 0.04404165E-02-0.08828452E-05 3
0.06574516E-08-0.02055909E-12-0.03381977E+06 0.12382699E+OI
4
CHF3
78KOL74CHEROD C IH IF 3 OG 300.00 3000.00 1300.00
1
0.75241689E+01 0.52300472E-02-0.20360032E-05 0.35729556E-09-023099727E-13 2
-0.87022508E+05-0.14611191E+02 0.68075829E+00 0.239859lOE-01-0.21833598E-04 3
0.99802568E-08-0.18517901E-11-0.84989416E+05 0.21061742E+02
4
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CHF2
82MCMGOL96ZAC C IH IF 2 OG 300.00 3000.00 1150.00
I
0.54482814E+01 0.44116540E-02-0.174I8858E-05 0.30919959E-09-0.20176188E-I3 2
-0.31960950E+05-0.22945525E+01 0.18327633E+01 0.13416380E-OI-0.95432838E-05 3
0.29592968E-08-0.27919992E-12-0.30857056E+05 O.I6758883E+02
4
CHF
84PRJNIL7ISTUC IH IF I OG 300.00 3000.00 1300.00
1
0.44836570E+0I 0.17496353E-02-0.50479025E-06 0.10895265E-09-0.98789823E-14 2
0.17958123E+05 OJ28922230E-K)0 0.33448388E-K) I 0.23546052E-02 0.19398293E-05 3
-0.26525057E-08 0.79116937E-I2 0.I85I4014E+05 0.70528597E+01
4
CH2F2 78KOL74CHEROD C IH 2F 2 OG 300.00 3000.00 1100.00
1
0.45584984E-K)l 0.83197879E-02-033715698E-05 0.6I879687E-09-0.4I951543E-I3 2
-0.56506221E+05 0.43663670E+00 0.I7390054E-K)I O.I 1937925E-01-0.26932091E-06 3
-0.55189353E-08 0.218I3549E-11-0.55439684E-K)5 0.16234241E+02
4
CH2F
82MCMGOL96ZAC C IH 2F I OG 300.00 3000.00 1300.00
I
0.40601301E+01 0.54664229E-02-0.21094939E-05 0.37445811E-09-0.24740006E-13 2
-0.55927678 E+04 0.30137878E+01 0.21179745E+01 0.I0239270E-0I-0.66208892E-05 3
0.23785703E-08-0.38933587E-I2-0.49574I86E+04 0.13339356E+02
4
CH3F
78KOL74CHEROD C IH 3F 1 OG 300.00 3000.00 1100.00
1
0.26440009E+OI 0.99725077E-02-0.39849725E-05 0.72514762E-09-0.48843996E-13 2
-0.29427146E+05 0.84230576E+01 0.25962366E+01 0.36531694E-02 0.13103231E-04 3
-0.14532989E-07 0.44801427E-11-0.29006808E+05 0.I0482267E+02
4
CH
121286C IH 1
G 0300.00 5000.00 1000.00
I
0.02196223E+02 0.0234038 lE-01-0.0705820 lE-05 0.09007582E-09-0.03855040E-13 2
0.07086723 E+06 0.09178373E+02 0.03200202E+02 0.02072875E-01-0.05134431E-04 3
0.05733890E-07-0.01955533E-10 0.07045259E+06 0.03331587E+02
4
1CHF2-CF3 75CHEROD
C 2H IF 5 OG 300.00 3000.00 1150.00
I
! 0.14058914E+02 0.79984131E-02-0.34820007E-05 0.67492657E-09-0.47789563E-13 2
'.-0.13834703E+06-0.44385372E+02 0.41067599E+00 0.52272371E-01-0.60122547E-04 3
! 0.34643557E-07-0.80647608E-I I-0.13484115E+06 0.24624084E+02
4
END
REACTIONS KELVIN MOLECULES

! Dissociative Ionization *

f m m * * * * * * * * * ** * * * * *

E + CF4 => CF3+ + F + 2E 2.9000E-09
1.3490E+00
1.5733E+05
TDEP/E/
! Dissociative Ionization Graves - E + CF4 => CF2+
O.OOOOE+00
2.85I0E+05
TDEP/E/ ! Dissociative Ionization C&O
E + CF4 => CF+ + 3F + 2E 1.9400E-08
O.OOOOE+00
4.0080E+05
TDEP/E/ ! Dissociative Ionization C&O
E + CF4 =>C+ +4F + 2E 1.7300E-08
O.OOOOE+00
4.5840E+05
TDEP/E/ ! Dissociative Ionization C&O
E + CF3 => CF2+ + F + 2E 2.6800E-08
O.OOOOE+00
2.0990E+05
TDEP/E/ '. Dissociative Ionization C&O
E + CF3 =>CF+ +2F + 2E 2.2100E-08
O.OOOOE+00
2.5430E+05
TDEP/E/ ! Dissociative Ionization C&O

2F + 2E

1.5400E-08
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E + Cf^ =>CF+ +F +2E 2.9600E-08
O.OOOOE+00
1.8010E+05
TDEP/E/ ! Dissociative Ionization C&O
E + CF3-CF3 => CF3+ + CF3 + 2E 6.8700E-08 O.OOOOE+00
1.6740E+05
TDEP/E/ [ Dissociative Ionization C&O
E+CF3-CF3 => CF++CF3+2F+2E I.3000E-08 O.OOOOE+00
2.35I0E+05
TDEP/E/ ! Dissociative Ionization C&O
E+CF3-CF3 => CF2++CF3+F+2E 8.9000E-09 O.OOOOE+00
2.7590E+05
TDEP/E/ ! Dissociative Ionization C&O
E + C3F8 => CF3++CF3-CF2 + 2E 2.7600E-08 O.OOOOE+00
2.4000E+05
TDEP/E/ [ Dissociative Ionization C&O
E + C3F8 => CF+ +CF3-CF2 +2F +2E 2.6000E-08 O.OOOOE+00
3.3240E+05
TDEP/E/ ! Dissociative Ionization C&O
E + CHF3 => CF3+H + 2E 7.0300E-08 O.OOOOE+OO
2.4I80E+05
TDEP/E/ I Dissociative Ionization C&O
E + CHF3 => CF2++ HF-i-2E 2.6I00E-09
0.0000E-K)0
1.6060E+05
TDEP/E/ ! Dissociative Ionization C&O
E + CHF3 => CF+ + HF +F +2E 2.0000E-08
O.OOOOE+00
2.5200E+05
TDEP/E/ ! Dissociative Ionization C&O
E + CF4 =>F+ +CF3+2E I.6800E-08
O.OOOOE+00
4.5900E+05
TDEP/E/ ! Dissociative Ionization C&O
E + CF4 => C+ + F+ + 3F + 3E 1.4600E-09
O.OOOOE+00
7.4720E+05
TDEP/E/ ! Dissociative Ionization C&O
E + CF4 => CF+ +F+ + 2F + 3E 2.6500E-09
O.OOOOE+00
5.7970E+05
TDEP/E/ ! Dissociative Ionization C&O
E + CF4 => CF2+ +F+ + F + 3E l^600E-09
O.OOOOE+00
5.1700E+05
TDEP/E/ ! Dissociative Ionization C&O
E + CF4 =>CF3+ + F+ + 3E 1.1400E-09
O.OOOOE+00
4.6400E+05
TDEP/E/ ! Dissociative Ionization C&O
EXTRA REACTION RATES FROM GRAVES
E + CF3 =>CF+ -2F + 2E 2.0500E-08
I.3200E-01
TDEP/E/ 1 Dissociative Ionization Graves E + CF3 =>CF2+ + F + 2E 8:2000E-09
4.5200E-01
TDEP/E/ ! Dissociative Ionization Graves E + CF2 =>CF+ +F +2E 9.9000E-09
5.0600E-0I
TDEP/E/ ! Dissociative Ionization Graves E + CF4 =>CF+ +3F + 2E 9.0000E-09
2.5900E-01
TDEP/E/ ! Dissociative Ionization Graves E + CF4 => CF2+-r 2F + 2E 9.8000E-09
1.6600E-01
TDEP-'E/ [ Dissociative Ionization Graves -

3.0177E-i-05
2.0007E+05
2.0797E+05
4.0571E+05
3.0574E+05

Dissociation
E + CF4 => CF + 3F + E
3.7200E-10
TDEP/E/ ! Dissociation C&O
E + CF4 =>CF2 + 2F + E
1.3000E-I0
TDEP/E/ ! Dissociation C&O
E + CF4 => CF3 + F + E
9.4300E-10
TDEP/E/ ! Dissociation C&O
E + CF3 =>CF +2F + E
9.2000E-09

O.OOOOE+00

3^950E+05

O.OOOOE+00

2.0380E+05

O.OOOOE+00

1.9370E+05

3.0700E-02

8.3I18E+04
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TDEP/E/ ! Dissociation Graves E + CF3 =>CF2 + F +E
2.I000E-08
-2.6300E-01 5J735E+04
TDEP/B' ! Dissociation Graves E + CF2 => CF + F + E
9.0000E-09
4.0200E-02
4.8032E+04
TDEP/E/ ! Dissociation Graves E + CF =>C + F + E
9.0900E-08
-8.300E-01
7.4935E+04
TDEP/E/ ! Dissociation Graves E + CF3-CF3 => CF3 + CF3 + E 9.0000E-09 -3.3340E-01
8.1727E+04
TDEP/E/ ! Dissociation Graves E + CF3-CF2 => CF3 + CF2 + E 9.0000E-09 -3.3340E-01
8.1727E+04
TDEP/E/ ! Dissociation Graves E + H2 =>H + H - ^ E
9.4030E-12
2.3780E+00
9.4697E+04
TDEP/E/ ! Dissociation
E + CHF3 => CF3H + E
4.6800E-09
O.OOOOE+00
22830E+05
TDEP/E/ ! Dissociative C&O
E + CHF3 => CHF2-f F + E 32500E-10
O.OOOOE+00
2^830E-K)5
TDEP/E/ ! Dissociative C&O
E + CHF3=>CF2 + HF + E 4.0100E-09
0.OOOOE-K)O
3.3460E+05
TDEP/E/ ! Dissociative C&O
E + CHF3 => CHF + 2F + E
42900E-10
O.OOOOE+00
5.5490E+05
TDEP/E/ ! Dissociative C&O
E + CHF3=>CF + HF + F + E 1.0700E-08
O.OOOOE+00
2.3510E+05
TDEP/E/ ! Dissociative C&O
EXTRA REACTION RATES FROM GRAVES
* E + CF4 =>CF +3F + E 9.0000E-09
* TDEP/E/ ! Dissociation Graves * E + CF4 =>CF2 + 2F + E 9.7000E-09
* TDEP/E/ ! Dissociation Graves* E + CF4 => CF3 + F + E 9.9000E-09
* TDEP/'E/ ! Dissociation Graves Ionization

-2.3500E-01

2.7985E+05

-2.I700E-01

1.9564E+05

-3.0900E-02

1.4526E+05

*

mm*****************************************

E + CF3 => CF3++ 2E
l.IIOOE-OS
O.OOOOE+00
1.1710E+05
TDEP/E/ ! Ionization C&O
E + CF2 => CF2++ 2E
12800E-08
O.OOOOE+00
1.3760E+05
TDEP/E/' ! Ionization C&O
E + CF =>CF+ +2E
9.0000E-09
5.4400E-01
I.5797E+05
TDEP/E/
Ionization Graves E-^C =>C+ +2E
I.5800E-08
5.7500E-0!
1.3552E+05
TDEP/E/
! Ionization Graves **************************************************

EXTRA REACTION RATES FROM GRAVES
• E + CF3 => CF3++ 2E
2.8000E-09
* TDEP/E/ ! Ionization Graves • E + CF2 => CF2++ 2E
1.3700E-08
* TDEP/E/ ! Ionization Graves Dissociative Attachment

5.5800E-01

I^224E+05

3.6700E-0I

I.4489E+05

•
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E + CF4=>CF3 -f-F2.03(H)E-09
-2.3670E+00
1.6558E+05
TDEF/E/
! Dissociative Attachment Graves E + CF3-CF3 => CF3-CF2 + F- 8.1800E-09
-I.5000E-K)0 2.6280E+04
TDEP/E/ ! from Christophorou and OlthofF
E + C3F8 =>C3F7 + F- 4.8400E-08 -1.4500E+00 23720E+04
TDEP/E/ [ from Christophorou and OlthofF
E + C4F10 =>C4F9-t-F- 2.8400E-08
O.OOOOE+00 1.3720E+05
TDEP/E/ 1 same as C3F8 + e- => c3f7 + fE + CF3-CF3 => CF3-CF2 + F- 4.700E-08
O.OOOOE+00
1 J94IE-K)5
TDEP/E/ I from Christophorou and OlthofF
E + C3F8 =>C3F7 + F- 2.8400E-08
O.OOOOE+00
1.3941E+05
TDEP/E/ ! same as C2F6 + e- => c2f3 + fE + C4F10 =>C4F9-t-F- 2.0000E-08
O.OOOOE+00
1.3941E-K)5
TDEP/E;' ! same as C2F6 + e- => c2f5 f-

