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Abstract 

 
The Transformer Coupled Toroidal Plasma (TCTP) source uses a high power density 

plasma formed in a toroidal-shaped chamber by transformer coupling using a magnetic 

core. The objectives of the thesis are (1) to characterize the TCTP source, (2) to understand 

the kinetics and limitations of species production by the remote TCTP source, and (3) to 

construct a generic model of plasma-surface interactions.  

By fitting the rovibrational bands of diatomic molecules such as N2, the temperatures of 

neutral gases were determined in the TCTP source. This was the first measurement of the 

neutral gas temperature of a high power density plasma in a toroidal geometry. An argon 

plasma was found to be around 2000K for a power density of 5 W/cm3. To avoid the 

necessity of N2 addition, the use of the C2 Swan bands of ( 3 3
g ud aΠ → Π ) were used to 

determine the neutral gas temperature of fluorocarbon plasmas. In a C2F6 discharge at a 

power density of 15 W/cm3, rotational and translational temperatures  above 5000K were 

observed while vibrational temperatures above 8000K were found. The temperature 

measurements using C2 molecules were validated by the addition of N2 to the discharge and 

the caparison between the rotational temperatures of C2 and N2. These high neutral gas 

temperatures were justified by a power balance calculation that considered the thermal 

conduction, convection, ion bombardment, and dissociation energy losses. A linear 

dependence of the neutral gas temperature with the plasma power was found and is 

consistent with thermal and convention energy losses, where in both, the power loss  

linearly scales with the gas temperature. The thesis systematically measured the 

dependence of plasma parameters, such as the neutral gas temperature, the electron 

temperature, the electron density and the species concentration, on the operational 

conditions of the plasma. A good match was observed between the experimental 
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measurements and the prediction of a simplified global plasma model.  The plasma model 

included the heating of the electron gas by a uniform electric field, the loss of energy from 

the gas to determine the electron temperature, ion and electron losses at surfaces, and 

formation and loss of species by the electron impact and surface recombination.  

The loss of atomic fluorine to the formation of COF2 was shown to cause the etching 

rate of oxide films in remote fluorocarbon plasmas to be about one half of that in the 

nitrogen trifluoride plasma since fluorine atoms are the major etchant of oxide. The 

addition of 3% N2 was shown to inhibit the formation of COF2 in perfluorocarbon 

discharges and thereby increase the amount of atomic fluorine supplied to the etching 

chamber. With the addition of N2, the etching rate of SiO2 and Si increased to rates that 

were comparable to that of NF3. The fluorocarbon gases were shown to be suitable for 

replacement of the nitrogen trifluoride for the remote plasma cleaning of chambers.  In 

addition, the fluorocarbon plasmas with N2 addition were shown to possess low global 

warming gas emissions and clean surfaces (no carbonaceous contamination) after 

processing. The saturation of the etching rate of the silicon dioxide with the partial pressure 

of fluorine atoms was also observed for the first time. In the saturation regime, the extent of 

F adsorption on the surface approaches its saturation limit and the etching rate is limited by 

the surface reaction of the adsorbed F with the surface. 

A new theoretical framework was developed to model the plasma surface kinetics of 

both etching and deposition processes for any plasma-surface interactions. The model is 

based on the translation of a mixed-layer on the substrate which is mixed by ion 

bombardment during the plasma processing. The kinetics of the etching and deposition are 

based on the assumption that the surface is atomically well mixed by ion bombardment, 

and therefore the number of any given moiety is computed by its corresponding nearest 

bonding neighbor probability, based on the elemental compositions of the layer. All major 

etching characteristics such as the dependence of the etching yield on the neutral to ion flux 

ratio can be explained by using the generic modeling approach. This model was also the 

first one to capture the angular dependence of the etching yield, as a result of the 

competition between the angular dependence of vacancy generation and that of ion induced 

reactions. 
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Chapter 1 Introduction 
 
 

1.1 Integrated Circuits  

Integrated circuits are electrical circuits that are manufactured by a sequence of steps 

that simultaneously build the transistors, capacitors, diodes, resistors, wiring, etc. that 

compose the circuit.  Transistors are the key elements in the integrated circuits. In digital 

circuits, a transistor is simply a switch which is closed and opened by an isolated control 

terminal, representing the digital 0 and 1states. In analog circuits, transistors are generally 

used to amplify the input signal.  

There are two dominant types of transistors used in silicon integrated circuits today, the 

Bipolar Junction Transistors (BJTs) and the Metal Oxide Semiconductor (MOS), short for 

Metal-Oxide Semiconductor Field-Effect Transistor (MOSFET). The BJTs were first 

invented by Bardeen, Brattain, and Shockley in 1947 at the Bell Telephone Laboratories,1,2 

It is a three layer sandwich of differently doped sections, either N-type|P-type|N-type (NPN 

transistors) or P-type|N-type|P-type (PNP transistors). Although the field effect mechanism 

on which the MOS device is based on was first investigated in the 1930s, the first MOS 

device was invented by Dawon Kahng and Martin Atalla at Bell Labs in 1960. It was 

structured by putting an insulating layer on the surface of the semiconductor and then 

placing a metallic gate electrode on the insulating layer. It used crystalline silicon for the 

semiconductor and a thermally oxidized layer of silicon dioxide for the insulator. 

The MOSFET has achieved electronic dominance over other types of transistors 

including the BJTs devices. MOSFET’s not only possess such technical attractions as low 

cost of production and ease of integration. The complementary metal-oxide-semiconductor 
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(CMOS) was invented by Frank Wanlass at Fairchild Semiconductor in 1963. A CMOS 

device is usually structured with an NMOS and a PMOS next to each other. CMOS has 

become the predominant technology in digital integrated circuits. This is essentially the 

case when the area occupation, operating speed, energy efficiency and manufacturing costs 

have benefited and continue to benefit from the geometric downsizing that comes with 

every new generation of semiconductor manufacturing processes. In addition, the 

simplicity and the comparatively low power dissipation of CMOS circuits have allowed for 

integration densities not possible on the basis of bipolar junction transistors.4  

 

Figure 1.1 Simplified cross section of an MOS transistor. 

 

Shown in Figure 1.1 is the simplified cross section of a PMOS transistor. A P-

MOSFET consists of an n-doped silicon substrate with two highly p-doped contacts, the 

source and the drain. The so-called channel region in between is covered by an insulating 

layer, the gate-oxide, which is in contact with the gate electrode. Without applying a 

voltage at the gate electrode, no current can flow from source to drain as the pn-juctions 

between each contact and the substrate act as two opposite diodes. When applying a 

positive (negative) voltage at the gate electrode, the channel region close to the gate oxide 
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is "inverted" (i.e. from n-doped to p-doped), and hence current can flow between source 

and drain. 
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Figure 1.2 Historical trends and future projections for the minimum feature size used in integrated 
circuits in manufacturing. 

 

The continuous increase of the number of MOS transistors on the chip and decrease of 

the size of MOS have been observed over the past decades. The number of transistors on 

the chip roughly doubles every two years, which is known as “Moore’s Law”. In the 

semiconductor industry, decreasing component size is often characterized by the critical 

feature size, or the minimum line width, which is usually defined as the smallest lateral 

feature size that is printed on the wafer surface during the fabrication process. Shown in 

Figure 1.2 is the change of the critical feature size over the past 45 years and extrapolated 

into the future.4 Currently, integrated circuits with 90 nm critical feature size are in high 

volume production, and transistors are being fabricated with gate lengths less than 40 nm.  

Smaller MOSFETs are desirable for three reasons. First, smaller MOSFETs allow more 

current to pass. Conceptually, MOSFETs are like resistors in the on-state, and shorter 

resistors have less resistance, hence allow more current for the same voltage. Second, 
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smaller MOSFETs have smaller gates, and thus lower gate capacitance. These first two 

factors contribute to shorter switching times, and thus higher processing speeds. A third 

reason for MOSFET scaling is that reduced area leads to reduced cost. Smaller MOSFETs 

can be packed more densely, resulting in either smaller chips or chips with more computing 

power in the same area. Since the cost of fabricating a semiconductor wafer is relatively 

fixed, the cost of an individual chip is mainly related to the number of chips that can be 

produced per wafer. Hence, smaller MOSFETs allow more chips per wafer, reducing the 

price per chip.3 

Historically, the difficulties with decreasing the size of the MOSFET have been 

associated with the semiconductor device fabrication process. The past success was 

enabled by increasingly sophisticated materials selections and manufacturing techniques. A 

simple discussion of microelectronics processing is presented in section 1.2 . 

1.2 Microelectronics Processing 

The current microelectronics processing is originated from the planar process, invented 

by Jean Hoerni of Fairchild Semiconductor in the late 1950s. There are three key elements 

in the process. First, it relies on the gas phase diffusion of dopants to produce N- and P-

type regions. Second, it relies on the ability of SiO2 to mask the dopant diffusions. And 

third, it relies on the ability to pattern the SiO2, which is generally accomplished by 

photolithography.4,5  

 

 

 

  a) b) c) 
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Figure 1.3 Basic semiconductor process steps. (a) Film to be patterned is deposited on a substrate. 
b) The film is coated with a light – sensitive polymer known as photoresist. c) The resist is exposed 
through a mask consisting of transparent and opaque regions defining the desired circuit features. 

d) After exposure, the resist is developed, leaving portions of the film masked by undissolved 
resist. e) The film is etched in a plasma process, leaving the areas protected by resist. f) The 

remaining resist is stripped, leaving a patterned film. These processes are then repeated over and 
over to build up the circuit layers. 

 

Shown in Figure 1.3 is the typical process of planar process used in current 

semiconductor processes.6 To form a structure of another material on the substrate as in 

Figure 1.3(f), a film of that material is first deposited on the substrate. The typical 

deposition methods include thermal oxidation (for SiO2), Chemical Vapor Deposition 

(CVD), Physical Vapor Deposition (PVD) and Plasma-Enhanced Chemical Vapor 

Deposition (PECVD).4 After the material film is deposited, a light–sensitive polymer 

material known as photoresist is deposited on top of it. The photoresist is exposed to 

radiation through a mask. The exposed areas of the resist undergo a change in structure, 

and are washed away upon development (for a positive-tone resist). The remaining 

patterned resist on the wafer acts as a mask, protecting the underlying film material. This 

process is known as lithography. With the photoresist film as a mask, the deposited film is 

then etched away. The typical etching methods are either wet etching or plasma etching, as 

discussed in section 1.3.4. Following the etch process, the remaining resist is stripped, 

leaving desired features remaining in the film. The steps, film deposition, lithography, and 

etch as shown in Figure 1.3, are repeated over and over to fabricate all necessary 
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components (transistors, resistors, capacitors etc.) on the chip to build up the complete 

integrated circuit.  

Figure 1.3 shows an example of using plasma for etching purpose. Further applications 

of plasma in semiconductor processing are discussed in section 1.3.  

1.3 Applications of Plasma 

1.3.1 Introduction 

Plasma is a conductive assembly of charged particles and neutrals that exhibits 

collective effects and on average behaves electrically neutral. Plasma is the most common 

form of matter, comprising more than 99% of the visible universe, and permeating the solar 

system, interstellar and intergalactic environments. The plasma used in industrial 

application is usually weakly ionized, with the following features7: (1) collisions between 

the charged particles and neutral gas molecules are important; (2) there are boundaries at 

which surface losses are important; (3) ionization of neutrals sustains the plasma in the 

steady state; and (4) the electrons are not in thermal equilibrium with the ions.  

Plasma is widely used in the microelectronics fabrication, flat panel display fabrication, 

surface modification, cleaning, sterilization and many other industrial areas. Its application 

has been growing very fast in  the past decades. In the microelectronics fabrication, about 

40% of the steps uses plasma processes. These mainly include plasma etching8 and Plasma 

Enhanced Chemical Vapor Deposition as discussed in 1.3.2 and 1.3.4. Plasma is also used 

in the ion source to generate the ions9. Such ion sources are widely used in ion 

implantation10. Plasma also begins to play an important role in the efforts of replacing 
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photolithography by Extreme-Ultraviolet Lithography (EUVL, wavelength 13.5nm) to 

create nanometer scale patterns11-13.  

Plasma is also used to treat the material surface vary the surface energy, wetability14, 

printability15, adhesion16 and other commercially important properties of surfaces. This is 

because the active species produced by plasma are more energetic and more reactive than 

those produced in chemical reactors. These species make it possible to produce effects on 

the material surface that can be accomplished in no other way, or which are economically 

prohibited by other methods.17  Corona discharges are widely used in this application7, and 

Atmospheric Pressure Glow Discharges have found many application in this area as well 18-

20.  

In this section, three major applications related to the thesis work are discussed in detail. 

Section 1.3.2 discusses the thin film deposition including the Plasma Enhanced Chemical 

Vapor Deposition (PECVD), as the background of remote plasma processing in which of 

the Transformer Coupled Toroidal Plasma source is widely used, as discussed in section 

1.3.3. General backgrounds regarding plasma etching is discussed in section 1.3.4.  

1.3.2 Thin Film Deposition and Chamber Cleaning 

Chemical Vapor Deposition (CVD) and Physical Vapor Deposition (PVD) are the 

major two categories of methods used for thin film deposition. In each case, the substrate is 

placed in a deposition chamber, and the components of the deposited film are usually 

delivered through gas phase to the surface of the substrate and then form the deposited film. 

In CVD, chemical reactions happen among the reactant gases to deposit film on the 

substrate. In PVD, physical methods are used to produce the constituent atoms which pass 

through a low-pressure gas phase and then condense on the substrate. 
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Low pressure Plasma Enhanced Chemical Vapor Deposition (PECVD) is the major 

CVD method currently used in the industry. Although the atmospheric pressure chemical 

vapor deposition was used, the uniformity of the deposited film was found to be poor due 

to the gradient of species concentration across the wafer. The industry has hence moved to 

the low-pressure process at a pressure of about 1torr). Lowering the pressure increases the 

diffusion, decreases the species gradient across the wafer, and hence improves the wafer 

uniformity. For at least two reasons plasma helps the deposition process in the lower 

pressure PECVD method. One, plasma makes the chemical reaction possible in much 

lower temperature than non-plasma CVD by supplying additional energy from the plasma 

to the neutrals. This is especially important for film that can not stand the high temperature 

(800-1000) of non-plasma CVD. Two, the ion bombardment from the plasma to the film 

allows the film’s properties such as composition, density and stress for particular 

applications to be more easily altered.  

The atomic fluxes in the PVD process can be formed by either evaporation or ion 

bombardments. In the evaporation method, the solid is heated up to a high temperature 

which causes evaporation to happen. In the ion bombardment method, plasma is formed in 

the chamber and the ions bombard the solid to release atoms and molecules into the gas 

phase. This method is sometimes also called sputtering deposition. Compared to the CVD 

process, the PVD process is generally more versatile, allowing for the deposition of almost 

any material. PVD with ion bombardment is another example that plasma is used in 

semiconductor industry.  

One of the problems for all thin film deposition process is the cleaning of the chamber. 

In all the deposition process, the same materials are deposited on the chamber wall as they 
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are deposited on the wafer in the chamber. As the film thickness increases, the mechanical 

stress at the film-wall interfaces increases. At sufficient thicknesses and stresses, the 

interface delaminates and produces flaking particles, which then leave the chamber wall 

and transit to the surface of the wafer. This is usually called particle contamination and it is 

the major mechanism for the point defect which causes malfunction of the final products21. 

To avoid the problem, the typical procedure is to clean the chamber wall routinely to 

remove all deposited film. The chamber cleaning is usually the rate limiting step in the 

deposition process, and hence faster chamber cleaning increases the overall productivity. 

Over the past 20 years, the chamber cleaning procedure has evolved from periodic 

manual (wet) cleaning of the chamber wall to routine in situ plasma cleaning and, finally, 

to remote (or ex situ) plasma cleaning. In wet chamber cleaning, reactive solutions are used 

to wipe the chamber wall by hand. In both the in situ plasma cleaning and the remote 

plasma cleaning, plasma is used to create reactive radicals to remove the film on the 

chamber wall. 

The in situ chamber cleaning method is to generate plasma based on fluorine-rich 

discharges22-25. The etching is a combination of spontaneous isotropic chemical etching and 

ion induced etching. Typically, mixtures of C2F6 + O2 have been used to produce the high 

atomic fluorine concentrations needed for cleaning. CF4+O2 can be used, but the greater 

power density needed to break apart the CF4 has favored the use of larger fluorocarbons 

that fragment more easily in the plasma. Gas such as NF3 and SF6 that produce large atomic 

fluorine concentrations are also used. 

Currently, remote plasma sources for the production of fluorine atoms are widely used 

for chamber cleaning in the semiconductor processing industry, particularly in the cleaning 
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of chambers used for deposition.  The use of remote plasma sources avoids the erosion of 

the interior chamber materials typical of in situ chamber cleans in which ions generated in 

the discharge sputter the wall surface.  While capacitively and inductively coupled Radio 

Frequency (RF) sources, as well as microwave remote sources have been developed for 

these sorts of applications, the industry is rapidly moving toward transformer-coupled 

inductive sources in which the plasma has a toroidal configuration and forms the secondary 

of the transformer.  The use of lower frequency RF power and magnetic cores enhances the 

inductive coupling; thereby allowing the more efficient transfer of energy to the plasma 

without excessive ion bombardment which limits the lifetime of the remote plasma source 

chamber interior. 

In section 1.3.3, remote plasma processing is discussed with more focus on remote 

chamber cleaning. 

1.3.3 Remote Plasma Processing 

Remote plasma processing is different from direct plasma processing in at least two 

aspects: (1) the substrate is outside the plasma glow; (2) source gases injected downstream 

are prevented from returning to the plasma to change the property of the plasma by gas 

flow and process pressure. 
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Figure 1.4 Schematic drawing of industrial setup of using remote plasma source for chamber cleaning 

 

The plasma sources are used to generate reactive species which are then used to process 

the material in the downstream chamber. Oxygen atoms are generated to remove 

photoresist, a process called stripping26. Fluorine atoms are generally generated to remove 

the deposited film in the downstream chamber. And some times hydrogen atoms are 

generated to clean the wafer in the downstream chamnber. 