Neutralization

*

if m** ******************

CF3+ + F- => CF3 + F
CF2+ + F- => CF2 + F
CF+ + F- => CF + F
! Graves -

5.0000E-08
5.0000E-08
5.0000E-08

O.OOOOE+00 O.OOOOE+00
O.OOOOE+00 O.OOOOE+00
O.OOOOE+00 O.OOOOE+00

i**********************************************************
t Activated Decomposition

•

1*****************************^*****^********************^0

CF4 + H =
+H
CF3
+ H2
CF3
+H
CF2
+H
CF
+
F
H2
CF3-CF3 H
C3F8 + H
C4F10 + H
CHF2 +H
CHF2 -f-F
CH2F2 -hH
CH2F2 -H F

CF3 +HF

I.8266E-09
O.OOOOE+00
22432E+04
O.OOOOE-t-00
9.1332E-11
O.OOOOE-t-00
O.OOOOE-i-00
1.0462E-22
2.6657E+03
0.0000E-K)0
3.3212E-10
2.4822E-H03
O.OOOOE-i-00
3.32I2E-I0
2.4822E+03
5.0000E-01
4.4836E-12
l.2510E-f-03
O.OOOOE-I-OO
1.6606E-09
1.5089E-t-04
O.OOOOE+00
1.6606E-09
1.5089E^04
O.OOOOE-^00
1.6606E-09
I.5089E-i-04
2.4200E-»-00 -2.ll24E-^02
9.1332E-21
O.OOOOE-i-00
O.OOOOE-HOO
4.9817E-11
O.OOOOE+00
4.7300E-I-03
2.1900E-II
O.OOOOE-HOO
9.3047E-f-02
1.4945E-I0
O.OOOOE-i-00 8.0473E-<-02
CHF2 -HCHF2 =CH2F2-^CF2 4.9817E-N
CF3-CF2 H = CHF2 CF3 7.2567E-08 -7.4600E-01
2.I929E-H)3
CHF3 -I-H
=CHF2 -F-HF
O.OOOOE 00
2.0269E+04
1.3285E-I0
= CF3
H2
O.OOOOE-FOO
CHF3 -H H
5.5131E-I1
5.5400E-i-03
O.OOOOE-I-OO
l.8609E-^03
CHF3 + F =CF3 -^HF 7.4726E-11
0.0000E-K)0
1.0059E-i-03
CF3 H-CHF2 =CHF3 -I-CF2 4.9817E-11
=CHF -HHF
2.4743E-10 -I.LOOOE-01
5.0799E-I-01
CHF2 + H
=CF2 +H2
9.5815E-18
1.3500E-H)0
9.0030E-K)3
CHF -HHF
0.0OO0E-H)0
O.OOOOE-I-00
CHF -T-H =CH -T-HF 3.3200E-10
CH2F2 -^H =CH2F-T-EIF 9.1332E-11
O.OOOOE-I-OO
I.7151E-H04
CH3F -I-H =CH2F-I-H2 2.9890E-II
O.OOOOE-KM)
4.7278E+03
CH3F -^CF3 =CH2F-T-CHF3 2.2418E-12
O.OOOOE-KK)
5.6331E+03
CH3F -i-F
=CH2F-f-HF
2.2418E-10
O.OOOOEh-OO
6.0355E-^02
CH2F2 + CH2F = CHF2 -i- CH3F 1.4945E-I3
O.OOOOE-<-00
7.0414E-1-03
CH2F2-^CF3 = CHF2 H-CHF3 1.I956E-12
O.OOOOE-F-OO
5.6331EH-03

= CF2 -H HF
= CHF2 -H HF
= CF
-t- HF
=C
-r HF
=H
HF
= CF3-CF2 + HF
= C3F7 + HF
= C4F9 + HF
= CF2
H2
= CF2
HF
= CHF2 -H H2
= CHF2 HF
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CH2F +CHF2 =CH3F + CF2 4.98I7E-I1
O.OOOOE+00 I.I065E+03
CF3 + CH2F = CHF3 + CHF 4.9817E-11
O.OOOOE+00 2J136E-K)3
CHF2 + CH2F = CH2F2 + CHF 4.98l7E-n
O.OOOOE+00 2:2i30E+03
CH2F +CH2F =CH3F + CHF 4.9817E-1I
O.OOOOE+00 2.4142E+03
CF3-CF2 + H =CHF2-CF3
I.8598E23
-I.0800E+0I
2.0621 E+03
CHF2-CF3 + F = CF3-CF2 + HF 6.6423E-11
O.OOOOE+00
7.0414E+02
2 Methyl reactions with product stabilization from Z&B •

CF3 + CF3 (+M) =>CF3-CF3 (+M) 1.0290E-09
O.OOOOE+00
i:2010E+03
LOW/5.53E-28 0.0 1.2010E+03/
(modified rate from Z and B for low temperature)
(low pressure fitted to PandR(l986) for same Ea as high pressure)
CF3 + CF3 + M =CF3-CF3 + M 2.7070E+I2 -7.2600E+00
3.5480E-H)3
(From Zachariah and Burgess - high temperature rate expression)
CF4 + CF2 + M = CF3-CF3 + M 6.6423E-11
O.OOOOE+00
2.5667E-K)4
(Z and B, no low pressure fit accounted for)
CF3 + CF3 (+M) => CF3- CF3 (+M) 8.3000E-I2
O.OOOOE+00
O.OOOOE+OO
LOW/2.80E-23 0.0 O.OOOOE+OO/
CF4 + CF2 (H-M) => CF3- CF3 (+M) 6.6423E-11
O.OOOOE+OO
O.OOOOE+OO
LOW/2.00E-26 0.0 O.OE+OO/ lEstimated ko from P&R
CF3-CF2 CF3 => C3F8
O.OOOOE+OO
1.0290E-09
1.20I0E+03
C3F7 + CF3 =>C4F10
O.OOOOE+OO
I.0290E-09
L20I0E+03
C4F9 + CF3 =>C5F12
O.OOOOE+OO
1.0290E-09
I.20I0E+03
CF3-CF3 +CF2=>C3F8
O.OOOOE+OO
2.8423 E-10
2.5667E+04
C3F8 + CF2 =>C4F10
O.OOOOE+OO
2.6423E-10
2.5667E+04
C4F10 + CF2 =>C5FI2
O.OOOOE+OO
2.6423E-10
2.5667E+04

Pressure dependent 3-body reactions. Using Lindeman form *

mm******************

CF3

+ F (+M) = CF4 (+M) 2.0000E-11
O.OOOOE+OO
O.OOOOE+OO
LOW / 7.7E-27 0.0 0.0/
CF2 + F (+M) = CF3 (+M)
I.3000E-n
O.OOOOE+OO
O.OOOOE+OO
LOW / 3.00E-29 0.0 0.0/
CF + F (+M) = CF2 (+M) I .OOOOE-11
O.OOOOE+OO O.OOOOE+OO
LOW/3.2E-31 0.0 0.0/
CF3+H + M =CHF3 + M
I.OOOOE-10
O.OOOOE+OO
O.OOOOE+OO
CF2 + H + M =CHF2 + M
I.OOOOE-IO
O.OOOOE+OO
O.OOOOE+OO
CF + H + M
=CHF +M
l.OOOOE-IO
O.OOOOE+OO
O.OOOOE+OO
C+ H+ M
=CH + M
I.OOOOE-IO
O.OOOOE+OO O.OOOOE+OO
CF2
+H2 + M = CH2F2 + M 2.8230E-18 -7.I000E-01
2.0571E+04
CHF2 +H + M =CH2F2 + M 4.5666E-18 -3.2000E-0I
3.8678E+03
IH + H + M
=H2 + M
1.6600E-16
O.OOOOE+OO
O.OOOOE+OO
CHF +HF + M = CH2F2 + M 6.0445E-00 -4.2600E+00
2.0420E+03
CHF +H2 + M = CH3F + M 3.7363E-07 -2.8500E+00
6.5385E+03
1CHF2 + CF3 + M
= CHF2-CF3 + VI4J341E-01 -4.I600E-01
2.0621 E+03
END
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The chem.inp file is read into a CHEMKIN interpreter which produces a chemkin
linking file. Similarly, an input file is used to describe the reactions which can occur on a
surface in the reactor, and is compiled with a SURFACE CHEMKIN interpreter file. A
sample input file is given here.
SURF.INP

SITE/WALL/ SDEN/2.5E-9/
WL(S)
END
THERMO ALL
300 500 1000
WL(S)
32989SI I
G 0300.00 4000.00 1000.00
1
0.02775845E+02-0.062I3257E-02 0.04843696E-05-0.12756146E-09 0.113448I8E-I3 2
0.05339790E+06 0.04543298E+02 O.03N35L5E-K)2-0.O233O991E-OL 0.03518530E-04 3
-0.02417573E-07 0.0639I902E-11 0.05335061E+06 0.03009718E+02
4
END
REACTIONS MWOFF
CF3+ + E
=> CF3
0.4 0.0 0.0
BOHM
CF2+ + E
=> CF2
0.4 0.0 0.0
BOHM
CF+ + E
=> CF
0.4 0.0 0.0
BOHM
C+ + E
=> C
0.4 0.0 0.0
BOHM
END
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As before, the surface chemkin interpreter module produces a linking file. The
two linking files can then generally be_us^d for any number of modules to describe
reactor-specific chemical reactions. These modules are either commercially available or
can be written by the user. For this work, a commercially available module was used,
AURORA, which simulated chemical reactions in a plasma. An input file is used along
with the two generated linking files in order to describe the chemical reactions and the
reactor properties. A sample input file, AURORA.INP is given here:
AURORA.INP

I

! number of PSR's to be considered in series
NPSR I
I ******nsrLETCONDITIONS***»***»
! the total flow rate in cm/sec
SCCM 5
I
! mole firaction of reactants
REAC CF4
0.99999
RE AC H2
0.00001
!

! inlet temperature; only used when ENRG is specified
TINL 300
! inlet electron temperature; only used when ENRG is given
TEIN 300
I ***»***REACTORCONDITIONS******
I

! either calculate the temperature or keep the temp fixed
ENRG
!TGIV
! either calculate the electron temperature or keep fixed
ENGE
!TEGV
! do not solve the fixed-temperature problem
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NOFT
! specify estimate of ion temperature in gas
TION 5800.
! power deposition in watts (use PWRE for ergs, PWRC for calories)
PWRW 200.
! ion energy gain across the sheath in kTe
ELSH MATERIAL 1 5.
! assert Bohm condition on ion fluxes, corrected for presence
! of negative ions if necessary. Use value as multiplier to
! account for Ni sheath < Ni_plasmabulk
BOHM 0-4
CNFN
! elastic collision x-section for electrons and species k
XSEKCF4 1.0e-I6
! default value for x-section if not given for a species
XSDF l.Oe-16
! heat transfer coeff to ambient (cal/s-cm2-K) and cunbient temp (K)
! [the conversion from ergs to calories is 2.389e-8]
HTRN 1.89e-4 298.15
! Do you expect to be etching the bulk?
'.ETCH BULKl
! temperature (guess) of the reactor in Kelvin
TEMP 300.
! electron temperature (guess) of the reactor in Kelvin
ETMP 44000.
! Pressure of reactor in mtorr
PRMT 10
! volume of the reactor in cm**3
VOL 7000.
! area in cm**2
AREA 3000.
lAFRA WALL 0.9
!AFRA WAFER 0.1
! Surface temperature, if different than the gas temperature
TSRF MATERIAL I 300.
!
INITL\L GUESS AT SOLUTION
I
! estimation of gas phase composition
XESTCF4 0.8
XESTCF3 0.05
XESTCF2 0.05
XESTCF 0.001
XEST C 2.e-5
XESTF l.e-4
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XEST CF3+ 2.5e-4
XEST CF2+ 5.e-5
XESTCF+ 5.e-5
XESTC+ 5.e-5
XESTF- 3.e-4
XESTE I.e-4
XESTCF3-CF3 Le-5
XESTCF3-CF2 l.e-9
XESTC3F8 l.e-8
XEST C3F7 l.e-9
XESTC4F10 l.e-9
XESTC4F9 l.e-IO
XEST C5F12 l.e-11
XESTH2 6.e-8
XESTH I.e-8
XESTHF 2.e-8
XESTCHF2 I.e-9
XESTCH2F2 l.e-11
XESTCHF3 l.e-10
XESTCHF l.e-10
XESTCH3F l.e-11
XESTCH2F l.e-11
XESTCH l.e-10
!XEST CHF2-CF3 1.6-9
! estimation of the surface site fractions
! do you want to use a restart file as an initial guess?
RSTR
!
ALCULATION OPTIONS********
r
! rate-of-progress calculations - print out all
!AROP
! print out ROP analysis for the species below
ROP CF3+
ROP FROP CF2
ROP CF3-CF3
ROP C3F8
! print out sensitivity coefficients for the species below
'.SEN E
!SEN CL
! threshold value for ROP coefficients
EPSR le-10
!
I •••••••-p^oPNT PARAMETERS************
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! amount of printing to be done
PRNT 1
! relative and absolute error tolerances for the solution
RTOL I.e-3
ATOL l.OE-15
! number of time steps and value of time step
TIME 10 l.E-6
TIM2 200 3.E-8
! number of time steps before retiring time-step size
IRET 300
! lower bounds for the compositional solution variables
SFLR -l.OE-4
! parameters for the calculation of numerical differences
ABSL l.OE-15
RELT l.e-3
I
!
DO YOU WANT TO DO ANOTHER PROBLEM AFTER THIS ONE ?
CNTN
!
END OF INPUT PARAMETERS FOR CURRENT PROBLEM
END

It is possible to have AURORA sample various reactor conditions, simply by
invoking the CNTN (continue) command and then reassigning reactor conditions, for
example, pressure, power, or new inlet mole fractions. Aurora produces an output file
which describes any output values of interest, for example, final mole fractions. A sample
output file is not included here as it can reach hundreds of pages in size.
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Appendix D
Statement of Permission

Reprinted from M. Schabel, T. Peterson, J. Sinclair, and D. Lynch, Characterization of
Trapped Particles in RF Plasmas, Journal of Applied Physics, 86(4), 15 August 1999, pp
1834-1842, Copyright AIP 1999. Its use in this dissertation and extended permission for
UMI to supply single copies of the complete dissertation on demand are with kind
permission from the American Institute of Physics, 2 Huntington Quadrangle, Melville,
NY 11747-4502.
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Characterization of trapped particles in RF plasmas
M. Schabei, T. Peterson^\ J. Sinclair'"
Department of Chemical and Environmental Engineering, University ofArizona,
Tucson, Arizona 85721
D. Lynch
Department of Materials Science and Engineering, University ofArizona,
Tucson, Arizona 85721

Charged dust particles electrostatically trapped in rf plasmas may exhibit kinetic
energies greatly exceeding that of the surrounding gas. The high particle energies are a
result of charged particle interactions with local potential fields perturbed by the presence
of neighboring particles. Laser Doppler Velocimetry is used to experimentally investigate
the two-dimensional dynamics of monodisperse 10.2 |im polystyrene latex spherical
particles trapped in an argon plasma. Spatially resolved particle velocities and local
particle concentrations are reported for variations in rf power and pressure. The
experimental results are compared with laser light scatter, often employed for studying
particle dynamics. Various theories are reviewed in an attempt to interpret the
experimental results.
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I. INTRODUCTION

Particle contamination during plasma processing of semiconductors is known to
be a significant contributor to reductions in product yield.' Particles can charge negatively
in a plasma and trap in minima of combined gravitational and electric potential fields.^
Particle trapping in plasma reactors causes the residence time of the particles to greatly
exceed that of the parent processing gas, thereby allowing for significant particle growth
to occur. A variety of sources represent possible precursors to particle formation in the
plasma^ including gas phase nucleation, flaking of films deposited on chamber walls, and
from material sputtered from the wafer surface.
Three particle morphologies are typically observed in plasma reactors: primary
nucleates, chain agglomerates, and spherical agglomerates of the primary nucleates.^
Morphological similarities of particles formed in a variety of plasma reactors with a wide
range of gas chemistries and operating conditions suggest that a single particle growth
mechanism may be common to all plasma reactors.'*'^ Particle growth can be divided into
the following steps: I) formation of clusters, 2) growth to a critical nucleate size (~ 10
nm) by chemical vapor deposition or by cluster-cluster interactions, and 3) agglomeration
of the nucleates. Agglomeration is responsible for particles growing to sizes large enough
to be considered a contaminant by current microelectronic industrial standards.' For
agglomeration to occur, the particles must either have kinetic energies higher than the
potentials of neighboring particles or interact attractively.
Agglomeration events occur while the particles are electrostatically trapped in a
o

potential well which exists near the plasma-sheath interface. In typical reactors, the
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trapping location can be close to the substrate/wafer being processed. Some efforts have
been made to modify the potential trapping locations in plasma reactors in an attempt to
minimize contamination problems.' A more direct approach is to control the growth of
particles in the plasma. Hence, a thorough understanding of how the charged particles
interact with the plasma and with neighboring particles, and how the particles respond to
changes in the plasma operating parameters is necessary.
Laser light scattering (LLS) is traditionally used to study the behavior of particles
in plasmas.'"*'^ This technique is very powerful for studying quiescent particles arranged
in Coulomb crystal and Coulomb liquid structures in dusty plasmas.'^ Although these
structures are not common in microelectronic processing applications, they do provide a
unique situation for studying particle-particle and particle-plasma interactions. Detailed
descriptions of laser light scattering can be found elsewhere.''* Briefly, a laser beam or
laser sheet is directed into a plasma chamber to illuminate particles trapped in a particle
cloud. A video camera equipped with high resolution imaging is used to record the
motion of the particles illuminated by the laser light. In order to determine a statistically
meaningful estimate of the particle velocity, the particle must have a trajectory within the
field of view recorded over several frames of videotape. Melzer et al}^ have used laser
light scattering to measure 9.3 (im diameter melamin-formaldehyde particles with
energies of 50 eV. Studying high energy particle systems (> 50 eV) in a plasma chamber
remains a challenge with laser light scattering, often limited by the frame advance rate of
the video recording equipment.
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In the present work, laser Doppler velocimetry (LDV) is used as an alternative to
LLS for studying the behavior of particles in plasmas. LDV has been used previously by
one other research group, Boufendi et al.

to characterize dusty plasmas. In that work,

the particles were grown in the plasma, had particle diameters on the order of 200 nm,
and did not exhibit confinement in local particle traps. The focus of the current work,
however, is to characterize the dynamics of particles that exhibit local trapping. The
primary differences distinguishing the two experiments are the size of the particle and the
resulting trapping characteristics.

II. EXPERIMENT

The plasma chamber used in this research is a modified form of a Tegal MCR-1
Reactive Ion Etcher and is discussed in detail elsewhere.^ The chamber is a cylindrical
parallel plate, rf capacitively coupled, four-inch single wafer etch reactor. The electrode
spacing is 9.7 cm and the reactor volume is approximately 5 L. There are four access
ports located at 0°, 45°, 90°, and 180°, equipped with three viewports and a pneumaticallycontrolled differential pressure particle injector on the fourth port. The plasma chamber is
evacuated with a Leybold lOOOC Turbo Molecular pump backed by a Leybold DC-30A
mechanical pump. The pumping speed is controlled with a VAT throttle control valve.
Base pressures of 1x10"^ Torr are typical with this configuration. Ultrapure grade Argon
is passed through a 0.01 |am Pall particle filter before being introduced into the plasma
chamber. The plasma is powered at 13.56 MHz by an ENI HF-1 rf generator and is
capacitively coupled through a tunable matchbox.
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Two-dimensional particle velocities and local particle concentrations were
measured using an Aerometrics 2-D Laser Doppler Velocimeter. The LDV system
incorporated a water-cooled Argon ion laser which was operated at less than 1 W total
power. The beam wavelengths used were 514.5 nm and 488.0 nm. One of the laser beams
in each of the laser beam pairs was Bragg shifted 40 MHz from the second beam. The
beams passed through a 250 mm focal lens and intersected to form a fixed interferometric
probe volume which could be traversed 25 mm ± 1 jim axially or radially as shown in
Figure la. The signal scattered from illuminated particles was measured in backscatter
mode.
In a recent paper, Ibrahim and Bachalo review signal analysis techniques for LDV
applications.'^ For optimum signals, data collection rates, and velocity resolution, the
signal was mixed at 40 MHz, the sampling frequency was 0.625 MHz, the high pass filter
was 1.25 MHz, the signal to noise ratio was 65, the burst threshold was 0.5 mV, and the
high voltage applied to each of the photomultiplier tubes was 500 V and 600 V for the
514.5 nm beams and 488.0 nm beams, respectively. Using the above filtering parameters,
the particle velocity resolution is estimated to be approximately 1x10'^ m/s. Under more
stringent filtering

conditions, it is possible to resolve 1x10"^ m/s particle velocities with

this system.
LDV signal quality was maintained by ensuring that the particle concentration was
low, such that, in general, one particle was in the probe volume at an instant in time. The
one particle/probe volume concentration threshold was estimated to be approximately
lO" particlesW or 5.5 x 10'^ volume fraction.

With these conditions, the signal quality
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was such that greater than 90% of the particles sampled were measured and stored. The
90% validation rate dropped substantially when the concentration of particles in the
particle trap exceeded the threshold particle concentration. For particle concentrations
less than lO" particles/m^, the particles in this system generally exhibited random and
uncorrelated behavior. It was only when trapped particle concentrations greatly exceeded
LDV measurement thresholds that collective structures resulting from dust acoustic or ion
acoustic instabilities occurred.'* '' The observed behavior for high particle loadings
included swirling of the particle cloud, the lighthouse or void effect, and threedimensional wave interactions. It is important to note that instability-driven particle
dynamics were not evaluated in this study. The experiments performed here were limited
to particle concentrations below the critical concentration for which instability-behavior
typically occurred.
It was necessary for many particles to be sampled at each location in the particle
trap so that a statistically meaningful representation of average particle velocity £uid local
concentration could be determined. The confidence level in reporting average velocities
and concentrations varied with the number of particles sampled. If 500 particles were
sampled, the average deviation was 4% for velocity and 8% for local particle
concentration with respect to a sample of 2000 particles.
The local particle concentration, C, camiot be measured directly. However,
concentration can be estimated from the z-directed velocity, Vz, using the method of Koh

et al}^
C = 4/{7t'^{max[V0)tg0)]}'}

(1)
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where td is the time between particle arrivals to the measurement volume, tgO) and V(j)
are the residence times and velocity vectors for the j''' particle in the interferometric probe
volume. The overbar in equation (1) represents the sample average.
Monodisperse polystyrene latex (PSL) spherical particles (diameter = 10.2 ^un,
density = 1.05 g/cm^, and mass = 5.83x10"'^ kg/particle) obtained from Duke Scientific
were used to seed the plasma chamber. Although these particles are large with respect to
industrial standards of contaminants in plasma chambers, their size is well within the
experimental range of current research using laser light scattering for real time in-situ
measurements of particle-particle interactions in plasma traps.The particles were
injected into the chamber using a pneumatically-controlled differentially pumped valve. It
was not possible to inject known concentrations of particles into the plasma using this
experimental technique. Scanning electron microscopy was used to show that the
particles remained monodisperse after injection into the plasma chamber and after
exposure to the plasma.

HI. RESULTS
The experimental data were obtained at nominal pressure ranges of 10 mTorr to
50 mTorr, forward rf power of 30 W to 150 W, and argon flowrates of 10 seem to 50
seem. With these operating conditions, the gas residence time in the chamber was on the
order of 1 second. A top view of the plasma chamber depicting the reference frame with
respect to the horizontal electrodes is shown in Figure lb. In this view, the z-axis or axial
component is coming out of the page. Also shown are the two locations where the
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particles trapped in the plasma chamber, a toroidal ground plane trap and a cusped
powered electrode trap. All of the data presented are for the particles trapped in the
ground plane particle trap, although we verified using LDV that the ground plane particle
trap and the powered particle trap are dynamically similar. Because of geometrical
constraints imposed by the chamber configuration, it was not possible to sample the
powered electrode particle trap in its entirety. Therefore, only the toroidal ground plane
particle trap was studied.

A. Particle trap cross section
A representative r-z cross-section of the toroidal ground plane particle trap is
shown in Figure 2. The particle trap shown was sampled after the plasma had reached
equilibrium. The boundary of the particle trap is defined by the region where less than
one particle per second (1 Hz data rate) passes through the interferometric probe volume.
The cross-sectional area is assumed to be rectangular and is estimated by traversing the
LDV probe volume through the particle trap and measuring the maximum height (AZ)
and width (Ar) of the cross section. It was not possible to measure how the cross-section
of the toroidal ground plane particle trap varied with azimuthal position due to limited
optical access.
The cross-sectional area of the ground plane particle trap changes with time as
represented in Figure 3. Three important features in this decay curve can be discerned.
First, there is initially a fast decay rate, followed by a transition period, and then a slower
decay. Our measurements show that this behavior is qualitatively the same independent of
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initial particle loading, pressure, power, or flowrate.