Shown in Figure 1.4 is a typical set up for remote processing with chamber cleaning as 

an example. The main chamber is used for deposition process. Deposition gases go through 

the shower head in the deposition cycle. In the cleaning cycle, the valve between the 

chamber and the deposition gas line is closed and the valve between the remote plasma 

source and the chamber is open. Then the radicals from the plasma source enter the main 
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chamber through the showerhead or from the side of the chamber. After the cleaning 

process, the deposition process happens again.  

Both nitrogen trifluoride (NF3) and fluorocarbon gases are used to generate fluorine 

atoms in remote plasma source. The most widely used gas to generate fluorine atoms is 

nitrogen trifluoride (NF3). Nitrogen trifluoride dissociates near completely in a discharge 

and is not significantly reformed by recombination of the product species. The 

fluorocarbon gases include tetrafluoromethane (CF4), hexafluoroethane (C2F6), 

octafluoropropane (C3F8), and octafluorocyclobutane (C4F8). Compared to nitrogen 

trifluoride, fluorocarbon gases have the advantage of being non-toxic, easier to handle and 

of lower cost. The price of C2F6, for example, is only about 20% of that of NF3, for the 

same weight. 

Etching of semiconductor materials using remote plasma source has been studied since 

1980’s. The etching rates of silicon and silicon dioxide by fluorine atoms, as reported in 

literature8,27, are shown in equation (1.1) for silicon dioxide and equation (1.2) for silicon,  

 
2

113 26.14 10 exp( 0.163 / ) / minSiO F bER n T eV k T A−= × − , (1.1) 

                     
112 22.91 10 exp( 0.108 / ) / minSi F bER n T eV k T A−= × − , (1.2) 

where Fn  (cm–3) is the atom concentration, T  (K) is the wafer temperature.  

In both equations (1.1) and (1.2), the etching rate is linearly dependent on the fluorine 

atom concentration, or the partial pressure of fluorine. Good linearity was found for partial 

pressure of fluorine up to 0.2 torr.27 Whether the same linearity holds at higher partial 

pressure remains a question and will be studied in section 4.5.  



 36 

1.3.4 Plasma Etching  

As shown in Figure 1.3, after thin films are deposited and photoresist masks are formed, 

the films are usually selectively removed by etching to leave the desired pattern of the film 

on the wafer surface.  

There are two main methods used in the semiconductor industry: wet etching and dry, 

or plasma, etching. In wet etching, the wafers are usually immersed into baths of liquid 

etchant solution and the exposed materials are etched by pure chemical processes. Wet 

etches were developed for all steps in the fabrication process. For example, silicon dioxide 

is commonly etched in hydrofluoric acid (HF) by reaction shown in the equation  

 2 2 6 26 2SiO HF H SiF H O+ → +  (1.3) 

In dry etching, gas phase etchants in plasma are used to removed the exposed materials.8    

Wet chemical etching is almost entirely superseded by dry plasma etching processes 

due to the decrease of feature size and the limitation of wet etching. Figure 1.5(a) shows a 

poor pattern transfer when the sample is wet-etched. Since the etching medium attacks the 

etched layer isotropically, the materials are removed horizontally under the mask at the 

same rate as that the etched layer is removed vertically. The process was fine before 1980 

when the critical dimension was over 2µm. When the size of the feature gets smaller than 

2µm, the process can not be used anymore because the mask would be entirely undercut by 

the etching fluid before it reached the substrate when the width of the mask horizontally is 

less than twice the thickness of the layer to be etched, since.  
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Figure 1.5 Plasma etching in integrated circuit manufacture: (a) example of isotropic wet etching; (b) 
illustrating the role of bombarding ions in anisotropic dry etching. 

 
Plasma etching, or dry etching, has become the dominant etching process ever since 

1980s due to its great pattern transformation. Figure 1.5(b) shows an example where a 

substrate with patterned mask is etched in plasma. Usually RF glow discharge plasma 

generates reactive species (both neutral radicals and ions), which then impinge on the mask 

and the exposed etched layer. Because the mask is relatively unetchable, it remains in place 

to shield the layer below it from bombardment by active species originating in the plasma. 

An important feature of the plasma etching process is that the etching occurs vertically due 

to the enhancement of ion bombardments. Another aspect of plasma etching that should be 

considered is the selectivity, meaning that the layer intended to be etched is actually etched, 

not the mask or the substrate.  

 Ions 

(a) (b) 
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Figure 1.6 Data of Coburn and Winters on the interaction of 450 eV argon ions with silicon, with and 
without the presence of xenon difluoride gas. The etching rate prior to 200 s is due to chemical etching 

by xenon difluoride gas. The 450 eV argon ion beam was turned at 200 S, producing the increased 
silicon etching rate shown. After the xenon difluoride was pumped out of the system at 650s, only the 

etching rate caused by argon ion sputtering is evident.  

 
When a surface is exposed to both chemically reactive neutral which can react with a 

surface to produce a volatile product and ion bombardments, the combined ion and neutral 

fluxes often etch more rapidly than surfaces exposed to only the neutral beam or the ion 

bombardments. Shown in Figure 1.6 is a beam experiment performed by Coburn et al in 

which the etching rate was monitored when xenon difluoride and argon ion beam were 

turned on and off28,29. The etching rate prior to 200 s is due to chemical etching by xenon 

difluoride gas. The 450 eV argon ion beam was turned on at 200 S, producing the increased 

silicon etching rate. After the xenon difluoride was pumped out of the system at 650 s, only 

the etching rate caused by argon ion sputtering is evident. It can be seen that the 

combination of both ions and fluorine source results in an etching rate that is quite 

synergistic and exhibits an etching yield that is an order of magnitude greater than physical 

sputtering. In plasma, both ions and reactive neutrals are generated and the ion 
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bombardment is directional. The area with exposure to ion bombardment will have much 

higher etching rate than the area without the exposure, causing a vertical anisotropic 

etching pattern as in Figure 1.5(b).  

 

 
Figure 1.7 Inductively coupled plasma etcher with full wafer interferometry (FWI) and optical 

emission spectroscopy (OES) diagnostics. The pancake coil is powered by a 13.56 MHz rf power supply 
to generate the plasma, and the bottom electrode is powered by another rf power supply to control the 

ion bombardment energy. 

 
A typical plasma etcher with some diagnostic capability is shown in Figure 1.730. The 

plasma is generated by inductive coupling. The AC current passing through the top coil 

generates time-varying magnetic field, which then causes electric field in the gases. Free 

electrons are accelerated and then excite and dissociate molecules to form energetic ions 

and reactive neutrals. Plasma sheath is formed between the plasma and surrounding surface, 

with electric field which repels electrons and accelerates ions. Ions are accelerated across 

the plasma sheath with high energy, impinge on the surface with high directionality, and 

enhance the surface reaction as demonstrated earlier. To further change the ion 

bombardment energy, another RF power is applied on the bottom electrode, which is 
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usually cooled by helium gases. Full Wafer Interferometry (FWI) is used for etching rate 

and uniformity study31 and Optical Emission Spectroscopy (OES) is used to monitor the 

plasma.  

There are two approaches for experimental studies on plasma processing. One is to 

construct a complete reactor as in Figure 1.7, diagnose the plasma parameters, measure the 

plasma etching performance and then back out the surface reaction mechanism. A 

collaborative experimental effort was initiated at a workshop at the 1988 Gaseous 

Electronics Conference (GEC) to understand the fundamental physics of processing plasma, 

as well as to give researchers a baseline experiment to develop plasma diagnostics to be 

used on manufacturing plasma systems32. The design was based on the usage of 4 in. 

diameter, aluminum electrodes in a parallel plate configuration at 13.56 MHz. Many 

research based on similar etchers was carried out to study the etching of silicon and other 

materials33-35. The drawback of these studies is that it is difficult to resolve so many 

possible simultaneous reactions on the surface.36  

The second type of experiments is beam experiments, in which individual neutral and 

ion beams are generated and the reaction mechanisms are studied. Started from the ion 

beam etching in early 1980s37,38, beam experiments were set up to study the etching 

performance of silicon and silicon oxide etching in F/Ar+ beam or CF2/Ar+ beam39-41. Beam 

experiments were set up to study the silicon etching in chlorine or bromine beams42-44, the 

silicon or silicon oxide etching in more complicated fluorocarbon radical beams45,46. The 

advantage of beam experiments is that they separate the contribution of different radicals 

from the plasma. Therefore, the beam experiment data are the best set of data for modeling 

surface kinetics, as described in section 1.5. 
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1.4 Transformer Coupled Toroidal Plasma (TCTP) for Remote 

Plasma Processing  

Different plasma sources were developed for remote plasma process, as discussed in 

section 1.3.3. Microwave plasma generator was one of the earliest developed tool for 

remote stripping and chamber cleaning47-50. The input power and coupling efficiency of the 

microwave reactor were limited. RF plasma source similar to a plasma etcher was 

developed for remote processing51, but the low power coupling efficiency makes it less 

usable. Recently, Transformer-Coupled Toroidal Plasma (TCTP) source was developed as 

an emerging tool for such semiconductor processings as etching, cleaning and stripping52.  

Figure 1.8 shows the most widely used equipment fabricated by MKS ASTEX53. The 

plasma is contained in a donut-shaped toroidal chamber. Bridge of MOSFET’s forms the 

power section. RF voltage is generated by the switching action of these paired MOSFETs’ 

(A & B) alternate ON and OFF cycles. Then the output of the MOSFETs is connected to 

the primary winding of the transformer. Then the RF power is transferred to the plasma via 

a transformer core with the plasma serving as the secondary loop.  

The major application of the Transformer Coupled Toroidal Plasma source is for 

remote chamber cleaning and the major input gas is nitrogen trifluoride (NF3). Figure 1.4 

shows that the plasma source is used to generate fluorine atoms which are transferred to the 

downstream chamber to etch the deposited material on the chamber wall. Figure 1.4 shows 

possible fluorine containing gases are NF3 and fluorocarbon gases like C2F6. In the industry, 

the most widely used gases are NF3 instead of fluorocarbon gases. 
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Figure 1.8 Diagram of the Transformer Coupled Toroidal Plasma made by MKS ASTEX. Left: 
Schematic diagram. Right: Schematic of the power unit. 

 
For a number of reasons, the semiconductor industry has shifted to NF3 for remote 

chamber cleaning, away from mixtures of fluorocarbons with oxygen, which initially were 

the dominant gases used for in situ chamber cleaning.  First, the emissions of global 

warming gases from such processes were commonly much higher than that of nitrogen 

trifluoride (NF3) processes.  NF3 dissociates more easily in a discharge and is not 

significantly formed by recombination of the product species.  Therefore, low levels of 

global warming emissions can be achieved more easily.  In contrast, fluorocarbons are 

more difficult to breakdown in a discharge and recombine to form species such as 

tetrafluoromethane (CF4) which are even more difficult to break down than other 

fluorocarbons. Secondly, it was usually observed that the etching rate or cleaning rate when 

using fluorocarbon discharges is much smaller than that when using NF3 discharges. This 

was ascribed to incomplete dissociation of the fluorocarbon gases. Thirdly, it was 

commonly found that fluorocarbon discharges produced “polymer” depositions that require 

more frequent wet cleans to remove these deposits that build up after repetitive dry cleans54.  

The propensity of fluorocarbon cleans to deposit “polymers” occurs to a greater extent in 

remote cleans in which no ion bombardment occurs during the cleaning.  These 
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observations dissuaded the industry from developing industrial processes based on 

fluorocarbon feed gases. In fact, the PECVD equipment manufacturers tested remote cleans 

based on fluorocarbon in glow RF discharges, but to date have been unsuccessful because 

of low cleaning rate and polymer deposition in the process chambers55,56. 

One object of the present research is to study the application of high power density 

TCTP for remote chamber cleaning with fluorocarbon based chemistry. Whether the reason 

for the fluorocarbon chemistry based remote cleaning to be much worse than NF3 based 

remote cleaning is because of incomplete dissociation of fluorocarbon or some other 

reasons is addressed. Furthermore, new method to improve the performance of 

fluorocarbon iss invented such that the etching rate of the fluorocarbon plasma becomes 

comparable to that of the NF3 plasma. Polymer deposition problem associated with 

fluorocarbon plasmas are also discussed.   

The high power density TCTP is different from other low-temperature plasma studied 

before, like DC glow discharge, DC arc discharge, inductively coupled RF discharge, 

capacitively coupled RF discharge and microwave discharge. TCTP source operates with 

AC power, similar to industrial RF discharges and different from DC discharges. The 

power density of TCTP is as high as 20W/cm3, making it much higher than the typical 

power density of less than 0.2 W/cm3 of other discharge. The neutral gas temperature in 

TCTP is as high as a couple of thousand Kelvin, which can only be matched by DC arc 

discharge and which is much higher than the neutral gas temperature in other discharges. In 

the toroidal chamber of TCTP, no electrode exists and hence no thermionic electron 

emission is involved, which makes it very different from DC arc discharge where electron 

emission is important for plasma formation17,57. The plasma in TCTP source are of glow 



 44 

discharge property, with smooth spatial profile of plasma parameters. The glowing 

discharge property of TCTP is similar to the DC glow discharge used in cylindrical normal 

glow discharge for lighting devices57, parallel plate source58, and beam plasma sources17. 

Pure inductive coupling is guaranteed21 in TCTP, quite different from both capacitively-

coupled RF discharge and inductively-coupled RF discharge in which the capacitive 

coupling is an important component of the plasma formation. 

One of the object of the thesis is to understand the physics of the plasma and its 

parameters by improved diagnostics and modeling. Very limited scientific studies have 

been done on the high power density TCTP. Plasma diagnostics are set up to measure the 

parameters and modeling is applied to understand its properties.  

1.5 Surface Kinetics Modeling  

Quick and accurate modeling of plasma processing is essential to meet the growing 

demands for process optimization and integration, particularly for new materials and new 

tools.59,60 Modeling of plasma processing can be separated into three parts: plasma 

modeling, surface kinetics modeling and profile simulation. Experimental operation 

conditions such as gas composition, flow rate, plasma power, bias power and chamber 

geometry can be simulated by a plasma model to compute the neutral radical flux and 

composition, ion flux and composition, and ion bombardment energy.61 This information 

can then be used by the surface kinetics model and the associated substrate material, to 

calculate the etching rate, etching selectivity, surface concentration and reaction product 

fluxes. The surface kinetic rates from the model can then be incorporated into the profile 

simulator, combined with the material and topology of the substrate surface, to predict the 

etching profile.62-64 The plasma model, surface kinetics model and profile simulator are not 
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independent from each other. Instead, they are coupled together to form an integrated and 

complicated system. For example, the reaction product calculated from the surface kinetics 

model will enter the plasma phase and hence change the composition in the plasma 

model.62 One topic of the thesis is a generic model of plasma-surface surface interactions. 

In 1982 Coburn et al conducted the earliest surface kinetics model in which the ratio of 

carbon to fluorine atoms was used to decide whether the plasma processing was in the 

etching or deposition regime.65  With the growth of plasma processing in semiconductor 

processing, more surface kinetic models were proposed since then. 

The most commonly used approach is to treat the surface as a mixture of surface 

species which interact with each other and with the gas phase.61,62,66-69 The difficulty of this 

approach is that there are too many reactants and reactions with unknown rates and too 

little experimental data to uniquely fit the rate coefficients. In this approach, each surface 

species is formed from the plasma fluxes, the surface reactions occur, and finally volatile 

products are released back to the plasma. Most of these reactions rates have not been 

experimentally measured, and are not easily measured due to the difficulty of 

independently measuring them. Furthermore, the large number of unknown reaction rates 

in comparison with the existing etching data (which consists of highly correlated flux 

variations with process condition changes) make any fitting process by this approach quite 

arbitrary.  

Molecular dynamics simulation is a much more fundamental and potentially accurate 

approach for surface kinetics modeling. So far it has been used to explain successfully 

many phenomena in silicon etching experiments.70-75 However, molecular dynamics 

simulation has the difficulties of slow simulation speed and long development time. The 
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ever increasing computational power must be used to expand the molecular dynamics 

simulation into any new and more complicated system and would require a great effort to 

correctly compute the inter-atomic potentials of any new atomic species.  

Active site modeling was developed much earlier and exhibited fast and successful 

modeling of the etching process of simple beam experiments such as silicon etching by 

chlorine atoms and Ar ions or chlorine ions.39,41 Active site model is a phenomenological 

model, which balances the active sites on the surface due to ion induced reactions and 

chemisorption. It is straightforward and successful in the simple situation where only one 

ion beam and one neutral beam are used to etch a simple substrate like silicon. The active 

site model becomes increasingly complicated and somewhat arbitrary when handling the 

more complicated chemistry, e.g. even silicon etching in chlorine plasma.42-44,76,77  

Neural network modeling has been adopted to model the surface kinetics  to achieve 

quick modeling to satisfy rapid emerging of new materials and new tools.78,79 But the lack 

of a physically based model makes this approach unable to predict results beyond those 

conditions that were measured in most situations. 

The angular dependence of etching processes is an important issue and has not been 

included in any model. The angular dependence of ion induced etching yield is 

significantly different from that of physical sputtering. The sputtering yield is maximized at 

large off-normal angle.80 Different types of angular dependence of etching yield have been 

observed in the past. During silicon etching in chlorine plasma, the etching yield is constant 

from 0 to 50 degree off-normal angle and then drops rapidly beyond 60 degrees.42,43,81 

Etching yield of silicon in HBr was found to decrease slowly from small off normal 

angle.42,43,63,81 There are also reports that the etching yield has a cosine dependence on off-
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normal angle.82-85 Angular dependence similar to that of physical sputtering was observed 

in low-K dielectric material etching.86 Angular dependence of etching yield is very 

important because a small change of the angular dependence was found to cause large 

changes in the etching profile, causing different trenching or undercutting.30,63 Therefore, it 

is important to include angular dependence in surface kinetics model and then use if for 

etching profile simulation.     