The initial decay rate and transition

periods correspond with a temporal transient in the intensity of argon emission (750.4
nm) as observed with Optical Emission Spectroscopy, hence the initial decay appears to
be due to the slow equilibration of the plasma. Roth et al?^ suggest that this phenomenon
is due to an impedance change in the plasma and might be caused by moisture outgassing
of the chamber walls. However, the cross section of the trap continues to decay past the
transition period, albeit at a slower rate, suggesting a secondary mechanism driving the
cross section decrease. Using Field Emission Scanning Electron Microscopy, it was
determined that the particles neither agglomerated nor disintegrated upon exposure to the
plasma. Hence, the shrinking of the particle trap cross section is attributed to a reduction
of the total number of trapped particles, possibly driven by particle tunneling as observed
by Selwyn et al. ~ or particle fall out as observed by Cabarrocas et al.^

B. Particle Velocity
A histogram of the azimuthal component of the velocity of particles passing
through the interferometric probe volume, centered in the middle of the ground plane
particle trap, is shown in Figure 4a. The reported velocity distribution suggests that the
particles are moving within the particle traps and that very few particles are quiescent.
This behavior was confirmed with standard laser light scattering and imaging techniques
as discussed by Selwyn, et al}"^ A range of LDV filtering parameters were explored to
ensure that the histogram in Figure 4a was not unique to a given filter setting.
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The path of each particle through the fixed
difficult to reconstruct from

interferometric probe volume is

Figure 4a. The picture becomes clearer when two

components of the particle velocity are simultaneously measured. Figure 4b reports 2-D
velocities for 1000 particles passing through the interferometric probe volume located at
an arbitrary position in the particle trap. From this perspective, it is clear that the particle
trajectories through the probe volume are random; the particles do not exhibit a preferred
direction of travel as would be expected with dust-plasma instabilities, i.e. circulation and
lighthouse effects. However, the particles travelling perpendicular to the electrode exhibit
higher velocities than those travelling parallel to the electrode.
Four methods can be used to describe the mean particle velocity behavior at each
location in the particle trap. These include: a) direct averaging of all of the particle
velocities directed in either the azimuthal or axial directions, b) direct averaging of only
the positive or only the negative velocities in either the azimuthal or axial directions, c)
rms averaging the particle velocities referenced to a mean velocity in either the azimuthal
or axial directions, or d) calculating the average velocity magnitude. We determined that
techniques (b), (c), and (d) all exhibit the same trends with variations in the plasma
operating conditions. Technique (a) suggests that the mean particle velocity is on the
order of +/-lxlO"^ m/s for all plasma conditions. Herein, all particle velocities are
obtained using the average root mean square velocity, <Vrnis>, from technique (c) in the
positive azimuthal direction referenced to a zero mean velocity. The kinetic energy of the
particles (Ep) are calculated directly:
Ep = '/2mp<Vn^'

(2)
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where nip is the mass of the particle.
The average trapped particle energy behavior can be described with a contour plot
of iso-energy lines in the particle trap. This contour plot is generated by traversing the
interferometric probe volume through the particle trap and by measuring the average
particle velocity at multiple (approximately 250) points throughout the cross section, as
shown in Figure 5a. The axis labeled axial position marks the position of the
interferometric probe volume in millimeters above the ground plane. The axis labeled

radial position is referenced to the edge of the powered electrode and increases in value
as the interferometric probe volume is traversed towards the edge of the plasma chamber.
It is readily observed that the average particle energy in any direction increases as the
particle moves either axially (Figure 5b) or radially (Figure 5c) towards the electrode; the
particles closer to the bulk plasma exhibit lower energies.
From the individual measurements of average azimuthal particle velocity made
throughout the particle trap, a spatial average energy for the entire ground plane trap is
calculated and shown as a function of pressure at constant power (30 W) in Figure 6a and
as a function of power at constant pressure (16 mTorr) in Figure 6b. The symbols in
Figures 6a and 6b represent multiple experiments where the initial loading of particles
during particle injection was varied. In general, the particles exhibit decreased energy
with increased pressure as indicated by the negative slope. This behavior is consistent
with the work of Thomas and Morfill'^ who used LLS to show that the particles converge
to static Coulomb crystal lattice points as the pressure is increased. The trend of increased
particle energy with increased power is in qualitative agreement with the laser light
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scattering measurements of Melzer et al}^ Note that the trend of increased energy with
increased power or decreased pressure is independent of initial particle loading; however,
the absolute energy at a given set of conditions does depend on initial loading. An
empirical fit to the data in Figures 6a and 6b suggest that the average energy in the trap
scales as:
Ep = |3(r,z)XC„)(W)"^(p)-""'

(3)

where XCo) denotes a functional dependence on initial particle concentration, W is the rf
forward power, p is the chamber pressure, and P(r,z) represents the linear energy
dependence on radial or axial position as shown in Figures 5b and 5c. The dependence of
particle energy on particle size was not investigated in the present work.
It was discovered that the energy of particles in the axial direction correlates well
with the energy' of particles in the azimuthal direction. The axial component of the
particle energy was approximately twice that of the azimuthal component over a wide
range of pressures, powers, flowrates, and sampling locations in the particle trap, as
shown in Figure 7. The constant slope indicates that the particle heating mechanism
remains constant over the range of the parameters evaluated. The magnitude of the slope
indicates that the mechanism responsible for the high particle energies acts predominantly
in the axial direction.

C. Local particle concentration
Particle trap concentrations are calculated firom particle velocity and inter-particle
arrival time measurements using Equation 1. The radial particle trap concentration profile
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and the axial concentration profile are shown in Figures 8 and 9. respectively, for varied
power at constant pressure and for varied pressure at constant power. The particle
concentration is not uniform throughout the trap, but rather exhibits a quick rise to a peak
with a slow decay as the interferometric probe volume is traversed either radially or
axially from the electrode to the chamber wall. All radial or axial scans are referenced to
a single axial or radial position, respectively. The spatial concentration gradients in a
particle cloud with a monodisperse particle size indicate that the particle interaction
forces, the particle charge, and the electric field have spatial dependence. Figures 8 and 9
indicate that the net repulsive interaction forces reach a minimum in the middle of the
particle cloud. It is unclear why the spatial dependence of the particle concentration does
not vary directly with the spatial dependence of the particle velocity, as observed in
Figures 5b and 5c.
The maximum in the spatial particle concentration in the particle trap profiles (as
depicted in Figures 8 and 9) is reported as a function of power at constant pressure (16.5
mTorr) in Figure 10a. The maximum spatial particle concentration changes drastically
with varied particle loadings and shifts spatially in the particle trap with varied plasma
conditions. Although adding more particles may cause the cross-section of the particle
trap to swell, it has a dual effect of reducing the particle-particle spacing or increasing the
local concentration. Hence, the addition of more particles to a plasma may serve to reduce
the total interaction force acting between neighboring dust particles due to electron
depletion in the plasma."^ The trend of increased maximum spatial particle concentration
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with increased power at constant pressure holds for both low and high particle loadings.
The relationship appears to be linear with a slope that is independent of particle loading.
The maximum in the spatial particle concentration profiles in the trap is reported
as a function of pressure at constant power (50 W) in Figiu-e 10b. As the pressure is
increased at constant power, the particle concentration first increases and then decreases
as shown for multiple experiments with different initial particle loadings. For pressures
greater than 15 mTorr, the decrease in particle concentration with an increase in pressure
is in qualitative agreement with the work of Thomas and Morfill^^ using LLS. However,
in their system, this trend was observed at much higher pressures (190-320 mTorr). At
pressures lower than 190 mTorr, Thomas and Morfill observed random particle motion
and their particle concentration measurements resulted in too much scatter to provide a
reasonable comparison with the present experimental results.

IV. DISCUSSION
The particle kinetic energies observed in the present system are unusually high in
that they greatly exceed the temperatures of any other species in the plasma. Physical
interpretations of the experimental data must account for dust particle energies in excess
of the energy of the plasma species and must describe variations in the particle energy and
concentration with pressure, power, and spatial location. Various theories describing
particle energies are reviewed briefly here in an attempt to account for the anomalously
high particle energies.
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A. Brownian motion
As mentioned previously, Boufendi et al}^ have used one-dimensional laser
Doppler velocimetry to measure the velocity of particles in a plasma. They proposed that
the particles were in translaticnal equilibrium with the surrounding gas; the particle
temperature was assumed to be equal to the neutral temperature (assumed 0.0258 eV) and
the particle motion was due to Brownian fluctuations.

Using the same assumptions as

Boufendi et al.^^, a Brownian fluctuation analysis for 10.2 |im PSL particles results in a
predicted energy that is four orders of magnitude lower than observed in this work.

B. Brownian motion in an electric fleld
The classical definition of Brownian motion used by Boufendi et al.

assumes

that neutral collisions with a particle give rise to particle position fluctuations.

In a

plasma environment, one must consider that Coulomb interactions of ions and electrons
with the charged particle are important.^® Nefedov et al?^ have used particle diffusion in
an electric field to explain large particle energies. They propose that perturbations in the
local particle concentration result in an electric field which will equilibrate the particles to
a uniform distribution, resulting in a particle diffusion coefficient. Dp.
Dp = Do{l+T,/T„ QV[(l+Ti/Te)ne + Qnp]}

(4)

where Ti, Tn, and Tc are the ion, neutral, and electron energies, respectively, np and ric are
the free stream particle and electron concentrations, Q is the particle charge, and Do is the
Brownian diffusion coefficient for an uncharged particle given by
Do = T„{47:/3(4+7c/2)ro¥[m„/27tTn]

(5)
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Here P is the pressure, mn is the mass of argon, and ro is the particle radius. Nefedov et ai
performed a fluctuation analysis resulting in a particle energy, Ep.
Ep = T„ + 2mpDo-(Dc/Do)^/A^

(6)

where Dc = Dp-Do, nip is the mass of the particle, and A is the interparticle spacing.
A comparison of experimental particle energies taken from

Figure 5a and

predicted particle energies using equation (6) is shown in Figure 11, using Tp = 5.1
and np = 2xl0'°/m^, and assuming the following "best-fit" parameters: Tc = 2.5 eV, n^ =
lO'Vm^. Langmuir probe measurements of the electron temperature and density in this
reactor^^ give dramatically different results: Tc = 6-8 eV and tie = lO'Vm^. The particle
charge, Q, is estimated by the method suggested by Nowlin and Carlile.^' In general, the
predicted and measured particle energies agree. However, at low pressures, the agreement
is poor because the predicted energy varies as (P)'^ whereas the measured energy has an
empirical dependence of (P)"'^. It should be noted that the predicted energy is highly
sensitive to small changes in the particle and electron concentrations, assumes constant
particle charge and interparticle spacing and does not readily account for variations in
power or spatial dependence. Furthermore, the fit values for the electron temperature and
density do not agree well with measured values. Allowing np and n^ to vary with pressure
in order to match the predicted particle energy to the experimental energies results in
pressure dependencies inconsistent with experimental results shown in Figure 10b.
The analysis of Nefedov et

predicts energies calculated from forces tending

to restore displaced particles to an equilibrium position. A drawback to general use of this
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model is that the proposed mechanism does not explain how the particles are heated and
displaced from their equilibrium positions. To determine how particles may be displaced
from equilibrium positions, it is necessary to evaluate individual particle-particle
interactions.

C. Particle potential fluctuations
In models describing electrostatic trapping of particles in plasmas, it is common to
assume that the charge on an individual particle is constant with respect to relevant time
scales for the reactor.^" In reality, the particle charge fluctuates

on the order of the

frequency of arrival of ions and electrons to the particle charge surface.^' Each particle is
surrounded by an ion cloud which defines a local electric potential in the vicinity of the
particle. The local potential, (p, can be approximated by the Debye-Htickel solution to the
Poisson equation.
(p = ro(p(ro)exp((ro-r)/?iL)/r

for r > ro

(7)

where r is the distance away from the particle and A.L is the particle Debye length. The
fluctuations

in the charge of a particle give rise to fluctuations

in the local potential

surrounding the particle. If two neighboring particles separated by a distance A < A-L climb
each other's fluctuating

potential, the kinetic energy of each particle can be increased.

This description requires that the potential fluctuations

occur at a frequency

low enough

for the energy to couple to the particle. For 10 (im PSL particles, this frequency

is on the

order of 10 Hz as determined from a power spectrum analysis.^^ Since charge fluctuations
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typically occur on the order of 10^

particle potential fluctuations can not explain the

experimentally observed particle energies.

D. Particle potential and electrostatic fluctuations
Low frequency oscillations in the plasma potential can occur when instabilities are
excited. Recent research has suggested that the mere presence of particles in a plasma can
give rise to dust-induced instabilities^"* which occur when ions stream past dust particles.
The low frequency oscillations in the plasma potential can induce low frequency particle
charge fluctuations which could give rise to a fluctuation of the particle position. These
instabilities have been observed experimentally through striations in the plasma
represented by rotating bright emissions.^^ In addition, these instabilities are responsible
for low energy wave-like behavior that are commonly observed in laboratory dusty
plasmas.^^ However, Quirm and Goree have shown experimentally that the low frequency
oscillations do not account for high particle energies.^^

E. Ion wai(e
It has been noted earlier that the potential surrounding a charged particle in a
plasma can be approximated by the symmetric Debye-Hiickel potential. In the present
work, the particles trap near the plasma-sheath interface where it is not reasonable to
assume that symmetric shielding occurs. At the plasma-sheath interface, ions are
accelerated normal to tlie sheath in order to match the Bohm criterion,''* resulting in a
higher flux of ions to the bulk-plasma side of the particle as compared with the flux of
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ions from the electrode side of the plasma. A wake will form in the local electrostatic
potential downstream of the particle in the ion flow.^'"*^
Melzer et al?'^ have shown that a second particle inserted in the vicinity of the ion
wake will interact repulsively with the upstream particle, but may interact attractively
with the wake. The ion wake theory has been used to explain how particles can vertically
align in a plasma"^ and has been used to verify LLS experimental results where 9.4 jim
monodisperse melamin-formaldehyde spheres ordered in two layers achieved energies on
the order of 50 eV.'*^ A brief explanation of the ion-wake particle heating mechanism is
given here. Highly energetic ions streaming past a charged particle will focus downstream
resulting in an ion concentration higher than the upstream value. A neighboring charged
particle will be attracted to the ion cloud. Once the second particle encounters the ion
wake, the particle charge will change causing the particle to move in the plasma potential.
Subsequent re-exposure to the upstream ion flow will cause the particle to move back to
its equilibrium position in the potential. The particle charge variations tend to cause an
oscillatory motion parallel with the ion flow and charged particle repulsive interactions
tend to randomize the particle trajectories in all directions.
Although it is not possible to analytically describe how this mechanism will affect
particle energies with variations in pressure and power, a qualitative description can be
given. As pressure is increased, the ion concentration in the ion focus region tends toward
the freestream

concentration. The attractive potential between a neighboring particle and

the ion wake is reduced. Furthermore, dissipation of particle energy will increase with
increased pressure due to gas drag. For an increase in power, the freestream

ion
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concentration and the ion energy will increase, resulting in a highly concentrated ion
wake. The attractive interaction between a neighboring charged particle and a wake is
then expected to increase with power. Near the bulk plasma, the ion temperature is often
approximated as being equal to the neutral gas temperatiu-e. At the plasma sheath
interface, the ions have accelerated to the Bohm velocity, reaching temperatures
comparable with the electron temperature. As a result, downstream ion focusing and
attractive wake-particle interactions are strongest at the plasma sheath interface and
decrease towards the bulk plasma. This may explain the present experimental results
where particle energies are large near the electrode and decay in the bulk plasma. Finally,
the model suggests that the dominant heating mechanism is in direction normal to the
electrode and that particle-particle electrostatic interactions will tend to distribute the
energies in all directions."*^ Consistent with the proposed mechanism, the present
experiments indicate that the particle energy is higher in the direction normal to the
electrode than the tangential direction (Figure 7) and the particles exhibit random particle
trajectories (Figure 4b).

F. Particle Agglomeration
In a recent study, the agglomeration of charged particles was modeled as a
function of particle size and relative approach velocity.'*^ This model assume that
agglomeration could occur only if the negatively charged particles had kinetic energies
greater than electrostatic repulsive energies. It was found that for 100 nm particles, the
necessary kinetic energy is on the order of 250 eV, four orders of magnitude larger than
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Brownian energies. The authors suggest that ion drag forces acting on the particles as they
enter the particle trap may result in particle energies necessary for agglomeration. Once
trapped, the kinetic energy is quickly dissipated and the particle is assumed to be
quiescent. In the present work, however, the particles are not quiescent while confined to
the particle trap. This suggests, as discussed in section IV, that particle heating
mechanisms in addition to ion drag may contribute to agglomeration.

V. Conclusion
Laser Doppler velocimetry has been used to spatially characterize the dynamics of
particles trapped electrostatically in a radio frequency plasma. It has been shown that laser
Doppler velocimetry is well suited for studying high energy systems whereas traditional
laser light scattering techniques are ideal for low energy systems. Particles in the present
system have kinetic energies exceeding neutral, ion, and electron temperatures by many
orders of magnitude. Current theories have been reviewed here with respect to the present
experimental results in an attempt to understand the exact nature of the particle energies.
Macroscopic Brownian motion in a plasma due to perturbations in the local particle
concentration may explain large particle energies observed in the present system.
However, experiment and Brownian motion predictions do not agree at low pressures. Ion
wake models have predicted high particle energies by evaluating microscopic particleparticle interactions and can currently be used to qualititatively explain present
experimental observations of particle dynamic variations with power, pressure, and
spatial location.
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a) Two-dimensional laser Doppler velocimetry applied to the plasma
chamber, b) Top view of the plasma chamber. The cylindrical reference system is
depicted with the z-axis coming out of the page. Both the toroidal and cusped shaped
partical traps are depicted.
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Cross section of the toroidal particle trap for an argon plasma operated at
50 W forward rf power, 19.9 mTorr, and 20 seem gas flowrate.
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(a) A one-dimensional azimuthal velocity histogram taken with LDV at an
arbitrary position in a toroidal particle trap for an argon plasma operated at 30 W forward
rf power, 16 mTorr, and 20 seem gas flowrate. (b) Axial and radial velocity magnitudes
of approximately 2000 particles passing through the interferometric control volume
placed at an arbitrary location in the toroidal particle trap. The argon plasma was
operated at 150 W forward rf power, 16 mTorr, and 20 seem gas flowrate.
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axial direction, b) An axial scan of particle energy through the toroidal particle trap, c) A
radial scan of particle energy through the particle trap.

384

10000

ti 1000
100

slope - -4/3

10

1

100

Pressure (mTorr)
10000

slope = 1/2
s 1000

100 10

100

1000

Power (W)

Figure 6.
Average trap particle energy at 20 seem for a) varied pressure at constant
power (30 W forward rf) and b) varied power at constant pressure (16.5 mTorr). The
lines represent multiple experiments with varied particle loadings: low (V), medium (O),
and high (G).

385

1000

>

800

>>

en
S

<

600

400

dfi
n
b
V

200

>

<

0

200

400

600

800

1000

Average Azimuthal Energy (eV)
Figure 7.
Average axial energy versus average horizontal energy over the full range
of experimental conditions listed in the text. The slope indicates that the energy tends to
be higher in the axial direction than the azimuthal direction.

386

6
30 W

4
2

0
6

75W -

4

f

2
0
6

\
100 W

y= F=V--

4
2

/

0
6

150 W

4
2
0

/
8

9

10

11

12

13

14

Axial Position (mm)

Figure 8.

Particle concentration profiles in the toroidal particle trap at 20 seem for
varied axial position and power at constant pressure (16.5 mTorr)

387

3
9.7 mTorr
2
1

0
CO

r\
\

3

E
2

K

1

C

o 0
3
o
c

o

2

o

0
3

16.5 rnTorr

\

r1 k

19.7 rnTorr

r\

\
26 mTorr

/V

10

15

20

25

30

Radial Position (mm)
Figure 9.

Particle concentration profiles in the toroidal particle trap at 20 seem for
varied radial position and pressure at constant rf power (50 W).

388

1

0

50

100

150

Power (W)
E

(/ Dh \)

'1

'\ •
J ^

'
^1'
^

o
"o
X

c
ss
(U
CJ
c
o
CJ

10

15

20

25

Pressure (mTorr)
Figure 10.
Maximum spatial particle concentration in the toroidal particle trap at 20
seem for a) varied power at constant pressure (16.5 mTorr) and b) varied pressure at
constant rf power (50 W). Different lines represent multiple experiments where the initial
particle loading was varied.

389

10000 :

Slope = -2

1000 :

Slope = -0.8

100
0.1

1

10

Pressure (Pa)

Figure 11.
Comparison of measured particle energies with LDV (V) and predicted
particle energies (O) with the method proposed by Nefedov et alP

390

REFERENCES

1

S. Cohen, "An Introduction to Plasma Physics for Materials Processing." Plasma
Etching: an Introduction. Eds. D. Manos and D. Flamm. New York: Academic Press,
Inc. 1989. 185-258.

2

P. Nolan, M. Schabel, D. Lynch, and A. Cutler, "Hydrogen Control of Carbon
Deposit Morphology." Carbon 33 (1995): 79-85 and citations therein.

3

M. Lieberman and A. Lichtenberg, Principles of Plasma Discharges and Materials
Processing. New York: John Wiley and Sons. 1994.

4

D. Bohm, "Minimum Ionic Kinetic Energy for a Stable Sheath." The Characteristics
of Electrical Discharges in Magnetic Fields, eds. A. Guthry and R. Wakerling. New
York: McGraw Hill, 1949. p. 77.

5

S. Middleman and A. Hochberg, Process Engineering Analysis in Semiconductor
Device Fabrication. New York: McGraw Hill, Inc., 1993.

6

V. Godyak and R. Piejak, "Abnormally Low Electron Energy and Heating-Mode
Transition in a Low-Pressure Argon rf Discharge at 13.56 MHz." Physical Review
Letters 65 (1990): 996-999.

7

Langmuir, C. Found, and A. Dittmer, "A New Type of Electric Discharge: the
Streamer Discharge." Science 60 (1924): 392-394.

8

K. Emeleus and A. Breslin, "Notes on the Effects of Dust in Positive Columns."
International Journal of Electronics 29 (1970"): 1-18.

9

Ch. Steinbruchel, "Langmuir Probe Measurements of chf3 and cf4 Plasmas: the
Role of Ions in the Reactive Sputter Etching of SiOi and Si." Journal of the
Electrochemical Society 130 (1983): 648-655.

10 W. Yoo and Ch. Steinbruchel, "Kinetics of Panicle Generation in Sputtering and
Reactive Ion Etching Plasmas." Applied Physics Letters 60 (1992): 1073-1075.
11 W. Yoo and Ch. Steinbruchel, "Kinetics of Particle Formation in the Sputtering and
Reactive Ion Etching of Silicon." Journal of Vacuimi Science and Technology A 10
(1992): 1041-1047.

391

12 W. Yoo and Ch. Steinbruchel, "Growth of Plasma-Generated Particles and Behavior
of Particle Clouds During Sputtering of Silicon and Silicon Dioxide." Journal of
Vacuum Science and Technology A 11 (1993): 1258-1263.
13 W. Yoo and Ch. Steinbruchel, "Mechanisms of Particle Formation in the Sputtering
and Reactive Ion Etching of Si and Si02." Journal of Vacuum Science and
Technology B 12 (1994): 2758-2762.
14 A. Thomann, P. Brault, J. Rozenbaum, C. Andreazza-Vifhoile, P. Andreazza, H.
Estrade-Szwarchopf, B. Rouseau, D. Babonneau, and G. Blondiaux, "Chemical and
Morphoogical Characterization of Pd Aggregates Grown by Plasma Sputter
Deposition." Journal of Physics D 30 (1997): 3197-3202.
15 G. Jellum and D. Graves, "Particulates in Aluminum Sputtering Discharges." Journal
of Applied Physics 67 (1990): 6490-6496.
16 B. Ganguly, A. Garscadden, J. Williams, and P. Haaland, "Growth and Morphology
of Carbon Grains." Journal of Vacuum Science and Technology A 11 (1993): 11191125.
17 G. Praburam and J. Goree, "A New Plasma Method of Synthesizing Aerosol
Particles." Journal of Aerosol Science 27 (1996): 1257-1268.
18 C. Wickersham. J. Poole, and J. Mueller, "Particle Contamination During Sputter
Deposition of W-Ti Films." Journal of Vacuum Science and Technology A 10
(1992): 1713-1717.
19 G. Selwyn, C. Weiss, F. Sequeda, and C. Huang, "Particle Contamination Formation
in Magnetron Sputtering Processes." Journal of Vacuum Science and Technology A
15 (1997): 2023-2028.
20 G. Chow, C. Chien, and A. Edelstein, "Formation Threshold and Structural Evolution
of Molybdenum Nanocrystals with Sputtering Pressure, Journal of Materials Research
6(1991): 8-10.
21 H. Hahn and R. Averback, "The Production of Nanocrystalline Powders by
Magnetron Sputtering." Journal of Applied Physics 67 (1990): 1113-1115.
22 M. Garrity, T. Peterson, and J. O'Hanlon, "Particle Formation Rates in Sulfur
Hexafluoride Plasma Etching of Silicon, Journal of Vacuum Science and Technology
A 14 (1996): 550-555.