Therefore, there is an urgent need to set up a new, fast and accurate surface kinetics 

model to better describe the interaction between the surface and the plasma. 

1.6 Scope and Objectives of this work 

The scope of this research work is to gain a basic understanding of the Transformer 

Coupled Toroidal Plasma; to study the kinetics and limitations of species production by the 

remote TCTP source; and to set up a generic surface kinetics model. 

The first object is to charaterize the TCTP source. The experimental apparatus will be 

discussed in Chapter 2. Chapter 3 systematically measured the dependence of plasma 

parameters, such as the neutral gas temperature, the electron temperature, the electron 

density and the species concentration, on the operation conditions of the plasma. A good 

match was observed between the experimental measurements and the prediction of a 

simplified global plasma model.  The plasma model included the heating of the electron gas 

by a uniform electric field, the loss of energy from the gas to determine the electron 

temperature, ion and electron losses at surfaces, and formation and loss of species by the 

electron impact and surface recombination. .  

The second object is to understand the kinetics and limitations of species production by 

the remote TCTP source. Five topics related to plasma-surface interactions are discussed in 
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Chapter 4: 1) the enhancement of the silicon and silicon dioxide etching rates by surface 

treatment with nitrogen containing gas addition in the remote fluorocarbon plasmas; 2) the 

replacement of the nitrogen trifluoride by the fluorocarbon gases for the remote plasma 

processing; 3) the dependence of the etching rate of the silicon dioxide on the operation 

parameters using the remote fluorocarbon plasma; 4) the saturation of the etching rate of 

the silicon dioxide with the partial pressure of fluorine atoms ; and 5) the different effects 

of the additive gases on the etching rates of the silicon dioxide film and the silicon nitride 

film. 

The third object is to set up a fast and accurate surface kinetics model that is generic 

and can be incorporated into profile simulators for process simulation. The model must 

correctly consider all the physical processes that occur during etching/deposition; easily 

incorporate new materials and new tools; be able to explain experimentally measured 

etching performance including angular dependence; and be fast to calculate and fast to 

construct and implement. Such a new framework for surface kinetics modeling is presented 

in Chapter 5.  

The experimental apparatus is described in Chapter 2, followed by Plasma 

characterization described in Chapter 3. The effort of replacing NF3 by fluorocarbon gases 

for remote plasma processing in Chapter 4.. The generic surface model is discussed in 

Chapter 5, and the thesis is concluded and future work is discussed in Chapter 6.  
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Chapter 2 Experimental 
 

2.1 Introduction – System Setup 

Figure 2.1 shows the detailed schematic drawing of the experimental apparatus. It is 

composed of a main process system and a diagnostic system. 

 
Figure 2.1 Detailed Schematic Drawing of Experimental Apparatus 

 
The main process system is composed of a transformer coupled toroidal plasma source, 

a four way cross, a transfer tube with water cooling, a process chamber and pumps. 

Capacitance manometers right after the plasma source and on the process chamber are used 

to measure the pressure at different locations. The butterfly valve between the transfer tube 
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and the process chamber, and the throttle valve between the process chamber and the 

pumps, are adjusted to relatively independently control the pressure in the plasma source 

and the process chamber. The vacuum system is sealed by Klamp-Flange® fittings87, and 

Kalrez® or Chemrz® O-rings are used to reduce the corrosion of O-ring in the fluorine-rich 

environment. 

The typical process for gas to go through the system is as the following. Gas molecules 

such as nitrogen trifluoride enter the toroidal source chamber, in which plasma is formed 

and the gas molecules are dissociated to form electrons, ions and radicals such as fluorine 

atoms. The electrons and ions are annihilated in the transfer tube and the reactive radicals 

are transferred to the downstream process chamber after being cooled down in the transfer 

tube. The radicals then etch the semiconductor materials on the electrode of the process 

chamber. Typical samples studied in this thesis are polycrystalline silicon, silicon dioxide 

and silicon nitride. Finally all the gaseous particles are taken away by vacuum pump.  

The diagnostic system is used to measure the properties of both the plasma source and 

the downstream system. Optical Emission Spectroscopy (OES) system is used to measure 

the illuminated light from the plasma. Mass Spectrometer is used to measure the radical 

concentration in the process chamber. Finally, the Fourier Transformed Infrared 

spectroscopy (FTIR) is used to measure the stable species concentration in the exhaust. 

Both a laser interferometer and a Quartz Crystal Microbalance (QCM) equipment are used 

for real-time etching rate measurements. Outside the system, an X-ray Photon Electron 

Spectroscopy (XPS) is used for surface species concentration measurements, and an 

Atomic Force Microscopy (AFM) is used for surface topology measurements. 
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Shown in Figure 2.2 is the actual picture of part of the experimental apparatus. The 

plasma source (the black box), the transfer tube (the silver tube), the process chamber and 

the mass spectrometer chamber are shown in the figure. The pumps and and the gas 

delivery system are not shown here. Except for the plasma source and the pumps, all other 

components are home-designed and fabricated. 

 

Figure 2.2 Actual picture of the experimental apparatus. The black box is the transformer coupled 
toroidal plasma source. 

 
In this chapter, detailed descriptions of each component of the apparatus are presented. 

The toroidal transformer-coupled plasma source is discussed in section 2.2 and the vacuum 

system including the transfer tube, the process chamber and the pumps are described in 

section 2.3. Different diagnostic methods mentioned above are then discussed in section 2.4 

- 2.10. 

2.2 Toroidal Transformer-Coupled Plasma Source 

The plasma source used in this experiment is an ASTRON®ex unit (Model Number: 

Ax7640) made by MKS ASTEX52. The plasma source is such a compact device that all 
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components including a plasma vacuum chamber, electronics and a water cooling system 

are in a single enclosure, unlike microwave-based system that requires several individual 

components to be assembled into a subsystem.  

The plasma chamber wall is made of aluminum with inner surface coated with a thick 

Al2O3 layer to prevent Al from being etched by strong fluorine plasma. Four dielectric 

breakers are designed in the chamber wall to avoid inductive current in the chamber wall 

during the transfer coupling between the primary circuit and the plasma. A patented special 

gas nozzle mixes gases before sending them into the plasma chamber. Water cooling 

system is incorporated in the chamber wall to allow high power operation of the plasma 

source. Typical water flow rate used in the experiments is 3 gpm.  

 The source has an integrated electronic control and power supply system, and it is 

rated for continuous operation at the frequency of 400 kHz. The outlet pressure is measured 

at ports immediately downstream of the source utilizing a capacitance manometer gauge.  

Plasma is produced by transformer coupling between the ferrite core and gases flowing 

inside. The plasma source is operated on the basis of a constant current, and the voltage of 

the plasma is changed automatically according to the dissociation rate and resistivity of the 

added gases.  

The commercial plasma source is modified to allow plasma loop voltage and current 

measurements. The plasma loop voltage and current are calculated from that measured 

across the ferrite core based on negligible (<5%) loss of magnetic flux. Voltage is directly 

measured by Lecroy Oscilloscope (model: 9414) and the current was measured by a 

Pearson Current Sensor (model: 3972). Plasma power and resistivity can be calculated 

based on the voltage and current waveform. Shown in Figure 2.3 is an example of the 
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measured waveform of current and voltage for the plasma from the gas mixture of 1250 

sccm C2F6, 3750 sccm O2 and 2000 sccm Ar at the source pressure of 3.9torr. The power is 

calculated to be 7.14kW.  
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Figure 2.3 Waveform of current and voltage for plasma at conditions 1250 sccn C2F6 + 3750 sccm O2 + 
2000sccm Ar at source pressure 3.9 torr. The total power calculated to be 7.14 kW. 

 
Another power measurement method is to measure the total power that goes into the 

plasma source, which includes the power coupled into the plasma and the power consumed 

by the electronic circuit boards. The plasma source operates with a three-phase 208 V 

electrical power outlet. By measuring the current going through each phase, the total power 

can be easily calculated. Current through one phase of the wiring is measured by Craftsman 

current meter (model: 82014). For the same condition as shown in Figure 2.3, the current is 

measured to be 22.6 A and the total power consumed by the whole plasma source is 8.14 

kW. Therefore, the efficiency of power usage for plasma generation is as high as 87.8%. 

The power utilization efficiency is very much higher than typical inductively coupled 

plasma apparatus, 
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The current plasma source also has a very high power density. The volume of the 

plasma chamber is 360 cm3 and for a power of 7.15kW, the power density is 20 W/cm3. 

Compared to a typical industrial plasma source (power density <0.1W/cm3), the power 

density of the TCTP source is 2 orders of magnitude higher. The extremely high power 

density makes the plasma source very unique and its parameters very different from other 

plasma sources. 

2.3 The Vacuum System 

The vacuum system is composed of a four-way cross, a transfer tube, a process 

chamber and pump sets. 

The four-way cross is connected to the outlet of the plasma source. On the opposite 

flange of the four-way across is a sapphire viewport for optical emission measurement, as 

shown in Figure 2.1. On another flange of the four-way across are two capacitance 

manometers for pressure measurements. One of them is within range 20 torr (model: MKS 

Baratron), for the pressure measurement during plasma processing and another one is with 

range 100 torr (model: MKS 122AA), for pressure increasing rate measurement during the 

calibration of mass flow controller, as discussed below. Finally, the last port is connected to 

the transfer tube. 

The purpose of the transfer tube is to cool down the reactive gases. It is composed of 

two coaxial tubes with cooling water running through them. The detailed mechanical 

drawings of the apparatus are shown in Appendix A. The tubes are made of aluminum with 

the surface coated by aluminum oxide film to reduce surface recombination. The water 

flow rate for the external tube and the internal tubes are both about 2 gpm.  
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Almost no ions or electrons will survive in the long transfer tube by the time it reaches 

the process chamber. Reactive neutrals, however, can survive in the transfer process. 

Therefore, only neutral radicals enter the process chamber and participate in etching. 

The process chamber is an aluminum cylinder with 8” diameter and 10” height. In the 

current set up, gases enter the process chamber from the top flange. The butterfly valve 

between the top flange and the transfer tube is used to adjust the conductance and hence the 

pressure drop between the plasma source and the process chamber. The bottom flange 

holds a 4” heating electrode, which is separated from the bottom flange by a 4” ceramic 

ring. The temperature of the electrode is controlled by 6 Omega heaters (model: OSH-

2011002) and natural cooling methods such as diffusion to air or the chamber.. Therefore, 

the minimum temperature the electrode can reach is the room temperature about 25oC. The 

electrode temperature is measured by a temperature probe on the backside of the electrode. 

Samples are placed on the top surface of the electrode with high vacuum grease (model: 

Apiezon H) used between the sample and the electrode to increase the heat conductivity 

such that the sample temperature is approximately equal to the electrode temperature. 

There are eight ports on the side wall of the process chamber. The port in the back of 

the chamber is connected to the pumps with a throttle valve between. The port in the front 

is a door for chamber inspection and sample placing. Sample can be sent in or taken out of 

the chamber by opening the door. The two ports with 45o respect to horizon on the side are 

covered by sapphire view ports and they are used for laser interferometry. One port is used 

for pressure measurement by the capacitance manometer with range 10torr (model: MKS 

Baratron). One port is connected to N2 gas line for purging and chamber opening purpose. 
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One port is connected to the mass spectrum chamber with an aluminum angle valve in 

between. Finally, one port is used for Quartz Crystal Microbalance (QCM) measurements. 

In most experiments, a shower head is added in to the process chamber. The shower 

head baffle is attached to the bottom of the top flange and it is a DIA 4.5” plate with 69 

Φ1/8” holes uniformly distributed at a distance of 0.4” between neighbors. The showerhead 

can increase the pressure drop between the remote plasma source and the downstream 

process chamber. It also helps to make the incoming gas flow more uniform.  

Pressure drop can be used to quantitatively estimate the effective gas flow rate after the 

input gas is dissociated by the plasma. For our system, the Knudsen number, the ratio 

between the mean free path and the equipment scale size, is about 0.005, which is in the 

transition regime but very close to the viscous flow regime. Assuming that the viscous flow 

equations are appropriate for this case and assuming the pressure dependence of the viscous 

flow orifice is similar to that of a transfer tube, we may be able to use the relationship88: 

( )2 2
2 1Q K P P= − , in which Q  is the flow rate, K  is a constant not related to conductance 

and 1,2P  represents the downstream and upstream pressure, respectively. Figure 2.4 shows 

the dependence of the difference between the upstream pressure square and the 

downstream pressure square on the process chamber pressure. This gives us a reasonably 

flat dependence as desired and can be used to determine the effective flow rate. With 

known 4.2slm flow rate for O2 with plasma off and the ratio between these lines, the 

effective dissociated gas flow rate for 667 sccm NF3, 1333 sccm NF3, 250 sccm C4F8 and 

500sccm C4F8 mixtures are: 6.5slm, 8.72slm, 9.8slm and 13.2slm, respectively. The main 

contribution to the effective flow rate for C4F8 mixture may be from the dissociation of 
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C4F8 and O2. Of course, the effective dissociated flow rate was overestimated with our 

assumptions, but reasonably good for the first order approximation. 
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Two sets of pumps were used in the experiments. In earlier period, a pump set 

composed of an Edwards EH1200 roots blower and an Edwards E2M80 mechanical pump 

was used. Fomblin fluorocarbon pump oil is used in the E2M80 pump, which is called “wet 

pump” sometimes. The pump set was replaced by a dry pump package for higher pumping 

speed and to avoid any usage of pump oil for better Fourier Transformed InfraRed 

spectroscopy (FTIR) measurement as discussed in section 2.6.  

The vacuum system is inspected to be leaking tight by an Alcatel Helium leaking 

detector (model: ASM 110TCL) with the leaking rate less than 3µ10-9 atm•cm3/s. Leaving 

the vacuum system isolated for two months, the pressure in the system rises from 10 mtorr 

to about 1 torr, mainly due to the desorption of gas on the chamber wall. 

Figure 2.4 Dependence of the difference between upstream pressure square 
and downstream pressure square on the process chamber pressure 
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Figure 2.5 Dependence of Flow Rate on the pressure rise in the system with flow rate determined by the 
nominal gases as calibrated by manufacturer. The discrete points are data measured from nominal 

gases for different MFCs. For other gases other than nominal gases, the pressure rise was measured to 
determine its flow rate.  

 
The vacuum system can be used to calibrate the Mass Flow Controller (MFC) for non-

nominal gas application. For example, when passing CF4 gas through an MFC nominally 

calibrated for C2F6, appropriate calibration should be carried out to get accurate flow rate 

information. When the vacuum system is isolated from the pump, the pressure rising rate is 

proportional to incoming gas flow rate. Figure 2.5 shows the linear dependence between 

the nominal flow rates for four different mass flow controllers. With the linear relationship, 

flow rate of any non-nominal gas can be calibrated by its conresponding pressure rising 

rate. 

 

2.4 Optical Emission Spectroscopy (OES) 

Optical emission from the plasma was collected by a collector made of iris, lens and 

optical fiber. With the adjustable iris, the collection diameter in these experiments was 

around 3mm and collection solid angle was approximately 2o.  The collector was fixed on a 
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two-dimensional ball-bearing linear stage, which made spatially resolved measurements 

along X and Z directions possible, as shown in Figure 2.1. Therefore any plasma parameter 

measured will be an average of the étendue of the collector along Y direction. 

Two optical analysis systems were used in this research, an ISA Jobin-Yvon system 

and a Jarrel-Ash system.  

The Jobin-Yvon system was composed of an ISA HR640 monochromator with 0.75m 

focal length (sn: N FEV 89/244), a Spectral Link controller with an MDR module,  a Rr 

Photon Multiplier Tube, a Hamamatsu c665 DC supply, a Keithley 485 Picoammeter and a 

data acquisition board on a Pentium PC. The grating turret of the monochromator is 

controlled by a Spectral Link MDR module which was connected to the Com connector of 

PC.  Light signal is then changed to electric current signal by Rr PMT, whose DC bias is 

provided by Hamamatsu DC supply. This electric current signal is collected by 

picoammeter which gives voltage signal as an output. The data acquisition board samples 

the voltage signal and change signal to digital form and stored in the memory of PC. 

Scanning and data acquisition are all controlled by customized Lab Windows program. 

With easily adjustable entrance and exit slits, a high resolution can be achieved. Figure 2.6 

shows the measured spectrum by the Jobin Yvon system for a 632.8nm He-Ne laser. The 

scanning step was 0.1Angstrom, and the resolution was found to be around 0.2 Angstrom.  

The wavelength of the Jobin-Yvon system and the Jarrel-Ash system can be calibrated 

by standard atomic lamps. By measuring the spectra of standard Mercury or Argon lamp, 

identifying the actual wavelength of each spectrum peak, and then fitting the real 

wavelength to the appeared wavelength, an accurate wavelength can be achieved. Figure 
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2.7 shows the peaks measured by Jobin-Yvon system for a mercury lamp in the range of 

3000A to 7000A after the wavelength calibration.   

 The Jarrel-Ash system was composed of a 0.25m focal length Jarrel-Ash 

monochromator, a Hamamatsu C7041 Charge Coupled Device (CCD) and a personal 

computer with a data acquisition board. The entrance slit can not be continuously 

controlled. Shown in Figure 2.8 is the Optical spectra in the range of 400-470nm measured 

by Jarrel-Ash for an Ar plasma produced by the Astron unit under the condition of 1.5 slm 

flow rate and 2 torr plasma source pressure. Spectra at 4272, 4510 and 4545 Angstrom of 

Ar atoms are marked in the figure. The optical resolution is found to be around 0.2nm 

FWHM. 

6327.6 6328.0 6328.4 6328.8 6329.2
0.0

0.5

1.0

1.5

2.0

FWHD=0.2 Angstrome

x=6328.4
y=0.49

x=6328.4
y=0.8

x=6328.3
y=1.323

Spectrum of He-Ne lamp by Jobin Yvon

In
te

n
si

ty
(a

.u
.)