392

23 Y. Uritsky. L. Chen. S. Zhang, S. Wilson, A. Mak, and C. Brundle, "^Root Cause
Determination of Particle Contamination in the Tungsten Etch Back Process, Journal
of Vacuum Science and Technology A IS (1997'): 1319-1327.
24 G. Selwyn, J. Singh, and R. Bennet, "/n situ Laser Diagnostic Studies of PlasmaGenerated Particulate Contamination." Journal of Vacuum Science and Technology A
1 (1989): 2758-2765.
25 M. Haverlag, E. Stoffels, W. Stoffels, H. DEN Boer, G. Kroesen, and F. DE Hoog,
"High Resolution Infrared Spectroscopy Applied to Powder Formation, Plasma
Transport, and Surface Processes." Japanese Journal of Applied Physics 33 (1994):
4202-4207.
26 W. Stoffels, E. Stoffels, G. Kroesen, M. Haverlag, J. DEN Boer, and F. DE Hoog,
"Infirared Spectroscopy of a Dusty rf Plasma." Plasma Sources Science and
Technology 3 (1994): 320-325.
27 G. Kroesen, W. Stoffels, E. Stoffels, M. Haverlag, J. DEN Boer, and F. DE Hoog,
"'Negative Ions and Particle Formation in Low Pressure Halocarbon Discharges."
Plasma Sources Science and Technology 3(1994): 246-251.
28 H. Anderson, S. Radovanov, J. Mock, and P. Resnick, "Particulates in C2F6-CHF3 and
cf4-chf3 Etching Plasmas." Plasma Sources Science and Technology 3 (1994): 302309.
29 H. Anderson, R. Jairath, and J. Mock, "Particulate Generation in Silane/Ammonia rf
Discharges." Journal of Applied Physics 67 (1990): 3999-4011.
30 R. Jariath, H. Anderson, and R. Wang, "Particle Generation in Processing Plasmas
During PECVD of Silicon Nitride and BPSG Films, Microcontamination 9 (1991):
17-21.
31 E. van de Ven, "Plasma Deposition of Silicon Dioxide and Silicon Nitride Films."
Solid State Technology 24 April (1981): 167-171.
32 P. Williams and B. Sundqvist, "Mechanism to Sputtering of Large Biomolecules by
Impact of Highly Ionizing Particles." Physics Review Letters 58 (1987): 1031-1034.
33 Shi and J. Seinfeld, "Selective Nucleation of Silicon Clusters in CVD." Journal of
Materials Research 7 (1992): 1809-1815.
34 J. Seinfeld and S. Pandis, Atmospheric Chemistry and Physics From Air Pollution to
Climate Change. New York: John Wiley & Sons, INC., 1998.

393

35 H. Reiss. H. Rabeony, M. El-Shall, and A. Bahta, "Analysis of Cloud Chamber
Measurements of Gas Phase Polymerization." Journal of Chemical Physics 87 (1987):
1315-1328.
36 W. StofFels, E. Stoffels, and K. Tachibana "Polymerization of Fluorocarbons in
Reactive Ion Etching Plasmas." Journal of Vacuum Science and Technology A 16
(1998): 87-95.
37 Y. Watanabe and M. Shiratani, "Growth Kinetics and Behavior of Dust Particles in
Silane Plasmas." Japanese Joumal of Applied Physics 32 (1993): 3074-3080.
38 T. Fukuzawa, H. Kawasaki, M. Shiratani, and Y. Watanabe, "Study on Growth
Processes of Subnanometer Particles in Early Phase of Silane rf Discharge." Japanese
Joumal of Applied Physics 33 (1994): 4212-4215.
39 H. Kawasaki, Y. Ueda, T. Yoshioka, T. Fukuzawa, M. Shiratani, and Y. Watanabe,
"Discharge Frequency Dependence of Particulate Growth in High Frequency Silane
Plasmas." Applied Physics Letters 67 (1995): 3880-3882.
40 Y. Watanabe, M. Shiratani, H. Kawasaki, S. Singh, T. Fukuzawa, Y. Ueda, and H.
Ohkura, "Growth Processes of Particles in High Frequency Silane Plasmas." Joumal
of Vacuum Science and Technology A 14 (1996): 540-545.
41 M. Shiratani, T. Fukuzawa, and Y. Watanabe, "Formation Processes of Particulates in
Helium-Diluted Silane rf Plasmas." IEEE Transactions on Plasma Science 22 (1994):
103-109.
42 Y. Watanabe, M. Shiratani, T. Fukuzawa, H. Kawasaki, Y. Ueda, S. Singh, and H.
Ohkura, "Contributions of Short Lifetime Radicals to Growth of Particles in SiHt HF
Discharges and Effects of Particles in Deposited Films." Joumal of Vacuum Science
and Technology A 14 (1996): 995-1011.
43 A. Bouchoule and L. Boufendi, "Particulate Formation and Dusty Plasma Behavior in
Argon-Silane RF Discharge." Plasma Sources Science and Technology 2 (1993):
204-213.
44 L. Boufendi, J. Hermann, A. Bouchoule, B. Dubreuil, E. Stoffels, W. Stoffels, and M.
de Giorgi, "Study of Initial Dust Formation in an Ar-SiRj Discharge by Laser
Induced Particle Explosive Evaporation." Joumal of Applied Physics 76 (1994): 148153.
45 L. Boufendi and A. Bouchoule, "Particle Nucleation and Growth in a Low-Pressure
Argon-Silane Discharge." Plasma Sources Science and Technology 3 (1994): 262267.

394

46 Ch. Hollenstein, W. Schwarzenbach, A. Howling, C. Courteille, J. Dorier, and L.
Sansonnens. "Anionic Clusters in Dusty Hydrocarbon and Silane Plasmas." Journal
of Vacuum Science and Technology A 14 (1996): 535-539.
47 E. Stoffels, W. Stoffels, G. Kroesen, and F. de Hoog, "Dust Formation and Charging
in an Ar/SiH4 Radio-Frequency Discharge." Journal of Vacuum Science and
Technology A 14 (1996): 556-561.
48 K. Kim and M. Ikegawa, "Particle Growth and Transport in Silane Plasma Chemical
Vapor Deposition." Plasma Sources Science and Technology 5(1996): 311-322.
49 S. Choi and M. Kushner, "The Role of Negative Ions in the Formation of Particles in
Low-Pressure Plasmas." Journal of Applied Physics 74 (1993): 853-860.
50 H. Gai, D. Thompson, and L. Raff, "Trajectory Study of the Formation and Decay of
Silicon Trimer Complexes in Monomer-Dimer Collisions." Journal of Chemical
Physics 88(1988): 156-162.
51 R. Kay, L. Raff, and D. Thompson, "Trajectory Study of Si4 Formation and Decay
and of Exchange and Abstraction Reactions in Si + Si3 Collisions." Journal of
Chemical Physics 93 (1990): 6607-6619.
52 C. Giunta, R. McCurdy, J. Chapple-Sokol, and R. Gordon, "Gas-phase Kinetics in the
Atmospheric Pressure Chemical Vapor Deposition of Silicon from Silane and
Disilane." Journal of Applied Physics 67 (1990): 1062-1075.
53 S. Girshick, N. Rao, and M. Kelkar, "Model for Ion-Induced Nucleation Based on
Properties of Small Ionic Clusters." Journal of Vacuum Science and Technology A 14
(1996): 529-534.
54 W. Reents Jr., M. Mandich, and C. Wang, "Sequential Reactions of SiDVs and
SiiD^o-d With Disilane." Journal of Chemical Physics 97 (1992): 7226-7232.
55 W. Reents, Jr. and M. Mandich, "Water Induced Particle Formation in the Ion
Chemistry of Silane." Plasma Sources Science and Technolgy 3 (1994): 373-380.
56 c.f. contributions in Journal of Vacuum Science and Technology A 14 (1996) and
Plasma Sources Science and Technology 3 (1994).
57 M. Garrity, "Particle Formation During Reactive Ion Etching of Silicon with SFe-"
Ph.D. dissertation. University of Arizona, 1997.

395

58 J. Goree, "Charged Dust in Plasmas." IEEE Transactions on Plasma Science 22
(1994): 89-90.
59 E. Whipple, "Potentials of Surfaces in Space." Report of Progress in Physics 44
(1981): 1197-1250.
60 R. Nowlin and R. Carlile, "The Electrostatic Nature of Contaminative Particles in a
Semiconductor Processing Plasma." Journal of Vacuum Science and Technology A 9
(1991): 2825-2833.
61 A. Melzer, T. Trottenberg, and A. Piel, "Experimental Determination of the Charge
on Dust Particles Forming Coulomb Lattices." Physics Letters A 191 (1994): 301308.
62 Th. Trottenberg, A. Melzer, and A. Piel, "Measurements of the Electric Charge on
Particulates Forming Coulomb Crystals in the Sheath of a Radio Frequency Plasma."
Plasma Sources Science and Technology 4 (1995): 450-458.
63 R. Hazelton and E. Yadlowsky, "Measurement of Dust Grain Charging in a
Laboratory Plasma." IEEE Transactions on Plasma Science 22 (1994): 91-96.
64 B. Welch, M. Horanyi, and S. Robertson, "Measurement of the Charging of
Indiyidual Dust Grains in a Plasma." IEEE Transactions on Plasma Science 22
(1994): 97-102.
65 A. Barkan. N. D'Angelo, and R. Merlino, "Charging of Dust Grains in a Plasma."
Physical Review Letters 73 (1994): 3093-3096.
66 R. Carlile and S. Geha, "Physical Properties of Contamination Particle Traps in a
Processing Plasma." Journal of Applied Physics 73 (1993): 4785-4793.
67 J. Kang, R. Carlile, J. O'Hanlon, and S. Collins, "Mapping of Radio-Frequency
Plasma Potential Throughout a Particle Trapping Region Using an Emissive Probe."
Journal of Vacuum Science and Technology A 14 (1996): 639-643.
68 T. Northrop, "Dusty Plasmas." Physica Scripta 45 (1992): 475-490.
69 C. Cui and J. Goree, "Fluctuations of the Charge on a Dust Grain in a Plasma." IEEE
Transactions on Plasma Science 22 (1994): 151-158.
70 T. Matsoukas and K. Lee, "Fluctuation-Induced Enhancement of Grain Growth Rate
in Ionized Gases." Physics of Dusty Plasmas 7*^ Workshop: AIP Conference
Proceedings 446. Eds. M. Horanyi, S. Robertson, and B. Walch. New York:
American Institute of Physics, 1998. 32-40.

396

71 M. Jana, A. Sen, and P. Kaw, "Collective Effects Due to Charge-Fluctuation
Dynamics in a Dusty Plasma." Physical Review E 48 (1993): 3930-3933.
72 V. Chow, D. Mendis, and M. Rosenberg, "Secondary Emission from Small Dust
Grains at High Electron Energies." IEEE Transactions on Plasma Science 22 (1994):
179-185.
73 G. Lapenta, "Dipole Moments on Dust Particles Immersed in Anisotropic Plasmas."
Physical Review Letters 75 (1995): 4409-4412.
74 A. Melzer, A. Homann, and A. Piel, "Experimental Investigation of the Melting
Transition of the Plasma Crystal." Physical Review E 53 (1996): 2757-2766.
75 F. Huang and M. Kushner, "Shapes of Agglomerates in Plasma Etching Reactors."
Journal of Applied Physics 81 (1997): 5960-5965.
76 M. Schabel, T. Peterson, J. Sinclair, and D. Lynch, "Characterization of Trapped
Particles in RF Plasmas." Journal of Applied Physics 86 (1999): 1834-1842.
77 J. Goree, "Ion Trapping by a Charged Dust Grain in a Plasma." Physical Review
Letters 69 (1992): 277-280.'
78 J. Daugherty, R. Porteous, M. Kilgore, and D. Graves, "Sheath Structure Around
Particles in Low-Pressure Discharges." Journal of Applied Physics 72 (1992): 39343942.
79 P. Shukla, "Shielding of a Slowly Moving Test Charge in Dusty Plasmas." Physics of
Plasmas 1 (1994): 1362-1363.
80 S. Peters, A. Homann, A. Melzer and A. Piel, "Measurements of Dust Particle
Shielding in a Plasma from Oscillations of a Linear Chain." Physics Letters A 223
(1996): 389-393.
81 A. Homarm, A. Melzer, S. Peters, and A. Piel, "Determination of the Dust Screening
Length by Laser Excited Lattice Waves." Physics Review E 56 (1997): 7138-7142.
82 O. Ishihara and S. Vladimirov, "Wake Potential of a Dust Grain in a Plasma with Ion
Flow." Physics of Plasmas 4 (1997): 69-74.
83 S. Vladimirov and O. Ishihara, "On Plasma Crystal Formation" Physics of Plasmas 3
(1996): 444-446.