Wavelength(Angstrome)

 

Figure 2.6 Spectrum measured by Jobin Yvon system for He-Ne lamp. 
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       Figure 2.7 Spectra measured by Jobin Yvon system for mercury lamp in the range of 3000A to 
7000A after wavelength calibration. For each peak, the actual wavelength is marked above and the 

appeared wavelength is marked in the parenthesis. 
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Figure 2.8 Optical spectrum in the range of 400-470nm measured by Jarrel-Ash for an Ar plasma 
produced by Astron unit under condition of 1.5SLPM and 2 Torr. 
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Quantitative information of the intensities of each peak as shown in Figure 2.8 needs 

the calibration of the detection sensitivity. This includes the transmission sensitivity of the 

view port and the optical fiber, and the efficiency of the grating and the detection CCD or 

PMT. A calibrated standard white light source (Ocean Optics, model: LS-1-CAL) was 

placed in front of the view port to measure the sensitivity of the whole system.  

The Jobin-Yvon system had good optical resolution but slow scanning speed, and the 

Jarrel-Ash system had a very fast data acquisition speed but worse optical resolution. For 

the interested range of spectrum, the Jobin-Yvon system typically took 20 minutes to finish 

one scan, while the Jarrel-Ash system can finish it in less than one second. The Jarrel-Ash 

system was used for most experiments in the thesis.  

2.5 Line-of-Sight Mass Spectrometer  

The mass spectrometer system is used to measure the concentration of neutral particles 

in the process chamber in our system. It is composed of a mass spec chamber, two turbo 

pumps and a mass spectrometer. 

The schematic drawing of the mass spectrometer system and its connection to the main 

chamber and the pumps are shown in Figure 2.9. The mass spectrometer chamber is 

attached right on the process chamber, with only an aluminum valve between the process 

chamber and the mass spectrometer chamber. There are two mass spec valves related to the 

mass spec system: one is between the process chamber and the mass spectrometer chamber 

and the other is between the mass spectrometer chamber and the pumps. These two valves 

are closed to make the mass spectrometer isolated when the mass spec is not sampling. 

This is especially the case during the sample handling when the mass spectrometer has low 

pressure and the process chamber is of atmospheric pressure. During the mass spectrometer 
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experiments, the valve between the process chamber and the main pumps are closed and 

the two mass spec valves  are open. This procedure guarantees a strong convection flow 

outside the orifice entrance of the mass spectrometer chamber. Strong convection helps to 

reduce the residence time of gas passing through such that fluorine will have less chance to 

recombine on the surface.  

 

Figure 2.9 schematic drawing of the mass spectrometer system and its connection to the main chamber 
and the pump set 

 
The mass spectrometer chamber consists of two sections to hold the mass spectrometer 

in a differentially pumped system. The gas from the process (around 1-10torr) is sampled 

through a 0.005” diatmeter orifice into the front section. The section is pumped through a 

Leybold corrosive service 360 l/sec turbo pump (model: TurboVac 361c). The abstracted 

beam is then channeled trhough a beam skimmer cone (Ni with 0.05” orifice; Model 1 

manufactured by Beam Dynamics, Inc.) into the second section with the mass spectrometer. 

The second section chamber is pumped by another Leybold turbo pump (model: TurboVac 

361c). The two turbo pumps are supported by an Edward E2M40 roughing pump. The 
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mass spectrometer chamber is equipped with an ionization gauge (model: MKS HPS) for 

measuring the pressure. The diffusion pumping system makes the pressure in the first 

chamber around 10-5 -10-4 torr and the pressure in the second chamber 10-8 -10-7  torr during 

measurements.  

The mass spectrometer used in the system is a quadrupole model made by UTI (model: 

UTI 100C)89. It is composed of three major components of ionizer, mass filter, and detector. 

The electrons are emitted from the filaments within the ionizer and energy of -35.0 eV is 

applied to electrons in this work. The filament current was maintained to about 1.9 mA. 

Gas molecules are dissociated and ionized by electrons when passing through the ionizer to 

become positively charged ions that are then injected into the filter section. A combined 

radio-frequency and electrostatic field is formed by two pairs of metal rods in the filter 

section. A charged substance with a specific mass-to-charge ratio has a dynamically stable 

trajectory within the field formed by the voltages on the rods. All other substances are 

filtered out. Then the species coming out of the filter are detected by an electron multiplier 

that amplifies the single charge of the ion into a current. The applied voltages on the filter 

rods are continuously changed to allow different ions to pass through and the output current 

of the multiplier is referenced against the scan voltage, thereby producing a spectrum of 

peaks.  

Figure 2.10 shows sample mass spectra for 2000 sccm NF3 + 2000 sccm Ar gas 

mixtures with the plasma on or off. Ion current as a function of the mass/charge ratio in a 

series of peaks corresponding to different ions is shown in the figure. The amplitude 

represents the quantity of each type of ion. Discrete peaks occur because the charged 

substances have discrete masses and discrete charges. The pressure in the process chamber 



 65 

is 1torr and the pressure in the Mass Spec chamber is 1.5µ10-7 torr. Without plasma, except 

for Ar+, the major peaks are NF3
+, NF2

+, NF+ with small N2
+ and F+, representing the 

dissociative ionization in the mass spectrometer ionizer. With the plasma on, the only 

observable peaks are F+, N2
+ and F2

+, marking complete dissociation of NF3.  
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Figure 2.10 Sample Mass Spectra for 2000sccm NF3 + 2000sccm Ar gas mixtures with plasma on or 
without plasma. The pressure in the process chamber is 1torr and the pressure in the Mass Spec 

chamber is 1.5¥10-7 torr. Without plasma, except for Ar+ the major peaks are NF3
+, NF2

+, NF+ with 
small N2

+ and F+, representing the dissociative ionization in the mass spectrometer ionizer. With 
plasma on, the only observable peaks are F+, N2

+ and F2
+, mark complete dissociation of NF3. 

 

The characteristics of the mass spectrometer and the dissociation pattern of the particles 

must be determined carefully for any quantitative measurements with the mass 

spectrometer. The measured peak intensities should be corrected for ionization efficiency 

(a combination of ionization cross-section and ionization potential), multiplier gain, and 

quadrupole transmission efficiency for each species. Usually the molecules are dissociated 

and ionized to multiple ions, therefore the destruction pattern is important to quantitatively 

determine the concentration of the original molecule. This is especially the case when the 

detected gas has both the molecules and its dissociated fraction, like the case with F2 
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molecule and F atom in Figure 2.10. In this thesis, the mass spectrometer results are 

compared to FTIR results for better understanding of the observed phenomena. 

2.6 Fourier Transform InfraRed Spectroscopy 

Fourier Transform InfraRed (FTIR) spectroscopy is another method to measure the 

species coming out of the plasma source using the principle of the resonant interaction 

between the infrared light and the vibration mode of molecules. As shown in Figure 2.1, it 

is attached to the exhaust of the pump, hence sampling all the stable species that come out 

of the pump.  

 

Figure 2.11 Schematic Setup of Fourier Transformed InfraRed spectroscopy. The top mirror is fixed 
and the right mirror is moving. 

 

FTIR spectrometry uses the technique of Michelson interferometry, as illustrated in 

Figure 2.11.  A beam of IR radiation from the source is focused on a beam splitter, where 

half the beam is reflected to a fixed mirror and the other half of the beam is transmitted to a 

moving mirror which reflects the beam back to the beam splitter from where it travels, 

recombined with the original half beam, to the detector.  The IR intensity variation with 
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optical path difference (interferogram) is the Fourier transform of the (broadband) incident 

radiation. The IR absorption spectrum can be obtained by measuring an interferogram with 

and without a sample in the beam and transforming the interferograms into spectra. 

The molecules have different vibrational energy levels, since the bond between the 

atoms can bend or stretch. If the bond is subjected to infrared radiation of a specific 

frequency (between 300 - 4000cm-1), it will absorb the energy, and the bond will move 

from the lowest vibrational state, to the next highest. The energy corresponding to these 

transitions between molecular vibrational states is generally 1-10 kilocalories/mole which 

corresponds to the infrared portion of the electromagnetic spectrum. 

In a simple diatomic molecule, there is only one direction of vibrating, stretching. This 

means there is only one band of infrared absorption. Weaker bonds require less energy, as 

if the bonds were springs of different strengths. If there are more atoms, there will be more 

bonds, and therefore more modes of vibrations. This will produce a more complicated 

spectrum. Homo-nuclear diatomic molecules (N2, F2) do not have an infrared absorption 

spectrum, because they have no dipole moment and hence does not interact with 

electromagnetic wave. 

Figure 2.12 shows absorption intensity as a function of wave number for carbon 

dioxide gas90. If no radiation is absorbed at a particular frequency, the fraction of absorbed 

light is zero at the corresponding wave number. Different types of bonds have 

characteristic regions of the spectrum where they absorb. Every molecule has a unique 

pattern. If an unknown sample produces a spectrum which matches that of a known 

compound, the sample can be confirmed to be that compound.  
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Because the strength of the absorption is proportional to the concentration of the 

corresponding species, FTIR can be used for quantitative analyses. Usually these are rather 

simple types of tests in the concentration range of a few ppm up to the percent level.  

 

The FTIR system used in the experiments is I Series FTIRs fabricated by MIDAC, inc. 

A 1650K silicon carbide IR source is mounted. The detector is made of Mercury Cadmium 

Telluride which requires continuous cooling by liquid nitrogen.The gas cell body is 

constructed of nickel-coated aluminum with windows made of moisture and chemical 

resistant ZnSe. And all other interface optics are gold coated for high throughput. Gases are 

sampled from the exhaust of the pump, and passing through the gas cell of the FTIR and 

are taken away by an aspirator with water operation in a vented hood. 

The selection of wet or dry pumps greatly affects the FTIR measurement. Figure 2.13 

shows the measured C4F8 gas concentration in the exhaust without plasma dissociation to 

check the response of the FTIR measurements. Figure 2.13(a) is the results for wet pumps 

when 125, 250 and 375 sccm C4F8 were added in the system in a row. Figure 2.13(b) is the 

result for dry pumps. Notice the added purge and dilution N2 gases are different in these 

 
Wave number(cm-1) 

Intensity (a.u.) 

Figure 2.12 Sample FTIR spectrum for CO2 Gases. The Y axis is the absorption intensity and 
the x axis is the wave number, which is related to the transition energy. 
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two cases. It is obvious that the concentration changes much faster with dry pumps than 

with wet pumps. The response time for wet pumps is about 50 s while the response time for 

the dry pumps is only 2 seconds. This is mainly because the Fomblin pumping oil in the 

wet pump is usually made of fluorocarbon material, which absorbs the fluorocarbon gases 

such as C4F8 when pass through and releases them slowly. The dry pump has no oil for the 

gas path, and therefore avoided the problem. This makes it clear that the dry pump is more 

preferable for FTIR measurements. 
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Figure 2.13 Measured C4F8 concentration in the exhaust gas by FTIR for (a) the wet pump set and (b) 
dry pump set. For (a) 20 slm N2 gas was used as dilution gas, 125 sccm C4F8 was added at time 120s; 
250sccm C4F8 was added at time 325 s; 375sccm C4F8 was added at 510 s; and the C4F8 was closed at 

670 s. For (b), 46 slm N2 gas was used as purging and dilution gas in the dry pump; 125 sccm C4F8 was 
added at time 12 s; 250 sccm C4F8 was added at time 23 s; 375sccm C4F8 was added at time 35s; and 

C4F8 gas was turned off at 43s. 

 
Compared to the mass spectrometer, FTIR has the advantage of being non-destructive 

and molecules do not have to be broken for the measurements. Therefore it is easier for a 

quantitative analysis than the mass spectrometer. However, since the FTIR is placed after 

the pumps, it can only measure the stable species but not the reactive radicals which tend to 

recombine when passing through the pumps. Another disadvantage of FTIR is that it can 

not measure the homonuclear diatomic atoms such as F2 and N2, which can be measured by 

the mass spectrometer. Therefore, results measured by FTIR and the mass spec are 

analyzed together to gain a better understanding. 
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2.7 Laser Interferometry  

A simple home-made laser interferometry is used to measure the etching rate of 

different films. 0.95 mW He-Ne laser (632.8nm wavelength) is used as the incident light, 

and a photometer (model: Metrologic Photometer) is used to detect the light reflected from 

the sample surface. Then the signal is collected by the data acquisition board on a PC. The 

interference between the beam reflecting from the top of the film and from the film 

substrate interface, give rise to a sinusoidal signal which can be used to calculate the 

etching rate. 
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Figure 2.14 Interferometry signal for etching rate measurements. The gas mixture is composed of 
4000sccm NF3 and 2000 sccm Ar. The plasma source pressure is 3.9 torr and the process chamber 
pressure is 2 torr. Silicon dioxide sample is put on the electrode with temperature 50C. The peak 
distance is used to calculate the etching rate. 

 
Using standard interferometry analysis91, the etching rate can be calculated as: 

 
2 22 sin

ER
t n

λ
θ

=
∆ −

, (2.1) 

where λ  is wavelength in Å, ER  is the etching rate in Å/min, n  is the refractive index of 

the film, θ  is the angle of the laser from the normal, and t∆  is the time period of the 
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observed waveform in minutes. The refractive index is 1.45 for silicon dioxide, 3.85 for 

silicon and 2.05 for silicon nitride. A simpler way to calculate the etching rate is to realize 

that one full period in the interferometry data represents 1905 Å for silicon dioxide, 808 Å 

for silicon, and 1348 Å for silicon nitride. 

Shown in Figure 2.14 is the Interferometry signal for etching rate measurements. The 

gas mixture was composed of 4000sccm NF3 and 2000 sccm Ar. The plasma source 

pressure was 3.9 torr and the process chamber pressure was 2 torr. The silicon dioxide 

sample was put on the electrode with the temperature controlled at 50oC. The measured 

period is about 52 second, which is corresponding to the etching rate of  2180 Å/min.  

2.8 Quartz Crystal Microbalance 

Quartz Crystal Microbalance (QCM) is also used for the etching rate measurements. It 

detects small changes in the mass by measuring the resonant frequency of a single quartz 

crystal. There is a close formula to relate the change of the resonant frequency to the 

change of mass on the crystals, and its accuracy can reach atomic scale level92.  

The QCM system used in the experiment is made by Sycon Instruments (STM-100). 

The detector is placed on the side port of the chamber and the signal is analyzed by the 

monitor to yield etching rate information.  

The advantage of QCM is that its time resolution is much better (0.25s) than the laser 

interferometry, which requires at least half a period to have a good measurement (a 

resolution of about 20s). The disadvantage of QCM is that films have to be deposited on 

the detection crystal and the process can be very time consuming while the laser 

interferometry doesn’t require any extra efforts. 
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Initially, the etching rates measured by these two methods were compared and the 

etching rates were found to be close to each others. Then laser interferometry was the 

major method used for most data taken. 

2.9 X-Ray Photoelectron Spectroscopy (XPS) 

To characterize a sample’s surface composition, X-Ray Photoelectron Spectroscopy 

(XPS) is used externally. A typical XPS setup is shown in Figure 2.15. In the XPS 

operation, X-rays are irradiated on the material surface and the photoelectrons emitted from 

the surface are analyzed. The kinetic energy is related to the binding energy by  

 . . . .K E h B Eν= − ,  (2.2) 

in which . .K E  is the measured kinetic energy of the photoelectrons, . .B E  is the binding 

energy of the photoelectrons in the material, and hν  is the energy of the incident X–rays 

(ignoring work function effects). The binding energy can be derived with known X-rays 

energy and measured kinetics energy, and hence indicate the type of atom it is attached to 

and then the chemical identity of the surface species is identified92.  

The X-ray source used in this work is a Mg Kα with energy 1256.6eV (model Specs 

865). The electron energy analyzer usually scans across a range of energies and plots the 

photoelectron numbers at each energy step. Each peak is identified to be corresponding to a 

specific atom. For example, the fluorine 1s peak is located at 684.5 eV binding energy. 
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Figure 2.15 Schematic of typical XPS operation. X – rays impinge on a sample surface, releasing 
photoelectrons that are detected by an electron energy analyzer. By measuring the kinetic energy of the 

electrons, the chemical composition of the surface can be determined. 

 

2.10 Atomic Force Microscopy  

Atomic Force Microscopy (AFM) is used to measure the topology of the material 

surface. It operates by using an atomic scale tip that is kept within a few Angstrom of the 

sample through a feedback loop and a piezoelectric scanner.  
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Figure 2.16 Digital Instruments 3100 Tapping Mode AFM operation.  
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The AFM used in this work is a Veeco 3100 AFM made by Digital Instruments located 

at the MIT Center for Materials Science and Engineering. Figure 2.16 shows the schematic 

drawing of the AFM operation. A silicon cantilever with a sharp tip (sometimes the tip is 

made of carbon nanotube), oscillating near its resonance frequency, has its amplitude 

changed when approaching the sample surface due to van der Waals interactions. A laser is 

reflected off the cantilever onto a photodiode to monitor the amplitude. During the 

“tapping” mode operation, the amplitude is fixed and serves as an input to a feedback loop 

to change the vertical position of the cantilever. By scanning the cantilever with fixed 

oscillation amplitude, the topography is recorded.  

2.11 Summary 

The experimental apparatus was discussed in this chapter. The main process system is 

composed of a transformer coupled toroidal plasma source, a four way cross, a transfer 

tube with water cooling, a process chamber and pumps. The diagnostic systems are 

composed of Optical Emission Spectroscopy, Fourier Transformed InfraRed spectroscopy, 

Mass Spectrometer, Laser Interferometry, Quartz Microbalance Balance, X-ray 

Photoelectron Spectroscopy and Atomic Force Microscopy.  
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Chapter 3 Plasma Characterization 

3.1 Introduction 

The plasma formed in the Transformer-Coupled Toroidal Plasma (TCTP) source is 

characterized in this chapter by both experimental measurements and a simplified model. 