397

84 V. Schweigert, I. Schweigert, A. Melzer, A. Homann, and A. Piel, "Plasma Crystal
Meling: A Nonequilibrium Phase Transition." Physical Review Letters 80 (1998):
5345-5348.
85 M. Nambu, S. Vladimirov, and P. Shukla, "Attractive Forces Between Charged
Particulates in Plasmas." Phvsics Letters A 203 (1995): 40-42.
86 M. Bames, J. Keller, J. Forster, J. O'Neill, and D. Coultas, "Transport of Dust
Particles in Glow-Discharge Plasmas." Physical Review Letters 68 (1992): 313-316.
87 M. Schabel, "Characterization of Trapped Particles in RF Plasmas." M.S. Thesis,
University of Arizona, 1997.
88 J. Dougherty and D. Graves, "Particle Temperature in Radio Frequency Glow
Discharges." Journal of Vacuum Science and Technology All (1993): 1126-1131.
89 S. Collins, D. Brown, J. O'Hanlon, and R. Carlile, "Particle Trapping, Transport, and
Charge in Capacitively and Inductively Coupled Plasmas in a Gaseous Electronics
Conference RF Reference Cell." Journal of Vacuum Science and Technology A 14
(1996): 634-638.
90 G. Jellum, J. Daugherty, and D. Graves, "Particle Thermophoresis in Low Pressure
Glow Discharges." Journal of Applied Phvsics 69 (1991): 6923-6934.
91 A. Brattii and O. Havnes, "Cooling by Dust in Levitation Experiments and its Effect
on Dust Cloud Equilibrium Profiles." Journal of Vacuum Science and Technology A
14 (1996): 644-648.
92 G. Selwyn, J. Heidenreich, and K. Haller, "Rastered Laser Light Scattering Studies
During Plasma Processing: Particle Contamination Trapping Phenomena." Journal of
Vacuum Science and Technology A 9 (1991): 2817-2824.
93 G. Selwyn, "A Phenomenological Study of Particulates in Plasma Tools and
Processes." Japanese Journal of Applied Phvsics 32 (1993): 3068-3073.
94 G. Selwyn, K. Haller, and E. Patterson, "Trapping and Behavior of Particulates in a
Radio Frequency Magnetron Plasma Etching Tool." Journal of Vacuum Science and
Technology A 11 (1993): 1132-1135.
95 G. Selwyn and A. Bailey, "Particle Contamination Characterization in a Helicon
Plasma Etching Tool." Journal of Vacuum Science and Technology A 14 (1996):
649-654.

398

96 G. Selwyn, "Optical Characterization of Particle Traps." Plasma Sources Science and
Technology 3 (1994): 340-347.
97 R. Carlile, J. O'Hanlon, L. Hong, M. Garrity, and S. Collins, "Contamination Particle
Traps Due to a Cone, Cube, and Disk." Plasma Sources Science and Technology 3
(1994): 334-339.
98 G. Selwyn, "Electrode Engineering: A New Technology for Control of Particle
Contamination and Process Uniformity in Plasma Processing." The Physics of Dusty
Plasmas. Eds. P. Shukla, D. Mendis, and V. Chow. Singapore, World Scientific,
1996: 177-198.
99 J. O'Hanlon, J. Kang, K. Russel, and L. Hong, "The Effects of Electrostatic,
Molecular Drag, and Gravitational Forces on the Behavior of Particle Clouds in an
RF Discharge." IEEE Transactions on Plasma Science 22 (1994): 122-127.
100 U. Schmidt and D. Graves, "/« Situ Characterization of the Transient Behavior of
Particles in Low Pressure Plasmas." Journal of Vacuum Science and Technology A
14(1996): 595-602.
101 S. Beck, S. Collins, and J. O'Hanlon, "A Study of Methods for Moving Particles in
RF Processing Plasmas." IEEE Transactions on Plasma Science 22 (1994): 128-135.
102 M. Rosenberg and D. Mendis, "Use of UV to Reduce Particle Trapping in Process
Plasmas." IEEE Transactions on Plasma Science 24 (1996): 1133-1136.
103 L. Garret, "Fluid Simulations of Particle Contamination in Post Plasma Process
Conditions." M.S. Thesis, University of Arizona, 1995.
104 S. Collins, "Particle Trapping, Transport and Charge in Capacitively and Inductively
Coupled Plasmas in a Gaseous Electronics Conference RF Reference Cell." Ph.D.
Dissertation, University of Arizona, 1997.
105 H. Ikezi, "Coulomb Solid of Small Particles in Plasmas" Physics of Fluids 29 (1986):
1764-1766.
106 J. Chu and L. 1, "Direct Observation of Coulomb Crystals and Liquids in Strongly
Coupled rf Dust>' Plasmas." Physical Review Letters 72 (1994): 4009-4012.;
"Coulomb Lattice in a Weakly Ionized Colloidal Plasma." Phvsica A 205 (1994):
183-190.
107 J. Chu, J. Bin, L. I, "Coulomb Solids and Low-Frequency Fluctuation in RF Dusty
Plasmas." Journal of Physics D: Applied Physics 27 (1994): 296-300.

399

108 H. Thomas, G. Morfill, V. Demmel, J. Goree, B. Feuerbacher, and D. Mohlmann,
"Plasma Crystal: Coulomb Crystallization in a Dusty Plasma." Physical Review
Letters 73 (1994): 652-655.
109 G. Morfill and H. Thomas, "Plasma Crystal." Journal of Vacuum Science and
Technology A 14 (1996): 490-495.
110 G. Praburam and G. Goree, "Obseryations of Particle Layers Levitated in a Radio
Frequency Sputtering Plasma." Journal of Vacuum Science and Technology A 12
(1994): 3137-3145.
111 S. Brush, H. Sahlin, and E. Teller, "Monte Carlo Study of a One-component
Plasma." Journal of Chemical Physics 45 (1966): 2102-2118.
112 M. Robbins, K. Kremer, and G. Grest, "Phase Diagram and Dynamics of Yukawa
Systems." Journal of Chemical Physics 88 (1988): 3286-3312.
113 J. Pieper, J. Goree, and R. Quiim, "Three-dimensional Structure in a Crystallized
Dusty Plasma." Physical Review E 54 (1996): 5636-5640.
114 J. Pieper, J. Goree, and R. Quinn, "Experimental Studies of Two-dimensional and
Three-dimensional Structure in a Crystallized Dusty Plasma." Journal of Vacuum
Science and Technology A 14 (1996): 519-524.
115 R. Quinn, C. Cui, J. Goree, J. Pieper, H. Thomas, and G. Morfill, "Structural
Analysis of a Coulomb Lattice in a Dusty Plasma." Physical Review E 53 (1996):
R2049-R2052.
116 A. Melzer, V. Schweigert, I. Schweigert, A. Homann, S. Peters, and A. Piel,
"Structure and Stability of the Plasma Crystal." Physical Review E 54 (1996): R46R49.
1 1 7 V . Schweigert, L Schweigert, A . M e l z e r , A . Homann, a n d A . Piel, " A l i g n m e n t a n d
Instability of Dust Crystals in Plasmas." Physical Review E 54 (1996): 4155-4166.
118 S. Ichimaru, "Strongly Coupled Plasmas: High-density Classical Plasmas and
Degenerate Electron Liquids." Review of Modem Physics 54 (1982): 1017-1059.
119 P. Shukla, "Waves in Dusty Plasmas." The Physics of Dusty Plasmas, eds. P. Shukla,
D. Mendis, and V. Chow. Singapore: World Scientific 1996. 107-121.
120 G. Praburam and J. Goree, "Experimental Observation of Very Low-Frequency
Macroscopic Modes in a Dusty Plasma." Physics of Plasmas 3 (1996): 1212-1219.

400

121 D. Samsonov and J. Goree, "Instabilities in a Dusty Plasma with Ion Drag and
Ionization." Physical Review E 59 (1999): 1047-1058.
122 N. Rao and P. Shukla, Nonlinear Dust-acoustic Waves with Dust Charge
Fluctuations." Planetary Space Science 42 (1994): 221-225; N. Rao, P. Shukla, and
M. Yu, "Dust-acoustic Waves in Dusty Plasmas." Planetary Space Science 38 (1990):
543-546.
123 M. Shen and A. Bell, eds. Plasma Polymerization. ACS Symposium series 108.
Washington D.C.: American Chemical Society, 1979.
124 K.. Yasuda, Plasma Polymerization. Orlando: Academic Press, Inc. 1985.
125 S. Samukawa, "High Selective and Highly Anisotropic SiOi Etchning in Pulse-Time
Modulated Electron Cyclotron Resonance Plasma." Japanese Journal of Applied
Physics 33 (1994): 2133-2138.
126 N. Rueger, J. Buelens, M. Schaepkens, M. Doemling, J. Mirza, T. Standaert, and G.
Oerhlein, "Role of Steady State Fluorocarbon Films in the Etching of Silicon Dioxide
using chf3 in an Inductively Coupled Plasma Reactor." Journal of Vacuum Science
and Technology A 15 (1997): 1881-1889.
127 G. Oehrlein, Y. Zhang, D. Vender, and M. Haverlag, "Fluorocarbon High-density
Plasmas. I. Fluorocarbon Film Deposition and Etching Using cf4 and chf3." Journal
of Vacuum Science and Technology A 12 (1994): 323-332.
128 T. Maruyama, N. Fujiwara, K. Siozawa, and M. Yoneda, "Analysis of Fluorocarbon
Deposition During SiOi Etching." Japanese Journal of Applied Physics 35 (1996):
2463-2467.
129 K. Takahashi, M. Hori, S. Kishimoto, and T. Goto, "CFx (X=l-3) Radicals
Controlled by On-Off Modulated Electron Cyclotron Resonance Plasma and Their
Effects on Polymer Film Deposition." Japanese Journal of Applied Physics 33 (1994):
4181-4185.
130 M. Kitamura, H. Akiya, and T. Urisu, "Polymer Deposition and Etching Mechanisms
in C2F6 Radio-frequency Plasmas as Studied by Laser-induced Fluorescence." Journal
of Vacuum Science and Technology B 7 (1989): 14-18.
131 A. Bariya, H. Shan, C. Frank, S. Self, and J. McVittie, "The Etching of chf3 Plasma
Polymer in Fluorine-containing Discharges." Journal of Vacuum Science and
Technology B 9 (1991): 1-7.

401

132 K. Takahashi, M. Hon, M. Inayoshi, and T. Goto, "Evaluation of CF2 Radical as a
Precursor for Fluorocarbon Film Formation in Highly Selective SiOz Etching Process
Using Radical Injection Technique." Japanese Journal of Applied Physics 35 (1996):
3635-3641.
133 M. Inayoshi, M. Ito, M. Hori, T. Goto, and M. Hiramatsu, "Surface Reaction of CF2
Radicals for Fluorocarbon Film Formation in Si02/Si Selective Etching Process."
Journal of Vacuum Science and Technology A 16 (1998): 233-238.
134 S. Limb, C. Labelle. K. Gleason. D. Edell, and E. Gleason, "Growth of Fluorocarbon
Polymer Thin Films with High CF2 Fractions and Low Dangling Bond
Concentrations by Thermal Chemical Vapor Deposition." Applied Physics Letters 68
(1996): 2810-2812.
135 S. Limb, K.. Gleason, D. Edell, and E. Gleason, "Flexible Fluorocarbon Wire
Coatings by Pulsed Plasma Enhanced Chemical Vapor Deposition." Journal of
Vacuum Science and Technology A IS ri997): 1814-1818
136 K. Miyata, M. Hori, and T. Goto, "Infrared Diode Laser Absorption Spectroscopy
Measurements of CF* (X=l-3) Radical Densities in Electron Cyclotron Resonance
Plasmas Employing C4F8, C2F6, cf4, and chf3 Gases." Journal of Vacuum Science
and Technology A 14 (1996): 2343-2350.
137 K. Ryan and 1. Plumb, "Gas-Phase Reactions of cf3 and cfT with Hydrogen Atoms:
Their Significance in Plasma Processing." Plasma Chemistry and Plasma Processing
4(1984): 141-146.
138 E. Kay and A. Dilks, "Plasma Polymerization of Fluorocarbons in RF Capacitively
Coupled Diode Systems" Journal of Vacuum Science and Technology 18 (1981): 111.