Section 3.2 discusses the techniques of measuring the electron temperature and the atomic 

species concentration. The neutral gas temperature in the TCTP was unknown with no 

literature references as to its estimation or measurement. The knowledge of the neutral gas 

temperature assists the understanding of the plasma physics; first, the neutral gas 

temperature is inversely related to the neutral density and therefore the electric field to 

density ratio that determines in part the electron temperature of the discharge.  Second, the 

translational/rotational and vibrational temperatures of the neutrals affect the rate of 

thermal pyrolytic dissociation of the species in the plasma. Therefore, knowing the 

temperature is essential in determining the relative importance of the electron impact 

dissociation and the pyrolytic dissociation in this remote source.  

This work was the first measurement of the neutral gas temperature of a toroidal 

geometry with the high power density as that in the TCTP. The neutral gas temperature of 

the argon plasma was found to be around 2000K, by fitting the rovibrational bands of 

diatomic molecules like N2 to obtain its rotational temperature. Assuming that the rotational 

mode and the translational mode are in equilibrium since the discharge pressure is high and 

energy is rapidly exchanged by two-body collision, the Ar neutral temperature is the same 

as the rotational temperature of N2. Section 3.3 discusses the assumption and procedure for 

the neutral gas temperature measurement. Section 3.4 discusses some practical issues of the 
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neutral gas temperature measurement, including the selection of rovibrational bands, the 

perturbation of added trace gas on the plasma and the dependence of the neutral gas 

temperature on the optical resolution.  

Section 3.5 discusses the first reported application of the Swan bands of the C2 

molecule ( 3 3
g ud aΠ → Π ) in determining the neutral gas temperature of the fluorocarbon 

plasma. The neutral gas temperature measurements using C2 molecules were validated by 

comparing temperature measurements made using the rotational spectra of N2 added to the 

discharge.  Sufficient C2 molecules were formed in a discharge formed from mixtures of 

C2F6, O2 and Ar at high power densities (15W/cm3) to allow temperature measurements. 

The high plasma pressure was sufficient to equilibrate the rotational modes of the excited 

states of C2 and the translational modes of both the N2 and C2 neutral gases.  

A simplified global plasma model with detailed plasma kinetics, the mass balance 

equations of each species and the energy balance equations is presented in section 3.6.3 and 

section 3.7.3 for the argon plasma and the NF3 plasma, respectively. Compared to other 

more rigorous 2-D or 3-D models, the simplified model ignores the concentration gradient, 

the temperature gradient in the plasma and the calculation of electromagnetic field. The 

model solves the mass balance and the energy balance equation with detailed interactions 

of the species in the plasmas phase and the between the plasma and the surface. And the 

model gives a reasonable estimation of the neutral gas temperature, the neutral species 

concentration, the electron temperature, the electron concentration and the ion 

concentration. The model uses the experimentally measured neutral gas temperature to fit 

the heat transfer coefficient and hence determines other plasma parameters to be compared 

to the experimental measurements.  
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The characterization of the argon plasmas formed in a gas mixture of 2000 sccm argon 

at the pressure of 2 torr and the power density of about 5.5 W/cm3 found that the electron 

temperature, the electron density and the neutral gas temperature to be about 2 eV, 

6.0µ1012cm-3, and 1700K, respectively, as discussed in section 3.6. Experimentally, the 

spatial profile of the neutral gas temperature was found to be parabolic across the plasma 

toroidal cross-section with the maximum rather than at the mid-point of the cross-section, 

nearer the center of the toroidal loop, due to the higher electrical field, and thus, heating 

rate nearer the center of the toroidal loop center. The neutral gas temperature seemed to 

have a logarithmic dependence on the source pressure, similar to other observations in the 

literature. A good match of the pressure dependence of the electron temperature was found 

between the model prediction and the experimental results. The model further predicted 

that the neutral gas temperature and electron density dramatically increases with the plasma 

power, while the electron temperature changed little. 

An NF3 plasma, formed with a gas mixture of 667 sccm NF3 and 2000 sccm Ar at the 

power density of 10W/cm3 and at the pressure of 2 torr had a neutral gas temperature, a 

electron temperature and an atomic fluorine concentration of about 2700oK, 1.7 eV and 

3µ1015cm-3, respectively, as discussed in section 0. A global plasma model with 51 plasma 

phase species, 272 plasma-phase reactions and 21 plasma-surface reactions was constructed. 

The atomic fluorine concentration was found to linearly increase with the plasma source 

pressure, as both measured in the experiments and predicted in the model. The model also 

predicted that the dissociation to form fluorine atoms increased with pressure and saturated 

at 4 torr. This is consistent with the observation that the etching rate of the oxide film, in a 
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constant process chamber pressure, increased with the plasma source pressure until about 4 

torr and then stayed constant.  

The translational/rotational neutral gas temperature of the fluorocarbon plasma was 

measured to be above 5000K and a linear dependence between the temperature and the 

plasma power was observed, as discussed in section 3.8. The high neutral gas temperature 

was justified by the power balance calculation. The linear dependence between the neutral 

gas temperature and the plasma power was probably caused by conduction to chamber wall 

and the convection, both of which exhibit linear relations between the power loss and the 

gas temperature. The dependence between the neutral gas temperature and the plasma 

source pressure, and the dependence between the neutral gas temperature and the oxygen 

flow rate were believed to reflect the linear dependence of the temperature on the plasma 

power. An Arrhenius-like of dependence between the etching rate and the neutral gas 

temperature was observed, which suggests the importance of the pyrolytic dissociation in 

the plasma.  

3.2 Measurements of Electron Temperature and Atomic Species 

Concentration  

As a non-intrusive diagnostic method, Optical Emission Spectrum (OES) is widely 

used to measure the plasma parameters in the plasma. This section describes the 

techniques of measuring the electron temperature and the atomic species concentration.  

3.2.1 Electron Temperature Measurement 

It has long been established to use the optical emission spectroscopy to estimate the 

electron temperature. The ratio of one spectral line from the argon atom and one from the 
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argon ion was used to calculate the electron temperature93 by the equation developed by D. 

Hope’s94. The ratio of two spectral lines of argon atoms was used to determine the electron 

temperature later95. A similar method with more spectral lines from the argon atom and 

other inert atoms was developed to better estimate the electron temperature and the electron 

energy distribution function96-100. 

In this work, the electron temperature was estimated by the ratio of two spectral lines 

from the argon atoms in the plasma. Different spectral lines are associated with the 

transition from different excited states to the ground state. The major excitation mechanism 

in a plasma is electron collisional excitation. Therefore the ratio of the intensities of 

different spectral lines contains the information of the electron energy. And hence the 

electron temperature can be estimated by assuming certain electron energy distribution 

function.  

Figure 3.1 is the optical spectra in the range of 6900-7600Å measured as measured 

from the plasma produced with a gas mixture of 333 sccm C2F6 + 667 sccm O2 + 1000 

sccm Ar at the pressure of 2 torr. The atomic origins and the wavelengths of most peaks are 

marked in the figure. Spectral lines at 7504Å (2p1) and at 7515 Å (2p5) of argon atoms and 

spectral line at 7038 Å of fluorine atoms are highlighted as the spectra used for the electron 

temperature and the atomic fluorine concentration measurements.  
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Figure 3.1 Optical spectrum in the range of 6900-7600Å measured by Jarrel-Ash for a plasma 
produced with a gas mixture of 333 sccm C2F6 + 667 sccm O2 + 1000 sccm Ar at  the pressure of 2 Torr.  

 

For three reasons, the 2p1 and 2p5 spectral lines of argon atoms are selected for the 

electron temperature measurement. First, these two spectral lines are from different excited 

states, and their cross sections have different dependencies on the electron energy. Second, 

there are reliable cross section data available. And third, there are no spectra from other 

species in the argon plasma, the nitrogen trifluoride plasma, and the fluorocarbon plasma 

that are too close to the 2p1 and 2p5 spectra lines to be distinguished by the optical 

resolution of the apparatus (2.5 Å). 

The principle of the electron temperature measurement is demonstrated with the optical 

spectra lines at 7504 Å and at 7515 Å as an example. Under the assumption that the 

excitation by the meta-stable state atoms is negligible and all the electron collisional 

excitation originates from the ground state, we have  
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in which 7504I  and 7515I  represent the measured optical emission intensities at the 

wavelength of 7504 Å and 7515 Å and are calculated by the area under the peak shown in 

Figure 3.1;  en  and An  represent the densities of the electrons and the ground state atoms 

and they are cancelled out in the final formula; 7504α  and 7515α  are the optical response of 

OES system at 7504 Å and 7515 Å and they are measured by the standard white light 

source as discussed in section 2.4; 7504b  and 7515b  are the corresponding branch ratios; 

7504
vσ  and 

7515
vσ  are the corresponding rate coefficients and they are related to the 

electron temperature.  

Assuming that the electron energy follows the Poisson distribution, the rate coefficient 

vσ  can be calculated by the equation 
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in which em  is the electron mass; Bk  is the Boltzman constant; eT  is the electron 

temperature; and ( )Eσ  is the electron collisional cross section as a function of the electron 

energy E .  

Two different approaches were used to measure the cross sections of the electron 

impact excitation from the ground state101,102. In the first approach, the optical emission 

from a discharge was measured to derive the excitation cross section. In the second 

approach, mono-energetic electrons were shot into the gases composed of neutral atoms, 
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and the scattered electrons over all angles were measured to estimate the excitation cross 

section. The difference between these two approaches is the cascade effects103. The cascade 

effects represent the process that electrons are excited to higher energy state and then 

successively de-excite to a series of states of lower energies. The cross section obtained 

from the first approach includes the cascade effects, while the cross section measured in the 

second approach did not. Since cascade effects are usually present in the plasma, the cross 

section data from the first approach should be used in the electron temperature 

measurements. 

The dependence of the ratio 7504

7515

v
v

σ
σ  on the electron temperature is shown in 

Figure 3.2, as calculated with the cross-section data measured by Ballou and Lin 104,105. 

Figure 3.2 indicates that the measurement of the electron temperature is reasonable when 

the electron temperature is in the range of 1-5 eV, which is believed to be satisfied in the 

current plasma.  

The electron temperature is estimated to be about 1.8 eV for the plasma shown in 

Figure 3.1. The intensity ratio between the 7504 Å and the 7515 Å spectral lines was about 

1.21. The sensitivity ratio between the 7504 Å and the 7515 Å spectral lines was measured 

to be about 1.01. The branching ratio 7504b  and 7515b  are both one. The corresponding 

7504

7515

v
v

σ
σ  ratio was calculated to be 1.20 by equation (3.1). Then according to 

Figure 3.2, the electron temperature was estimated to be 1.8 eV. 
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Figure 3.2 Dependence of the ratio of <σv>’s for the 7504 Å (2p1) and 7515 Å (2p5) spectral lines on the 
electron temperature. 

 
The error associated with the electron temperature measurement may be as high as ±1 

eV due to the systematic error of neglecting the excitation process from the meta-stable 

state atoms and the radiation trapping. However, the trend measured by this method should 

still be useful in understanding the plasma properties. 

3.2.2 Measurement of Atomic Species Concentration  

The concentration of the atomic species is usually measured by actinometry method106-

108. In actinometry technique, a small concentration of argon or other gases of known 

concentration is added into the plasma. By comparing the relative intensity of the emission 

from the reference gas and the intensity of the emission from the species of unknown 

concentration, the concentration of that species can be estimated.  

The atomic species concentration, with fluorine as an example, is estimated by the ratio 

of the intensity of the fluorine spectrum and the intensity of the argon spectrum, as shown 

in the equation 
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I K
n n

I K
= ,     (3.3) 

in which Fn  and Arn  are the fluorine atom and argon atom concentration; FI  and ArI  are 

the spectral intensities of the fluorine and argon atom emission; ArK  and FK  are the 

electron excitation constant. K ’s are related to the branching ratio and the rate coefficient 

vσ  as shown in equation (3.2). Note that the electron density has been canceled out.  

The selection of specific spectral lines from the fluorine and from the argon atoms is to 

guarantee the least electron temperature dependence of Ar FK K . The typical selection of 

the spectral lines for the fluorine atomic concentration measurement is the peak at 7038 Å 

of the fluorine atom and the peak at 7504 Å line of the argon atom, as shown in Figure 3.1. 

The typical spectral lines chosen for the oxygen atom concentration measurement is the 

8446 Å line of the oxygen atom and the 7504 Å line of the argon atom. The typical value of 

the ratio of Ar FK K  is about 2.5109. 

For at least two reasons, the appropriate choice of the wavelengths is important in 

successfully using the actinometry method. First, the cross sections of the electronic 

excitation corresponding to the two optical lines should have similar threshold energy and 

similar shape in their dependence on the electron energy106. Any variation of the cross 

section tends to increase the error of the measurement. In practice, the electron impact 

ionization and the dissociation processes fix the electron temperature in low-density plasma. 

At the low power density, a small fraction of the gas is dissociated and little variation is 

observed with the power, the pressure, or the electrode spacing. Therefore, the actinometry 

has method been found to work very well even if the excitation cross sections are not well 

matched. Second, the actinometry method has been shown to fail in cases that the excited 
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species is created by the electron impact dissociation instead of the electron impact 

excitation. In such a process, the light intensity is proportional to the precursor gas rather 

than the species from which the light is emitted. Certain wavelengths of oxygen have been 

shown to originate from the electron impact dissociation110. This determination was made 

using other techniques such as Laser Induced Fluorescence (LIF) or Infrared (IR) 

Absorption spectroscopy to independently determine the atomic species concentrations in a 

plasma.  

 

3.3 Neutral Gas Temperature Measurements 

3.3.1 Introduction 

In the past few decades, plasma diagnostics have generally focused less on the neutral 

gas temperature than other plasma parameters such as electron density and electron 

temperature, due to the belief that it can be roughly estimated by the environmental 

temperature and that it is a minor contributor to the chemical kinetics of the plasma. 

However, it has been more extensively studied in recent years due to its importance in 

different areas of industrial plasma research. In reactive ion etching, the neutral particle 

density changes as a result of the neutral gas temperature changes for constant pressure 

processes, which in turn can cause the neutral to ion flux ratio and hence the etching rate 

and profile to change. In plasma modeling, knowledge of the neutral gas temperature helps 

understanding of the power consumption and the electron temperature111,112. In the area of 

plasma sources with high power density used for remote processing and abatement, the 

neutral gas temperature is important in weighing the relative importance of the pyrolytic 
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dissociation to the electron collisional dissociation and in finding the optimal operation 

conditions.113-115  

Temperature is the parameter used to characterize the energy distribution. For a 

nonthermal system like plasma, different temperatures must be used to represent different 

energy modes, e.g. the neutral translational temperature for the translational motion of 

neutral particles, the rotational temperature for the rotational mode of molecules, and the 

vibrational temperature for the vibrational mode of molecules. The neutral gas temperature 

is usually corresponding to the translational temperature of the neutral particles. 

The neutral gas temperature is one of a few important parameters to characterize the 

plasma in a high power plasma source like the TTCP where the gas temperature is much 

higher than the room temperature. The knowledge of the neutral gas temperature is 

important to understand the plasma physics, since the neutral gas density is related to the 

neutral gas temperature and the ratio of the electric field and the neutral density is related to 

the electron temperature. Knowing the neutral gas temperature also helps to understand the 

plasma kinetics, such as the relative importance of pyrolysis dissociation compared to the 

electron impact dissociation.  

It is a significant experimental challenge to determine the neutral gas temperature in a 

discharge. Conventional thermocouples cannot be used inside the discharge because of the 

electrical interference and the surface recombination effects that lead to inaccurate 

measurements. The alternative temperature measurement methods rely on the optical 

techniques. The spectroscopic techniques are non-intrusive and have been widely used in 

the diagnostics of both combustion116 and plasma117. The difficulties of spectroscopic 

techniques are usually associated with data analysis. 
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There are three common spectroscopic methods for the neutral gas temperature 

measurements: the absorption method, the laser-induced fluorescence (LIF) method, and 

the optical emission method118.  The absorption method requires the laser or other light 

sources to have a very narrow bandwidth. The laser-induced fluorescence technique usually 

requires the monochromator to have a very high resolution since the Doppler broadening of 

the spectrum is small due to the low neutral gas temperature in the low-temperature plasma. 

The optical emission method, however, has much lower requirement which can be easily 

satisfied in most laboratories. The reason is that usually only the vibrational transition of 

the molecules should be resolved. The wavelength difference of the neighbor vibrational 

transitions is generally around 3nm, much bigger than the 0.2nm resolution easily achieved 

by most monochromators.  The absorption method and the laser-induced fluorescence 

method usually monitor the species on the ground electronic state, while the optical 

emission method provides the information about the excited electronic state. This is an 

important difference because the ground states are often in equilibrium with the 

environment, but the excited states might not be. 

Among different methods that are used for the neutral gas temperature measurements119, 

the method of fitting the rotational and vibrational spectra of emission lights of diatomic 

molecules is the most convenient one. Among all spectra of diatomic molecules, the second 

positive system of N2 ( 3 3
u gC BΠ → Π ) is the most popular one due to the abundant 

literature resources and the extensive comparison to more accurate method such as the 

Doppler shift of Laser Induced Fluorescence120. When N2 is a feed gas of the plasma or a 

natural reaction product, this method is found to be convenient and reasonably 

accurate121,122. When there is no N2 available in the plasma, two approaches are usually 
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adopted by different researchers. The first is to add a trace amount of N2
96,111,123, and the 

second one is to use other diatomic species in the plasma, which depends on the specific 

plasma chemistry. 

Using N2 as the trace gas and fitting the rovibrational bands to decide the neutral gas 

temperature were proposed by G. P. Davis and R.A. Gottscho in 1983120, following the 

earlier N2 discharge studies120-122,124. It was adopted by A.C. Stanton and H. Sawin to study 

chlorine plasma in plasma etching reactor125 and more recently, by V. M. Donnelly and M. 

V. Malyshev to study inductively coupled plasma for silicon etching111. Other researchers 

used this method to study different types of plasma. Jamroz and Zyrnichi reported results 

from 2 to 4 torr DC or RF capacitive coupled plasma126, A. Bibinov measured neutral 

temperature of barrier discharge127, and E. Tonnis and D. Graves systematically studied the 

neutral gas temperature as a function of pressure in a inductively coupled plasma abatement 

device in the range of 10 mtorr to 1 torr123.  

Section 3.3.2 discusses the assumptions for using the optical emission method for the 

neutral gas temperature measurements. The key assumption is that the neutral translational 

temperature should be in equilibrium with rotational temperature of molecules in the 

plasma. Then section 3.3.3 dicusses the general procedure for the rovibrational band fitting 

with the second positive band of N2 as an example. 

3.3.2 Basic Assumptions 

To use the optical emission method to measure the neutral gas temperature, the 

following assumptions must be satisfied. 

The first and most important assumption is that the translational temperature equals the 

rotational temperature of the excited states of the diatomic molecules. Two types of 
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equilibrium are necessary for this assumption to be satisfied. One, the translational mode of 

the molecules must be in equilibrium with the rotational mode of the ground states of the 

molecules. Two, the rotational mode of the ground states must be in equilibrium with the 

excited states of the emission spectra. For the added trace gas N2, the two equilibria can be 

satisfied in most situations. This is because the energy exchange between the translational 

mode and rotational mode can be near the kinetic efficiency limit since two-body collision 

happens very frequently at sufficiently high pressure128. In contrast, the vibrational 

temperature is very different from the translational temperature, since the translational and 

vibrational modes do not exchange energies as efficiently because a three-body collision is 

required and happens less frequently. Early experiments have proven that translational 

temperature equals the rotational temperature of the 3
uC Π  state of N2 by comparing results 

from laser-induced fluorescence and the rovibrational band fitting120. However, for 

discharge generated species like CF in the plasma, although the first equilibrium criteria 

may hold, the second equilibrium criteria may not be satisfied. The excited states of the 

reaction products can be either formed by excitation from the ground states or by 

dissociative excitation. When dissociative excitation is significant, the production of 

rotationally hot dissociation products can increase the apparent rotational temperature of 

the excited states; therefore, the rotational temperature may not be directly related to the 

translational temperature.   

The second assumption is that there is only one simple rotational distribution within a 

vibrational level. It is possible to find a complex rotational distributions or a completely 

unthermalized distribution within a vibrational level under specific conditions. For example, 
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the bimodal distribution is a case of complex distribution often represented by  a 

combination of two thermal rotational distributions as shown in equation (3.4). 

 

' '

1 2

' '

'
1 2

0 1 2

J J
B rot B rot

J J

E E
k T k TJ

rot rot

N A A
f g e f g e

N T T

   − −   
   

   
= +   

    , (3.4) 

where N0 is the total rotational population in the vibrational level, A is a constant, and f1 

and f2 are the fractions of the rotational population described by Trot1 and Trot2 , respectively. 

Examples of bimodal rotational distributions can be found in several studies129. They were 

believed to be the result of either two production mechanisms or one production 

mechanism followed by a partial rotational relaxation.  

The third assumption is that all the vibrational levels have the same rotational 

distribution. This has to be satisfied when using a whole series of band for neutral gas 

temperature measurements. This assumption is generally satisfied when the first 

assumption is satisfied when all the rotational mode is in equilibrium with the translational 

mode.  

The fourth assumption is that the fluorescence quantum yield is the same for all the 

rotational levels. This assumption implies that the quenching rates are about the same for 

all rotational levels, which is a realistic approximation in the flame and the plasma where 

the predissociation rates are negligible compared to the quenching rates;  

The fifth assumption is that the spin-orbit and the lambda doublet levels are in 

equilibrium. Some rotational levels in the diatomic vibrational states are split into a fine 

structure of multiple levels, which originates from the coupling of the angular momentum 

N with the spin S of the electron and the Λ-doubling (the coupling of the electronic orbital 

angular momentum L with the nuclei rotation). However, the energy differences between 

these levels are extremely small compared to the energy gap between different rotational 
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levels. The population of these nearly degenerated levels is generally in equilibrium and the 

spin-orbit and lambda doublet levels are in equilibrium in the plasma. 

3.3.3 General Procedure and Examples 

The general theoretical procedures are going to be described in this section with second 

positive bands of N2 as an example. Two methods are going to be described:  one, fit only 

one rotational band with rotational temperature and the other, two, fit the whole series of 

rovibrational bands with both rotational and vibrational temperatures. 

Emission light from molecules is related to the transition from higher energy level to 

the lower energy level. Shown in Figure 3.3 are a few rovibrational bands of C3
Πu � B3

Πg 

transition of N2. For a diatomic electronic transition from upper state (E’,v’,J’) to lower 

state (E”,v”,J”), different rovibrational bands come from different v’� v” transition where 

J’�J” becomes unable to be distinguished due to the limited optical resolution. Notation in 

the figure represents the vibrational quantum number of higher and lower energy states. 

We can choose either fitting only one rovibrational band with the rotational temperature, 

or fitting a series of rovibrational bands with both the rotational temperature and the 

vibrational temperature123. For example, we can either choose one rotational band like 1’-

0” or the same series of bands like 1’-0”, 2’-1”, 3’-2” and 4’-3” (∆ν= -1 series). The 

advantage of fitting the whole series is that it may increase the experimental accuracy due 

to averaging. But this advantage must be based on the assumption that the same rotational 

distribution can be used for different vibrational levels. 
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Figure 3.3 Rovibrational bands of C3
Πu � B3

Πg transition of N2. (a) Wavelength range 2700-3500 Å 
and (b) 3500-4300Å 

 
The procedure of fitting a whole series rovibrational band will be described here and 

the procedure for single rovibrational band fitting is similar with the removal of the 

vibrational part. Four steps are involved. First, the wavelength of each ' "J J→  transition 

(a) 

(b) 
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and ' "v v→ transition inside one series of rovibrational bands must be calculated. The 

selection rule is 0, 1J∆ = ±  and hence P, Q, R branches should all be calculated.  Next, the 

relationship between the theoretical light intensity of both ' "J J→  and ' "v v→  transitions 

should be related to the rotational temperature and the vibrational temperature. Hence 

discrete peaks (δ function) of these ' "J J→ and ' "v v→ transitions with correct 

wavelength and relative intensities are available. The third step is to broaden these δ 

function peaks with the known equipment response function and then add them up to form 

an un-resolved rovibrational band. Finally, the rotational and vibrational temperature are 

changed to give the best fit between the experiment and the theory, hence deriving the 

suitable rotational and vibrational temperature. 

The energy of the emitted photon is the sum of the energies of the electronic, 

vibrational, and rotational transitions. Each rotational transition peak is corresponding to 

the transition between the upper and the lower energy levels as in the equation 

 ( ) ( )', ', ' ", ", "v F E J F E Jν ν= −
,
 (3.5) 

in which v is the wave number of the corresponding transition and F is the energy in unit of 

cm-1 of corresponding electronic, vibrational and rotational energy levels.The relationship 

between the wavelength and the wave number is /hcλ ν= .  

Using the traditional Herzberg’s terminology, the above equations can be expanded as 

the following 
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(3.6) 

in which eT  is the electronic transition wave number, which corresponds to the energy 

difference between the minimum energy of the upper and the lower vibrational levels, eω , 

e exω , e eyω , e ezω  are the vibrational constants with the prime represents the upper level 

and the double prime represents the lower energy level, and Bν , Dν , Hν are related to 

general constants eB , eα , eγ , eδ , eD , eβ , eH as the following 
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The wavelength of the corresponding transition can also be expressed in the Dunham 

Series122, as shown in the equation 
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,
 (3.8)

                                                                                                  

where lambda is the wavelength, na is the index of refractivity, v’ and v” is vibrational 

quantum numbers of higher and lower energy states, J’ and J’’ are the rotational quantum 

numbers of higher and lower energy states. Ypq are the constants related to the rovibrational 

transition. Compared to the Herzberg’s terminology124, Y00=Te, Y10=ωe, Y20= -ωexe, Y01=Be, 
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Y11=αe, Y02=-De. The complete list of the relationship between the Ypq and the Herzberg’s 

terminology is shown in Table 3.1.  

 The values of Ypq for the C3
Πu and B3

Πg electronic states of N2 molecule are listed in 

Table 3.2130,131,132. And the values of  Ypq of the d 3
Πg and a 3

Πu energy levels of C2 

molecules are listed in Table 3.3. The Frank-Condon coefficients for the vibrational 

transitions are listed in Table 3.4. 

The intensity of the emission light from the upper energy state to the lower energy state 

inside one rovibrational band is given by 133: 

 ' '
" ', "4

exp( )J J
J J J

B r

EK
I S

k Tλ
= −  (3.9) 

in which K is a constant including the contributions from the monochromator sensitivity, 

electronic transition factors and the Frank-Condon factor of vibrational transition, λ is the 

wavelength of the transition, and Tr is the rotational temperature. SJ’,J” is called the line 

strength intensity or Hönl-London factor, and the value calculated by Kovacs and Budo are 

used for N2 molecules133,134 and the value calculated by Hill and Van Vleck method are 

used for C2 molecules119,135.  

EJ’ is the energy of upper state with rotational quantum number J’, and can be 

calculated by: 
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 (3.10) 

 
in which h is the Planck constant and c the light speed. Notice the sum starts from q=1 

instead of 0 since only the rotational energy part is included. 
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Table 3.1 Correspondence Between the Parameter Y and the Herzberg's Terminology 

Y Herzberg’s Terminology 

Y00 Te 

Y10 eω  

Y20 e exω−  

Y30 e eyω  

Y40 e ezω  

Y50 e eaω  

Y01 eB  

Y11 eα−  

Y21 eγ  

Y31 eδ  

Y02 eD−  

Y12 eβ  

Y03 eH  
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Table 3.2 Ypq value of C 3Πu and B 3Πg energy levels of N2.
a 

 C 3Πu B 3Πg 

p 

q 
0 1 2  0 1 2 

0 

1 

2 

3 

4 

5 

89136.88 

2047.178 

-28.4450 

2.08833 

-5.35e-1 

0.0 

1.82473 

-1.8683e-2 

-2.275e-3 

7.33e-4 

-1.5e-4 

0.0 

6.6e-6 

3e-7 

0.0 

0.0 

0.0 

0.0 

 59619.3 

1733.391 

-14.1221 

-5.688e-2 

3.612e-3 

-1.109e-4 

1.6374 

-1.791e-2 

-7.647e-5 

0.0 

0.0 

0.0 

5.9e-6 

1.3e-7 

0.0 

0.0 

0.0 

0.0 

See refs. 124,130,132,136. 
 

Table 3.3 Ypq value of d 3Πg and a 3Πu energy levels of C2.
a
 

 d 3Πg a 3Πu 

p 

q 
0 1 2  0 1 2 

0 

1 

2 

3 

4 

5 

19378.46141 

1788.22201 

-16.457464 

-0.5012829 

0 

0 

1.755234 

-0.01907 

-0.000535 

0 

0 

0 

0 

0 

0 

0 

0 

0 

 0.0 

1641.32959 

-11.651954 

-0.0016947 

0 

0 

1.6323654 

-0.016625 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

a. See refs.137 
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Table 3.4 Frank-Condon factors a,b 

ν" 0 1 2 3 

N2 (ν’= ν”+1) 0.3943 0.3412 0.2101 0.1230 

C2(ν’= ν”) 1.000 0.442 0.161 0.042 

aThe transition of N2 is  C 3Πu � B 3Πg , and the transition of C2 is d 3Πg � a 3Πu . 
bReference 138 
 

When the whole series of rovibrational bands are used, the vibrational part should be 

included as in the equation  

 ' 4 ' '
" ', " ', "exp( ) exp( )J J

J J J
B v B r

E E
I K q S

k T k T
ν

ν νν= − −
,
 (3.11) 

in which ', "qν ν is the Franck-Condon factor, Tv is the vibrational temperature and Ev’ the 

vibrational energy. K is a constant only including geometrical, spectrometer sensitivity and 

electronic transition factors. The vibrational energy can be calculated by 
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 (3.12) 

The monochromator response function is usually experimentally determined by 

measuring a standard atomic spectrum with the optical detection system. Argon or mercury 

lamps are commonly used. The response function can be fitted by a Gaussian, Lorentzian, 

or the function defined by Phillips122 as in the equation 
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 (3.13) 

in which a is a constant and W is the resolution and ∆λ is the distance from the peak center. 

  The Ar spectral lines from a standard Ar lamp were well fitted by both Gaussian 

function and the function defined by Phillips, as shown in Figure 3.4. It is found that the 

Gaussian function fits the base of the peak better while the Phillips’ function fits the peak 

better. The optical resolution determined by these fittings was about 1.96 Angstrom. The 

constant a in the function defined by Phillips was found to be about 25.6 for our system. 

Both Gaussian and Phillips’ types of function are tested in the fitting process and only a 

minor change is observed in the temperature measurements. 

Examples of the gas temperature measurement by fitting one rovibrational band of N2 

are shown in Figure 3.5. The band 1’-0” and the band 0’-0” of Figure 3.3 were chosen and 

used in the general procedure described above to theoretically fit the experimental curve. 

The plasma was formed in argon gases with around 5% N2 added as trace gases. 1’-0” and 

0’-0” bands can be very well fitted and the temperature was found to be around 2000K in 

both 1’-0” and 0’-0” band fitting. The difference between them was within experimental 

errors.  
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Figure 3.4 Monochromator response function measured by the Ar standard lamp. (a) Fitting by the 
Gaussina function. (b) Fitting by the Philips' type of function. 

 

(a) 

(b) 
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Figure 3.5 Theoretical fitting of the measured rovibrational band by the general procedure described 
in section 3.3.3. (a) Tg=1980K fitted from the 1’-0” band and (b) Tg=2050 K fitted from the 0’-0” band. 

 

It seems that our experimentally measured and theoretically calculated 1’-0” band has 

around 18Å shift compared to Tonnis and Graves’ measurement and calculation123, which 

(a) 

(b) 
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is quite a big difference in such a rovibrational band calculation. Our measurement and 

calculation of 1’-0” band is found to be consistent with that from Roux132, and the 0’-0” 

band is consistent with Donnelly111.  

With the good experimental and theoretical fitting and consistency with other 

experimental observation, rotational temperature obtained through the above fitting process 

is believed to be trustable. The experimental errors for the neutral gas temperature were 

found to be ±150K when combining effects from repeatability and systematical errors like 

the difference between the rotational temperature and the translational temperature.  

3.4 Practical Issues of the Neutral Gas Temperature 

Measurements 

Four practical issues related to the neutral gas temperature are discussed in this section. 

Section 3.4.1 demonstrates that the selection of the single rovibrational band for fitting 

purpose should consider both the emission intensity and the interference with other 

emission. Section 3.4.2 shows that the neutral gas temperatures obtained by fitting one 

series of bands and obtained by fitting one rovibrational band are the same. No dependence 

of the fitted neutral gas temperature on the experimental resolution was observed, as shown 

in section 3.4.3. Section 3.4.4 addresses the perturbation of the added trace gas on the 

plasma. Usually less than 1% N2 should be added as the trace gas to measure the neutral 

gas temperature of the argon plasma. 

3.4.1 Selection of the Rovibrational Band 

Many rovibrational bands corresponding to different vibrational transition can be 

chosen for the neutral gas temperature fitting, with some examples shown in Figure 3.3 and 
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two of those fittings show in Figure 3.5. Theoretically, all the rovibrational bands should 

give the same rotational temperature. But practically, due to the interference effect of argon 

spectrum or nearby rovibrational bands, not every rovibrational band gives the right results.  

For a single rovibrational band fitting, it was found that the theoretical fitting of bands 

like 2’-1”, 0’-2” and 0’-3” were worse than that of the 1’-0” and 0’-0” bands. The fitted 

neutral gas temperatures were found to be different as well. Bands like 2’-1” and 0’-2” 

have bad theoretical fitting because of the extension of the rovibrational bands right next to 

them. For example, it can be imagined that part of the 1’-0” bands extends below the 2’-1” 

band. Hence the measured spectrum in that wavelength range is not contributed only by the 

theoretical 2’-1” band of, but also partly by the 1’-0” band. The spectral intensities of the 

band 0-3”, 1’-4” and others shown in Figure 3.3 are much weaker than that of the 1’-0” and 

0’-0” bands and also mixed with ArI or ArII spectra, which reduces the credibility of the 

fitted neutral gas temperature.  

In conclusion, either the 1’-0” band or the 0’-0” band of the C3
Πu � B3

Πg is preferable 

when using a single rovibrational band of N2 for the neutral gas temperature measurements, 

due to their relatively high intensity and less interference with other rovibrational bands 

and argon spectra. The conclusion is consistent with the observations of other 

researchers111,123. 
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Figure 3.6 Theoretical fitting of the measured rovibrational band for the Ar plasma with N2 addition. 
The rovibrational bands of the second positive system of N2 (C

3
Πu � B3

Πg) in the wavelength range 
2700-3500 Å was measured. (a) Trot =1900K as fitted from the ∆ν = -1 series and (b)Trot =2000K as fitted 

from the 1’-0” band. 
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3.4.2 Choice of Fitting a Whole Series of Bands or a Single Band 

Figure 3.6 shows examples of the neutral gas temperature measurement by fitting a 

series of rovibrational bands and by fitting one rovibrational band. The plasma was created 

with a flow of 2000 sccm argon at the pressure of 1 torr. A 2.5% total flow rate of N2, or 

50sccm was added as the trace gas for the neutral gas temperature measurements. The 

whole ν∆ = -1 series of bands are fitted in Figure 3.6(a), while only the 1' 0"→  band is 

fitted in Figure 3.6(b). It is found that the experimental spectra are well fitted by the 

theoretical curve and the obtained neutral gas temperatures from these two methods are 

close to each other. It is not a surprise to see that the neutral gas temperature is higher than 

in the plasma of most other devices like ICP or CCP since the power density is much 

higher (4.8 W/cm3 in this case). Also, as expected, the vibrational mode is not in 

equilibrium with the rotational mode of the molecule.  