139 P. Astell-Burt, J. Caims, A. Cheetham, and R. Hazel, "A Study of the Deposition of
Polymeric Material onto Surfaces firom Fluorocarbon RF Plasmas." Plasma
Chemistry and Plasma Processing 6 (1986): 417-427.
140 P. Leezenberg, T. Reiley, and G. Tyndall, "Plasma Induced Copolymerization of
Hexafluoropropylene and Octafluoropropane." Journal of Vacuum Science and
Technology A 17 (1999): 275-281.
141 D. Marra and E. Aydil, "Effect of H2 Addition on Surface Reactions During cf4/h2
Plasma Etching of Silicon and Silicon Dioxide Films." Journal of Vacuum Science
and Technology A 15 (1997): 2508-2517.

402

142 J. Simko, G. Oehrlein, and T. Mayer, "Removal of Fluorocarbon Residues on cf4/h2
Reactive-Ion-Etched Silicon Surfaces Using a Hydrogen Plasma." Journal of the
Electrochemical Society 138 (1991): 277-284.
143 N. Mackie, V. Venture, and E. Fisher, "Surface Reactivity of CF2 Radicals Measured
Using Laser-Induced Fluorescence and C2F6 Plasma Molecular Beams." Journal of
Physical Chemistry 101 (1997): 9425-9428.
144 N. Capps, N. Mackie, and E. Fisher, "Surface Interactions of CF2 Radicals During
Deposition of Amorphous Fluorocarbon Films from chf3 Plasmas." Journal of
Applied Physics 84 (1998): 4736-4743.
145 K. Miyata, M. Hori, and T. Goto, "CF* Radical Generation by Plasma Interaction
with Fluorocarbon Films on the Reactor Wall." Journal of Vacuum Science and
Technology A 14 (1996): 2083-2087.
146 G. Cunge and J. Booth, "CF2 Production and Loss Mechanisms in Fluorocarbon
Discharges: Fluorine-poor Conditions and Polymerization." Journal of Applied
Physics 85 (1999): 3952-3959.
147.P. Hargis, K. Greenberg, P. Miller, J. Gerardo, J. Torczynski, M. Riley, A. Hebner, J.
Roberts, J. Olthoff, J. Whetstone, R. Van Brunt, M. Sobolewski, H. Anderson, M.
Splichal, J. Mock, P. Bletzinger, A. Garscadden, R. Gottscho, G. Selwyn, M.Dalvie,
J. Heidenreich, J. Butterbaugh, M. Brake, M. Passow, J. Pender, A. Lujan, M. Elta,
D. Graves, H. Sawin, M. Kushner, J. Verdeyen, R. Horwath, and T. Turner, "The
Gaseous Electronics Conference Radio-frequency Reference Cell: A Defined
Parallel-plate Radio-frequency System for Experimental and Theoretical Studies of
Plasma-processing Discharges." Review of Scientific Instruments 65 (1994): 140154.
148 Articles contained in Joumal of Research of the National Institute of Standards and
Technology 100 (1995).
149 J. Olthoff and K. Greenberg, "The Gaseous Electronics Conference RF Reference
Cell - An Introduction." Joumal of Research of the National Institute of Standards
and Technology 100 (1995): 327-339.
150 J. Kang, "The Particle Trap and Plasma Parameter Studies in an RF Argon
Discharge." Ph.D. Dissertation, University of Arizona, 1997.
151 E. Brittain, W. George, and C. Wells, Introduction to Molecular Spectroscopy
Theory and Experiment. London: Academic Press, 1970.

403

152

A. Straheim, "Instrumentation for Optical Emission Spectroscopy." Radiation
Chemistry: Principles and Applications. Farataziz and Rodgers, eds. New York:
VCH Publishers, Inc., 1987.

153 G. Selwyn, Optical Diagnostic Techniques for Plasma Processing. New York: The
American Vacuum Society Education Committee, 1993.
154 J. Cobum and M. Chen, "Optical Emission Spectroscopy of Reactive Plasmas: A
Method for Correlating Emission Intensities to Reactive Particle Densities." Journal
of Applied Physics 51 (1980): 3134-3136.; J. Jenq, J. Ding, J. Taylor, and N.
Hershkowitz, "Absolute Fluorine Atom Concentrations in RIE and ECR CF4
Plasmas Measured by Actinometry." Plasma Sources Science and Technology 3
(1994): 154-161.
155 J. Cobum and M. Chen, "Dependence of F atom Density on Pressure and Flow Rate
in CF4 Glow Discharges as Determined by Emission Spectroscopy." Journal of
Vacuum Science and Technology 18 (1981): 353-356.
156 J. Roberts, "Optical Emission Spectroscopy on the Gaseous Electronics Conference
RF Reference Cell." Journal of Research of the National Institute of Standards and
Technology 100 (1995): 353-371.
157

M. Malyshev and V. Dormelly, "Determination of Electron Temperatures in
Plasmas by Multiple Rare Gas Optical Emission, and Implications for Advanced
Actinometry." Journal of Vacuum Science and Technology 15 (1997): 550-558.

158 V. Doxvn&Wy, personal communications.
159 K. Takahashi and J. Daugherty, "Current Capabilities and Limitations of in situ
Particle Monitors in Silicon Processing Equipment." Journal of Vacuum Science and
Technology A 14 (1996): 2983-2993.
160 B. Chu, Laser Light Scattering: Basic Principles and Practice. Boston: Academic
Press, Inc. 1991.
161 M. Shiratani, H. Kawasaki, T. Fukuzawa, and Y. Watanabe, "/« situ Polarizationsensitive Laser-light-scattering Method for Simultaneous Measurements of Twodimensional Spatial Size and Density Distributions of Particles in Plasmas." Journal
of Vacuum Science and Technology A 14 (1996): 603-607.
162 c.f. P. Shukla, D. Mendis, and V. Chow, The Phvsics of Dusty Plasmas. Singapore:
World Scientific, 1996.

404

163 W. Bachalo, "Experimental Methods in Multiphase Flows." International Journal of
Multiphase Flow 20 (1994): 261-295.
164 P. Hobbs, "ISICL: In-situ Coherent Lidar for Particle Detection in Semiconductor
Processing Equipment." Applied Optics 34 (1995): 1549-1590.
165 G. Ertl and J. Kuppers, Low Energy Electrons and Surface Chemistry. Weinheim:
VCH. 1985.
166 RBD Enterprises 563 S.W. 13''' St. Suite 201 Bend, OR 97702
167 Handbook of X-ray Photoelectron Spectroscopy. Physical Electronics
168 System designed and built by A. Muscat, C. Finstad, G. Montano, and M. Schabel
169 C. Finstad, M. Schabel, G. Montano, and A. Muscat, manuscript in preparation.
170.1. Plumb and K. Ryan, "A Model of the Chemical Processes Occurring in CF4/02
Discharges Used in Plasma Etching." Plasma Chemistry and Plasma Processing 6
(1986): 205-230.
171. M. Chase, "NIST-JANAF Thermochemical Tables." Journal of Chemical Physics
Reference Data. Monograph 9.
172. S. Benson, Thermochemical Kinetics: Methods for the Estimation of
Thermochemical Data and Rate Parameters. 2"'^ edition. New York: John Wiley and
Sons, 1976.
173. c.f. www.ReactionDesign.com
174. R. Kee, F. Rupley, E. Meeks, and J. Miller, "Chemkin-III: A Fortran Chemical
Kinetics Package for the Analysis of Gas-Phase Chemical and Plasma Kinetics."
Sandia National Laboratories Report SAND96-8216 (1996).
175. L. Christophorou, J. Olthofif, and M. Rao, "Electron Interactions with cf4." Journal
of Physical Chemical Reference Data 25 (1996): 1341-1388.
176. L. Christophorou and J. Olthoff, "Electron Interactions with C2F6." Journal of
Physical Chemical Reference Data 27 (1998'>: 1-29.
177. L. Christophorou and J. Olthoff, "Electron Interactions with CsFg." Journal of
Physical Chemical Reference Data 27 (1998): 889-913.

405

178. L. Christophorou, J. Olthoff, and M. Rao, "Electron Interactions with chf3."
Journal of Physical Chemical Reference Data 26 (199T): 1-15.
179. D. Burgess, M. Zachariah, W. Tsang, and P. Westmoreland, "Thermochemical and
Chemical Kinetic Data for Fluorinated Hydrocarbons." Progress of Energy
Combustion Science 21 (1996): 453-529.
180. S. Mahnoyski, "Modeling PFC Chemical Kinetics of a Point-of-Use Plasma
Abatement (PPA) Tool." Masters Thesis, UC Berkeley, 1998.
181. I. Plumb and K. Ryan, "Gas-Phase Reactions of cf3 and CFj with Atomic and
Molecular Fluorine: Their Significance in Plasma Etching." Plasma Chemistry and
Plasma Processing 6 (1986): 11-25.
182. H. Sugai, H. Toyoda, T. Nakano, and M. Goto, "Absolute Cross-Sections for the
Electron-Impact Dissociation of cf4 and chf3 into the CF* (x=l-3) Neutral
Radicals". Contributions in Plasma Physics. 35 (1995): 415-420.
183. R. Bonham, "Electron Impact Cross Section Data for Carbon Tetrafluoride."
Japanese Journal of Applied Physics 33 (1994): 4157-4164.
184. National Technology Roadmap for Semiconductors (Semiconductor Industry
Association, 1997).
185. W. Reents, S. Downey, A. Emerson, A. Mujsce, A. Muller, D. Siconolfi, J. Sinclair,
and A. Swanson, "Real-time Compositional Analysis of Submicrometer Particles."
Plasma Sources Science and Technology 3 (1994): 369-372.
186. P. McMurry, S. Nijhawan, N. Rao, P. Ziemann, and D. Kittelson, "Particle Beam
Mass Spectrometer Measurements of Particle Formation During Low Pressure
Chemical Vapor Deposition of Polysilicon and SiOi Films." Journal of Vacuum
Science and Technology A 14 (1996): 582-587.
187. P. Cabarrocas, P. Gay, and A. Hadhadh, "Experimental Eyidence for Nanoparticle
Deposition in Continuous Argon-Silane Plasmas: Effects of Silicon Nanoparticles
on Film Properties." Journal of Vacuum Science and Technology A 14 (1996): 655659.
188. R. Buss and W. Hareland, "Gas Phase Particulate Formation in Radiofrequency
Fluorocarbon Plasmas." Plasma Sources Science and Technology 3 (1994): 268272.

406

189. M. Pender, M. Shen, A. Bell, and M. Millard, "ESCA Characterization of PlasmaPolymerized Fluorocarbons." Plasma Polymerization Eds. M. Shen and A. Bell.
Washington D.C. American Chemical Society, 1979: 147-162; also, N. Morosoff
and H. Yasuda, "Plasma Polymerization of Tetrafluoroethylene in a Capacitively
Coupled Discharge with Internal Electrodes": 163-180; A. Pavlath and A. Pittman,
"Plasma Deposition of Fluorinated Compounds": 181-194.
190. H. Yasuda, "Competitive Ablation and Polymerization (CAP) Mechanisms of Glow
Discharge Polymerization." Plasma Polymerization Eds. M. Shen and A. Bell.
Washington D.C. American Chemical Society, 1979: 37-52.
191. W. Lyman, W. Reehl, and D. Rosenblatt, Handbook of Chemical Property
Estimation Methods: Enyironmental Behavior of Organic Compounds. New York:
McGraw-Hill, 1982.
192. On-line NIST thermochemical database found at webbook.nist.gov.
193. J. O'Hanlon, A User's Guide to Vacuum Technology. 2"*^ ed. New York: John
Wiley and Sons, 1989.
194. K. Steffens and M. Sobolewski, "Planar Laser-Induced Fluorescence of CF2 in
O2/CF4 and O2/C2F6 Chamber-Cleaning Plasmas: Spatial Uniformity and
Comparison to Electrical Measurements." Journal of Vacuum Science and
Technology A 17 (1999): 517-527.
195. S. Benson, F. Cruickshank, D. Golden, G. Haugen, H. O'Neal, A. Rodgers, R.
Shaw, and R. Waish, "Additivity Rules for the Estimation of Thermochemical
Properties." Chemical Review 69 (1969): 279-?.
196. 1. Barin and O. Knacke, Thermochemical Properties of Inorganic Substances.
Springer-Verlag, Berlin: 1973.
197. M. Kh. Karapet'yants and M. L. Karapet'yants, Thermodynamic Constants of
Inorganic and Organic Comounds. Ann Arbor: Humphrey Science Publishers, INC.,
1970.
198. "HSC" available from: Outokumpu Research Oy, PO Box 60, FIN 2801 PORI,
Finland.
199. J. Smith and H. Van Ness, Introduction to Chemical Engineering Thermodynamics
4''' edition. New York: McGraw-Hill, Inc., 1987.