3.4.3 The Dependence of the Measured Gas Temperature on the Optical Resolution 

The gas temperature obtained by fitting the rovibrational band does not depend on the 

optical resolution of the instrument. Figure 3.7 shows the dependence of the theoretically 

fitted temperature on the optical resolution of the monochromator. With the same plasma 

condition, a gas mixture of 2000sccm Ar and 200 sccm N2 under the pressure of 1 torr, the 

Jarrel-Ash OES system (as discussed in section 2.4) with 10µm entrance slit and the Jobin-

Yvon OES system with different entrance slit were used to measure the optical emission. 

10% N2 was added to the plasma because the light intensity response of the Jobin-Yvon 

system is much weaker. No dependence of the theoretically fitted neutral gas temperature 

on the optical resolution is observed in Figure 3.7, as expected.  



 106 

The independence of obtained gas temperature on the optical resolution of the 

monochromator convinced us to use the Jarrel-Ash OES system for most measurements in 

this thesis. There are two advantages of using the Jarrel-Ash OES other than the Jobin-

Yvon OES system. The first one is that the data collection speed of the Jarrel-Ash system is 

2 order of magnitude higher than that of the Jobin-Yvon system. The second one is that the 

light intensity response of the Jarrel-Ash system is at least one order of magnitude higher 

than that of the Jobin-Yvon system, which makes the N2 emission from as small as 0.15% 

added N2 trace gas still able to be detected by the Jarrel-Ash system. 
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Figure 3.7 Dependence of fitted neutral gas temperature on the optical resolution 

 

3.4.4 Perturbation of the Added Trace Gas on the Plasma 

The perturbation of the added gas on the plasma is studied. Usually, 2-5% N2 is added 

as the trace gas by assuming that it does not perturb the plasma. Less amount of N2 is more 

preferable since it reduces the perturbation. But there is a trade-off between the 
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perturbation and emission light intensity since the emission light intensity is not enough 

with too little N2 added. 

Figure 3.8 shows the intensities of two spectral lines of the argon plasma with the argon 

flow rate of 1.5 slm and the pressure of 1.5 torr. Figure 3.8(a) shows the dependence of the 

spectral line intensities at wavelengths of 826.45 and 852.1nm (2p0
1/24s-2p0

1/24p transition 

of ArI) on the percentage of the added nitrogen, normalized by the value when no N2 is 

added. And Figure 3.8(b) shows the dependence of the ratio between these two normalized 

spectral line intensity on the added N2 percentage. The percentage of N2 was calculated by 

the gas flow rate entered the reactor. When 4% N2 was added, the Ar spectral line intensity 

increased by more than 20% and the ratio between these two spectral lines decreased by 

about 2%. These changes are due to the changes of the electron density, the electron 

temperature, the neutral density and the neutral temperature. The perturbation of the plasma 

with the N2 addition is clearly demonstrated.  

The power and the neutral gas temperature were also measured when different amount 

of N2 was added into the plasma, as shown in Figure 3.9. As the percentage of N2 increases, 

the power consumption of the plasma increases. This is because the source is operated at 

the condition of a constant current and the N2 plasma has higher resistivity than the Ar 

plasma. This is also reflected by the neutral gas temperature where the neutral gas 

temperature with 5% N2 added is 20% higher than that when added N2 only takes 0.1%. 

This is a big perturbation, especially for the desired unperturbed neutral gas temperature.  

These measurements suggest that at most 1% N2 should be added in the argon plasma 

in order to reduce the perturbation of the plasma during the gas temperature measurement. 
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When the added N2 takes only 0.1%, the perturbation is negligible and the 1’-0” and 0’-0” 

rovibrational bands are strong enough in our experiments for the Jarrel-Ash OES system. 
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Figure 3.8 Effects of the added N2 on the spectral intensities of the Ar plasma. (a) The intensities of two 
Ar spectral lines as normalized to the intensity when no N2 was added. (b) The ratio of these two 

normalized spectral lines 
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3.5 Validation of Using the Swan Bands of C2 for the Neutral Gas 

Temperature Measurement of the Fluorocarbon Plasma  

The neutral gas temperatures of different fluorocarbon plasmas have been measured. 

Schabel et al investigated the temperature of the inductively coupled plasma (ICP) etcher 

by adding N2
96. Cruden et al systematically compared the rotational temperature fitted from 

different diatomic molecules such as CO, CF, CN and SiF in an inductively coupled CF4 

plasma used for the depostion119,139. Tonnis et al also examined the usage of different 

diatomic molecules for the neutral temperature measurements in the plasma abatement and 

found N2 is the most reliable molecules in their condition140. 

Compared to the method of adding a trace amount of N2 in the fluorocarbon plasma, the 

method of using the natural diatomic molecules of fluorocarbon plasma (CO, C2 and CF) 

has advantages and disadvantages. First, the natural diatomic molecules avoid the 

perturbation problems caused by the N2 addition. Section 3.4.4 proves that even a trace 

amount of N2 can change the plasma parameters and the plasma chemistry141. The use of 

the existing diatomic emission can avoid the spectral interference of N2 emission with 

fluorocarbon emissions since many of the N2 rovibrational bands lie in the same regions. 

The disadvantages of using diatomic molecules already present are that these molecules 

have more limited database, and more dangerously, their rotational temperature may not be 

in equilibrium with the translational temperature of the neutral species since the excited 

states can be formed by both the collisional excitation from the ground state and the 

dissociative excitation (which can produce rotational excitation).  
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This section reports the first successful measurement of the neutral gas temperature by 

the utilization of the swan bands of C2 molecules and its validation by comparison to the 

measurement with the added N2.  

As the first step to estimate the neutral gas temperature of the fluorocarbon plasma, N2 

was added into the fluorocarbon gas mixture. The fluorocarbon plasma was composed of 

333 sccm C2F6, 1115 sccmO2 and 2550 sccm Ar at 2.5 torr with the plasma power of 6.3 

kW. In order to obtain strong enough light emission intensity, 400 sccm N2 had to be added 

into the plasma, which caused the plasma power to rise to 7.0 kW under the same pressure. 

Compared to adding N2 in the Ar plasma where less than 1% total flow rate of N2 can yield 

adequate light intensity,141 more than 4% of N2 has to be added into the fluorocarbon 

plasma as observed in our system.96 The reasons are as follows: one, the high power 

density of this fluorocarbon plasma source causes more dissociation of N2 than in the low-

power Ar plasma; and two, the emission light from other molecules can mix with or 

overwhelm the N2 emission light.  

Only a few bands of the second positive system of N2 can be used for the neutral gas 

temperature measurements. Some bands are mixed with other molecular spectra, which are 

abundant in a complicated chemistry like the fluorocarbon and oxygen gas mixture. For 

example, in the series of the 1v∆ = −  transition of the second positive system of N2, bands 

2 ' 1"→ , 3 ' 2"→  and 4 ' 3"→  are mixed with the Angstrom bands of CO ( 1 1B AΣ → Π ). 

Although it is possible to fit both CO and N2 at the same time119, it is usually more 

complicated and does not yield further information. It is found that in the fluorocarbon 

plasma, the 1' 0"→  and 0 ' 0"→  bands of the second positive system of N2 are usually 
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“clean” and hence can be used for the neutral gas temperature measurements. Therefore, 

they are usually selected for fitting. 

The neutral temperature of the fluorocarbon plasma was found to be 5300 K by fitting 

the 1' 0"→  band of N2, as shown in Figure 3.10(a). Similar results were found by fitting 

the 0 ' 0"→ band. It is not surprising to see so high a neutral gas temperature in the 

fluorocarbon plasma since the power density is as high as 17.4 W/cm3 in the fluorocarbon 

plasma. It is estimated that the electron temperature is about 2-5 eV and the electron 

density is in the order of magnitude of 1012-1013 cm-3 in the plasma. The high power density 

is responsible for the high electron density, which then contributes to the high neutral 

temperature in the plasma 142.  

The reason for the power to increase during the N2 addition is that N2 typically 

increases the resistivity and thus increases the power to the plasma under constant current 

operation. It has also been observed that the electron temperature and density can change 

during the N2 addition.141 Therefore, adding N2 obviously perturbs the fluorocarbon plasma 

and other natural species will be more preferable for the purpose of estimating the neutral 

gas temperature. 

Cruden et al systematically examined the natural diatomic molecules in fluorocarbon 

plasma for the neutral gas temperature measurements119,139. These molecules included CO, 

CF, and CN when some impurities of N2 were present in the plasma.  

The possibilities of using the above natural diatomic molecules for the neutral gas 

temperature measurements were also examined in our system with C2F6, O2 and Ar 

mixtures. No CN was observed since no external N2 was added and a good leak detection 

was performed prior to the experiments. Second, the Angstrom bands and the third positive 
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bands ( 3 3b a+Σ → Π ) of CO were found to be unsuitable for this purpose as they were 

mixed with the spectra from other molecules, most likely other polyatomic fluorocarbon 

radicals. Third, the 0v∆ =  series (201–205 nm) and 1v∆ = +  series of the 2 2B X∆ → Π  

transition of CF were not detected either. This may be due to three reasons: one, there is 

insufficient amount of CF available in the plasma because of the near complete 

dissociations; two, the monochromator is not very sensitive to the light with wavelength 

less than 250 nm; and three, a very thin fluorocarbon film could be deposited on the 

sapphire viewport which may block the light within this wavelength range to pass through. 

Finally, a significant amount of C2 molecules were observed in the gas mixtures. Obvious 

rovibrational bands were observed in the range of 500-520 nm, which corresponds to the 

0v∆ =  series of the Swan bands of C2 ( 3 3
g ud aΠ → Π ). Also, the 1v∆ = −  series of the 

Swan band was observed in the range of 545-570 nm.  

The dashed line of Figure 3.10(b) shows the example of the observed 0v∆ =  series of 

the Swan bands of C2 for the same plasma as in Figure 3.10(a) with N2 addition. Compared 

to other C2 measurements119, up to 3' 3"→  was observed in the spectrum. This is 

consistent with the high electron density of the plasma, which causes the excitation of 

higher energy levels. Notice that the peak around 505.5nm is not from the 4’-4” transition 

of the Swan bands of C2, but from an atomic spectral line of Ar. 

Using the rotational temperature of C2 to estimate the translational temperature of 

neutral species raises many concerns, among which the biggest is still whether the 

rotational temperature is in good equilibrium with the translational temperature. The 

excited states of C2 can be formed by methods other than excitation from the ground states. 
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One possible method of forming excited states of C2 is by chemiluminescent process 

through CO and C2O intermediates143. 

Comparison between the rotational temperatures of C2 and N2 can be used to justify the 

method of using C2 emission for translational temperature measurements. Although more 

sophisticate experiments such as the laser-induced fluorescence method and the laser 

absorption spectroscopy method are better for this purpose, the comparison between the 

rotational temperatures of C2 and N2 is much easier to carry out and is also accurate enough 

in most situations. This is because the second positive system of N2 was proven to be a 

robust index of the translational temperature140.  

The comparison between the rotational temperature of C2 and N2 in our system is 

shown in Figure 3.10. Figure 3.10 (b) shows the theoretical fitting of the observed 0v∆ =  

series of the Swan bands of C2 in the same plasma condition as that in Figure 3.10 (a). The 

theory is the same as described in section 3.3.3 and the parameters used are shown in Table 

3.2 and Table 3.4 with the appropriate approximation of the coupling of the electronic 

orbital, the electronic spin and the rotational angular momentum137. As can be seen from 

Figure 3.10 (b), an excellent fitting is obtained and the rotational temperature is found to be 

5500K and the vibrational temperature is found to be 8700K. The rotational temperature of 

C2 is very close to that measured from N2. Based on the confidence on N2, the rotational 

temperature of C2 is believed to be a good estimation of the translational temperature.  
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Figure 3.10 Neutral gas temperature measurements of fluorocarbon plasma with 333 sccm C2F6, 1115 

sccm O2 and 2550 sccm Ar gas mixtures with 400 sccmN2 added. (a) 1’-0” band of C 3Πu � B 3Πg 
transition of N2, (b) ∆ν = 0 series of d 3Πg � a 3Πu of C2 molecules under the same condition. 

 

It is believed that the high pressure (2 torr) and the high electron density (1012-1013 cm-3) 

in our system help make it possible for the rotational temperature of the excited states of C2 

to be in equilibrium with the translational temperature.  The reasons are twofold. First, the 

(b) 

(a) 
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higher pressure causes more collisions between the neutrals and others, which can expedite 

the relaxation process of the excited states formed by methods other than excitation from 

the ground state. The radiative lifetime for the 3
gd Π state of the C2 molecule was measured 

to be around 250 ns.144,145 The mean time for neutral-neutral collision is about 100 ns and 

the mean time for electron elastic collision is about 2 ns when polarization scattering is 

considered.7 Since the collision time is smaller than the lifetime of the excited state, the 

excited state could be equilibrated by collisions. Second, the higher electron density 

increases the collisional excitation from the ground state of C2 and hence a bigger portion 

of the excited states can be formed by the ground state excitation. Although the higher 

electron density seems also possible to increase the rate of chemiluminescent C2 reaction, 

this may not be the case since a reduction in C2O and CO concentration reduces 

chemiluminescence and the chemiluminescence reaction itself is collisionally quenched.  

The comparison is also expanded in the range of 1 to 10 torr and the rotational temperature 

of N2 is found equal to that of C2. Lower than 1 torr pressure may be useful in judging the 

pressure effect on the equilibrium, but it is not achievable with the targeted flow rate and 

available pumping speed.  

The comparison between C2 and N2 justifies the accuracy of using the rotational band 

of C2 for the neutral gas temperature measurements. 

3.6 Characterization of the Ar Plasma 

This section shows the characterization of the argon plasma. Section 3.6.1 shows that 

the electron temperature and the electron density are measured to be about 2 eV and 

1012cm-3 in the argon plasma. The electron density was estimated by the resistivity of the 

plasma. As discussed in section 3.6.2, the spatial profile of the neutral gas temperature was 
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found to be parabolic across the plasma cross-section with the maximum at the spot close 

to the center of the toroidal loop, due to the high heating rate caused by the higher electric 

field. The neutral gas temperature seemed to have a logarithmic dependence on the source 

pressure, similar to the observation in the literature. Section 3.6.3 discusses the simplified 

global plasma model with detailed plasma kinetics, the mass balance equations of each 

species and the energy balance equations, with the argon plasma as an example. The 

comparison between the experimental results and the model prediction are discussed in 

section 3.6.3. A good match of the pressure dependence of the electron temperature was 

found between the model prediction and the experimental results. The model further 

predicted that the neutral gas temperature and the electron density dramatically increase 

with the plasma power, while the electron temperature doesn’t change much. 

3.6.1 Electron temperature and resistivity measurements 

With the method described in section 3.2.1, the electron temperature of the argon 

plasma was measured. Figure 3.11 shows the spatial profile of the electron temperature for 

the argon plasma with 2 slm flow rate at 1 torr pressure. The electron temperature was 

found to be between 1.9eV and 2.5 eV with the maximum temperature appearing at the 

center of the chamber.  

The dependence of the electron temperature on the argon gas flow rate and the plasma 

source pressure is shown in Figure 3.12. For all the tested flow rates , the general trend 

shows that the electron temperature decreases with the plasma pressure, which is expected 

since the electron temperature is usually monotonically dependent on the E
P , the ratio 

between the electric field intensity E  and the pressure P 7.  
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Figure 3.11 Spatial profile of the electron temperature of 2slm argon plasma at 1 torr pressure. 
Position zero represents the center of the plasma source chamber.   
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Figure 3.12 Dependence of the electron temperature on the plasma source pressure for the argon 

plasma with different flow rates.  

 
The toroidal loop voltage and loop current were measured and used to calculate the 

plasma power and the average plasma resisitivity. Figure 3.13 and Figure 3.14 show the 

dependence of the plasma power and the plasma resistivity on the plasma source pressure. 
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The plasma resistivity increases with the plasma source pressure, causing the plasma power 

to increase under the operation condition of a constant current. 
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Figure 3.13 Dependence of the plasma power on the plasma source pressure of the argon plasma for 
four different flow rates.  
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Figure 3.14 Dependence of the plasma resistivity on the plasma source pressure of the argon plasma for 

four different flow rates. 

 
The plasma resistivity is used to estimate the electron density in the plasma. Since the 

plasma operation frequency (400 kHz) is much less than the electron plasma frequency 
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(2.8µ1010 Hz) and the ion plasma frequency (8µ107 Hz), the average plasma resistivity ρ  

can be calculated similar to that of a DC discharge, as shown in the equation7  

                                            0
1 23/ 2

ln
e

e e

nZ
K K T

T n
ρ Λ= + ,                                       (3.14) 

in which the first term is the Spitzer’s resistivity term due to the electron-ion Coulomb 

collision and the second term is due to the electron-neutral collision. 1K  and 2K  are 

constants with unit W-m, Z  is the ion charge, Λ  is a plasma constant related to the ratio of 

Debye length and the 90 degree scattering impact parameter during the Coulomb scattering, 

eT  is the electron temperature in eV, and 0n  and en  are the neutral and electron densities in 

the plasma. The square root of the electron temperature in the second term of the RHS is an 

approximation of the electron temperature dependence of the rate coefficient. The Coulomb 

logarithm ln Λ  is about 1891. 5
1 5.3 10K −= × W-m from the Spitzer’s formula.91 

Parameter 2K  includes the information about the electron neutral collisional cross-section 

and the electron temperature and it is estimated to be in the order of 10-7 to 10-5, depending 

on specific plasma condition. The 2K  value for the argon plasma is estimated to be about  

1µ10-7 
W-m based on the current available cross-section data7,102,146. For the average 

plasma resisitivity of 0.035 W-cm as shown in Figure 3.14, the Spitzer resistivity is 

calculated to be about 0.00013 W-cm with an electron temperature of 2eV, and hence the 

majority part of the resistivity is provided by the electron-neutral collision. Using equation 

(3.14) and the electron temperature 2 eV and neutral temperature of 2000 K, the electron 

density is estimated to be about 8.0µ1012cm-3. 
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The dependence of the electron density on the plasma source pressure is shown in 

Figure 3.15. The electron density increases with the plasma source pressure, maybe due to 

the increase of the density of the neutral particles.  
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Figure 3.15 Dependence of the electron density as a function of the plasma source pressure for  the Ar 
plasma with 2slm flow rate. 

3.6.2 Neutral Gas Temperature Measurements 

With the optical collector on a linear stage, the spatially resolved neutral gas 

temperatures of the Ar plasma were measured along the X and the Z direction, as defined in 

Figure 2.1 where bigger Z value corresponding to shorter distance to the toroidal loop 

center . Figure 3.16 shows the spatial resolved neutral gas temperature of the argon plasma 

with a flow rate of 2000 sccm Ar and 0.15% N2, or 3 sccm, as the trace gas. The spatial 

profiles at four different pressure conditions are shown. Notice that ±12.5mm represent the 

chamber wall.  

The spatial dependences of the gas temperature along the X direction and the Z 

direction are obviously different with the maximum along the X direction happening at the 
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center while the maximum along the Z direction happening at about +4mm. For the neutral 

gases in the plasma, the Ohmic heating is the dominant heating mechanism and the 

conduction and convection are the dominant cooling mechanisms. The Ohmic heating 

power density is proportional to the electric field square for the fixed plasma conductivity. 

Ignoring the density gradient of the electrons and neutrals, the Ohmic heating power 

densities are the same along the X direction since they are on the same toroidal circle and 

have the same electric field, assuming that the resistivity does not change much along the X 

direction. A simple transport calculation predicts the parabolic shape of neutral gas 

temperature along the X direction with the maximum temperature at the center, just as 

observed in Figure 3.16(a). The positions along the Z direction, however, have different 

distances from the toroidal loop center. When Z decreases from positive to negative, the 

loop gets bigger and the electric field becomes smaller since the electric field equals the 

ratio of the loop voltage and the loop length and toroidal loop voltages along the Z 

direction are the same. With bigger heating power when Z gets more positive, the 

maximum temperature should happen in the positive Z region instead of the center where Z 

equals 0.  

We did not attempt any quantitative calculation to fit the above experimental results 

since we did not have enough information yet about the spatially dependence of the 

resistivity and the cooling mechanism. The above analytical analysis  was believed to be 

reasonable and gave us another confirmation of the measurement of the neutral gas 

temperature.  
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Figure 3.16 Spatial dependence of the neutral gas temperature of the Ar plasma, with the X and the Z 
direction defined in Figure 2.1. Zero value represents center of the cross section and ±12.5 mm 

represents the chamber wall. 

 

The asymmetry of the spatial profile along the X direction is caused by the 

misalignment of the axis of the optical collector and the axis of the plasma. This is 

consistent with the observed increasing of the temperature from X=-10 to X=-12.5 and 

from Z=10 to Z=12.5, which should decrease when closer to the wall. This is actually a 

result of our limited experimental adjustability. The small increase between X=-10 and X=-
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12.5 but not between X =10 and X=15 is because the axis of the collector was tilted toward 

negative X and hence collects the light reflected by the chamber wall from higher 

temperature region. 

The dependence of the neutral gas temperature on the gas pressure was measured for 

the argon plasma with a gas mixture of 500 sccm Ar and 5 sccm N2. The pressure was 

measured at the outlet of the plasma source and was changed between 0.1 and 10 Torr by a 

throttle valve. The neutral gas temperature in the center of the plasma was measured with 

the rovibrational band fitting technique. A strong dependence between the neutral 

temperature and the pressure was observed, as shown in Figure 3.17. Tonnis and Graves123 

found that the neutral temperature is proportional to the logarithm of the outlet pressure of 

an ICP device in the pressure range of 0.01-1 Torr. Similar relationship was found in our 

experimental data, as the solid line shown in Figure 3.17. Similar dependence of the neutral 

gas temperature on the pressure for different gas flow rates is shown in Figure 3.18.  
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Figure 3.17 Dependence of the neutral gas temperature on the pressure of the plasma source for 500 
sccm Ar plasma. The logarithm pressure dependence was found to be a good fit. 
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Figure 3.18 Dependence of the neutral gas temperature on the plasma source pressure for four argon 
gas flow rates. 

 

3.6.3 Argon Plasma Modeling 

The rigorous modeling of the TCTP should include at least three modules in at least 2-

D geometry: the electromagnetic field calculation module, the electron energy distribution 

calculation module, and the plasma-chemical kinetics module. The electromagnetic module 

solves the Maxwell’s equations with the plasma conductivity and yields the electric field in 

the plasmas. The electron energy distribution package solves the electron energy balance 

equation of the electrons to get an estimation of the electron temperature, using the electric 

field, the conductivity and the power loss to the chamber wall. Then with the known 

electron temperature and the calculated rate coefficients for all the electron related 

processes in the plasmas, the plasma-chemical kinetics module solves the mass and energy 

balance of each species in the plasma, coupled with the surface chemistry and the sheath 

calculation, to yield the plasma concentration, the plasma conductivity and the power loss 

to the chamber wall. The plasma conductivity and the power loss are then provided to the 
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electromagnetic module and the electron energy distribution module. These calculations are 

discretized and repeated until the results converge to steady state values, which represent 

the properties of the plasma.  

A simplified global plasma model with detailed plasma kinetics, the mass balance 

equations of each species and the energy balance equations was set up in this work. The 

model solves the mass balance and the energy balance equation with detailed interactions 

of the species in the plasmas phase and between the plasma and the surface. Compared to 

the more rigorous 2-D or 3-D models, the advantage of the simplified model is that it can 

be constructed much faster than the usual 5-10 years developing cycle of a rigorous 2-D or 

3-D model. The disadvantage of the simplified model is that it ignores the concentration 

gradient, the temperature gradient in the plasma and the calculation of electromagnetic field 

and hence it can only give a rough estimation of the averaged plasma properties. For the 

argon plasma, the model was set up in this section to understand the global properties like 

the electron temperature, the electron density and the neutral gas temperature of the plasma. 

For the NF3+Ar plasma, the model was focused on explaining the fluorine generation and 

using it to compare to the etching rate study discussed in Chapter 4.  

The primary goal of the simplified model is to calculate the concentration of species in 

the plasma, the electron density, the electron temperature, and the neutral gas temperature 

with the input information of the gas flow rate, the plasma power and the chamber pressure.  

The difficulties of plasma modeling lies in the complicated chemical kinetics related to 

the charged particles like electrons and ions. In the argon plasma, the particles in the 

plasma are the electrons (e or E), the argon atoms at the ground state (Ar), the argon atoms 

at the metastable states (Ar*) and the argon ions (Ar+). The reactions that are important in 
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the plasma source include the ionization reaction, in which an electron ionizes an argon 

atom at ground state to form an argon ion, 

 2e Ar e Ar ++ → + ; (3.15) 

the metastable state formation reaction, in which an electron excites an argon atom at the 

ground state to the metastable  state(1s3 or 1s5), 

 *e Ar e Ar+ → + ; (3.16) 

the reaction of ionizing an atom at the metastable state to form an argon ion  

 * 2e Ar e Ar ++ → + ; (3.17) 

the recombination reaction, in which an electron and an argon ion recombine to form an 

argon atom, 

 e Ar Ar++ → ; (3.18) 

and the electron excitation, in which an argon atom at the ground state is excited to the 

excited states by an electron and then de-excites to the ground state by the spontaneous de-

excitation or the collisional de-excitation with the neutrals or ions, 

 e Ar e Ar+ → + . (3.19) 

The excitations such as (3.19) are important since they are a key mechanism to transfer  

energy from electrons to neutrals. 

Other reactions should be included in the more complicated systems such as the NF3/Ar 

plasma. Reactions like the neutral-neutral reaction, the ion-neutral charge exchange, the 

ion-ion neutralization reaction, the recombination, the dissociation and the dissociative 

ionization are all included in the model, as discussed in section 3.7.3. 

The rate coefficients in equations (3.15)-(3.19)  are all expressed in the form of the 

Arrhenius expression, similar to the neutral-neutral reaction rate. In a two-body neutral-
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neutral reaction (A + B � AB), the reaction rate is calculated by A BKn n , where An  and 

Bn  are species concentration of A and B, and the rate coefficient K is expressed in the 

Arrhenius form as in the equation 

 
E

RTK AT eβ −
= , (3.20) 

 in which A and β  are constants; E  is the reaction activation energy; R  is the gas 

constant and T  is the neutral gas concentration. The key difference between the Arrhenius 

expression for the electron-involved reactions and the neutral-neutral reactions and is that 

the electron temperature, instead of the neutral gas temperature, should be used in the 

exponential term in the electron-involved reaction. In an electron-neutral reaction, the 

reaction rate is calculated by ' e AK n n , where en  and An  are species concentration of 

electrons and neutrals, and the 'K  equals the rate coefficient vσ  as shown in equation 

(3.2). It was proven that 'K  in the electron-neutral reactions can also be expressed in the 

Arrhnius form as in equation (3.20), with the electron temperature in the exponential 

term147-149. 

The surface reactions are also important in modeling the low-temperature plasma 

without the magnetic or other forms of confinements. For the argon plasma, the major 

surface reaction mechanisms are the surface recombination and the metastable atom 

quenching as shown in equation  

 surfacee Ar Ar++  →  (3.21) 

and  
 * surfaceAr Ar → . (3.22) 

Notice that the electron in above reactions does not have to be provided by the plasma. 

Instead, electrons from the conductive surface can also recombine with the argon ions to 
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form the neutral atoms. Therefore, the reaction rate for equation (3.21) is limited by both 

the ion flux to the surface and the reaction probability. Assuming that each argon ion that 

strikes the surface recombines, the reaction rate is set to equal the Bohm rate of ions 

arriving at the surface. Similarly, the reaction rate for equation (3.22) equals the rate of  the 

neutral arriving at the surface with the sticking and reaction coefficients assumed to be one.  

The constraint equations for the plasma system are the conservation equation of mass of 

each species, the conservation equation of the electron energy, and the conservation of 

energy of both neutrals and ions, assuming that ions have the same temperature as the 

neutrals150. The mass balance equation for each species is shown as  

 
0

L
k

kl k
l

dm
V W

dt
ω

=
=∑ , (3.23) 

in which km  is the total mass of the k-th species, t  is time, klω  is the l-th molar production 

rate related to the k-th species by the  elementary reaction, L  is the total  number of 

elementary reactions related to k-th species, kW  is the molar mass of the k-th species, and 

V  is the volume of the system. For the reaction with k-th species as part of the product, the 

klω  is positive. The klω  is negative when the k-th species is reactant and zero when the k-

th species is not involved in the l-th reaction. Dividing both sides of equation (3.23) by the 

total mass  
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K
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=
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changes equation (3.23) to 

 
0

L
k

kl k
l

dF
W

dt
νω

=
=∑  (3.25) 
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where kF  represents the mass fraction of k-th species and V
Mν =  represents the specific 

volume. The mass fraction is preferred over the mass of each species since it can be easily 

converted to the molar fraction,  the number concentration and other units. 

All the power consumed in the plasma goes to the electrons initially during the 

inductive coupling. The power is then transfered to the neutral and ions in the collisional 

events between the electrons and the neutrals. Both the energy of electron and the total 

energy of neutrals and ions are conserved. 

The energy balance equations for a constant pressure system can be expressed as  

 
1 1

0
K L

p k kl k ext
k l

dT
c H W E

dt
ν ω

= =
+ + =∑∑ , (3.26) 

in which pc  is the mean specific heat capacity at a constant pressure, kH  is the specific 

enthalpy of the k-th species for the neutral-neutral reactions, and extE  is the extra energy 

exchange for that species. Equation (3.26) represents both the energy conservation equation 

for electrons and the equation for all neutrals and ions. In the energy conservation equation 

of all neutral and ion species, extE  represents the heat conduction between the hot neutral 

gases and the water-cooled chamber wall and the energy loss of ions to the surface. In the 

energy balance for electrons, the first term of equation (3.26) represents the change of the 

electron total energy, and extE  mostly comes from the elastic collision between the 

electrons and the neutrals. The specific enthalpies of the neutral and ion species in the 

reaction are calculated by  

 2 3 53 5 62 4
1 2 3 4 5

k k kk k k
k k k k k

k k

a a aH a a
a T T T T

RT T
= + + + + + , (3.27) 
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where kT  is the temperature and ika ’s are coefficients used for the enthalpy calculation 

which can be obtained through the NASA chemical equilibrium database. The mean 

specific heat capacities of the neutrals can be calculated with the same set of parameters.  

The extE  of the neutral energy balance equation is related to the neutral gas temperature 

by the heat transfer coefficient as in the equation 

 ( )ext g sE hA T T= −  (3.28) 

where h  is the heat transfer coefficient, A  is the surface area, gT  is the gas temperature 

and sT  is the chamber wall surface temperature. The parabolic spatial dependence of the 

neutral gas temperature in Figure 3.16 is consistent with the heat loss mechanism of 

neutrals through the conduction. h  can be estimated based on the fundamental calculation 

if detailed species information is available153, which is not the case here. Instead, h  is 

changed such that the neutral gas temperature predicted by the model matches that of the 

experimentally measured.  

In modeling the plasma, equations (3.25) and (3.26) are both integrated up to the 

residence time of the gases in the plasma source. Then the mass fraction and the plasma 

parameters at the outlet are treated as the average properties of the plasma and are 

compared to some experimental results. Commercial packages Chemkin® and 

OpenChemPro® are used to facilitate the model calculation. 

 With the model described above and the reaction parameters shown in Table 3.5,  the 

Ar plasma is modeled and the results are compare to the experimental results.  

Table 3.5 Reaction parameters for Ar plasma 

Reaction Aa β E 
e + AR => 2e + AR+ 7.07E-11 0.610 187120.0 

e + AR* => 2e + AR+ 1.25E-07 0.050 60254.0 
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e + AR => e + AR* 1.17E-08 0.047 138560.0 
e + AR => e + AR            6.271E-9b 0.0 327000.0 
e + AR => e + AR            3.52E-9c 0.0 346000.0 
e + AR => e + AR            9.237E-10d 0.0 359999.0 
e + AR => e + AR            2.501E-10e 0.0 365000.0 

aRate coefficients of the form of equation (3.20). Units for A vary with the order of the reaction. The 
unit of A is molecules-1cm3s-1 for bimolecular reaction. β is the dimensionless coefficient for 
temperature in Kelvin and the unit of E is Kelvin. Ε is the electron energy loss in eV.  
bExcitation reaction to  3d'3/2 state of Ar, corresponding to electron energy loss of 14.3 eV. 
cExcitation reaction to 3d3/2 state of Ar, corresponding to electron energy loss of 14.15 eV. 
dExcitation reaction to 5s3/2 state of Ar, corresponding to electron energy loss of 14.15 eV. 
eExcitation reaction to 3s1/2 state of Ar, corresponding to electron energy loss of 14.2 eV. 

 
The heat transfer coefficient is determined to be 0.00054 Cal/cm2-K-sec by fitting the 

model-predicted neutral gas temperature to the experimentally measured neutral gas 

temperature. Figure 3.19 shows the dependence of the model predicted neutral gas 

temperature on the heat transfer coefficient, for 2000 sccm Ar plasma operate at 2 torr 

pressure with 1680 W power. With the experimentally measured neutral gas temperature of 

1700K as shown in Figure 3.18, the heat transfer coefficient is determined to be 0.00051 

cal/cm2-k-sec. After the heat transfer coefficient is determined, the results at other 

conditions are calculated by the model and compared to the experiments.  

The model correctly captures the dependence of  the electron temperature on the plasma 

source pressure. Figure 3.20 shows the comparison of the model predicted and the 

experimentally measured dependence of the electron temperature on the plasma source 

pressure. Notice that the experimentally measured plasma power was used in the model 

calculation for these conditions. A good match between the model prediction and the 

experimental measurements is observed. The decrease of the electron temperature is mostly 

due to the increase of the neutral density, where more electron-neutral reactions transfer 

more energy from the electrons to the neutrals.  
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Figure 3.19 Dependence of the model predicted neutral gas temperature on the heat transfer coefficient 
for 2000 sccm Ar plasma operate at 2 torr pressure with 1680 W power. With the experimentally 

measured neutral gas temperature of 1700K, the heat transfer coefficient was determined to be 0.00051 
cal/cm2-k-sec. 
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Figure 3.20 Comparison of the experimentally measured and the model predicted dependence of the 
electron temperature on the plasma source pressure. The plasma composes of 2000 sccm Ar. 

 
A good match of experimentally measured and the model predicted neutral gas 

temperature is also observed in Figure 3.21. The model predicted electron density is on the 

same order of magnitude as that calculated from the resistivity measurements, as shown in 

Figure 3.22. However, the model predicts much less increase of the electron density with 

the plasma source pressure than the experimentally measured. Experimental results 
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reported in the literature found that the electron density is not a strong function of plasma 

pressure154. Hence the model predicted pressure dependence may be more reasonable than 

the estimated density by the plasma resistivity. The errors of the latter one may be caused 

by the change of 2K  in equation (3.14) with plasma source pressure, which is difficult to 

determine.  
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Figure 3.21 Comparison of the experimentally measured and the model predicted dependence of the 
neutral gas temperature on the plasma source pressure. The plasma composes of 2000 sccm Ar. 

 
The model-predicted ionization fraction and the metastable state argon concentration as 

a function of the plasma source pressure are shown in Figure 3.23. The ionization fraction 

is between 1-5µ10-4 and decreases with the plasma pressure, which is reasonable because 

of the higher neutral density at higher plasma pressure. The metastable state concentration 

is found to be one order of magnitude higher than the electron density and increases with 

the plasma pressure. 
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Figure 3.22 Comparison of the experimentally measured and the model predicted dependence of the 

electron density on the plasma source pressure. The plasma composes of 2000 sccm Ar. 
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Figure 3.23 The dependence of the ionization fraction and the metastable state Ar concentration on the 
plasma source pressure, as predicted by the model for 2000 sccm Ar plasma. 

 
The model-predicted dependence of the plasma parameters on the plasma power is 

shown in Figure 3.24 and Figure 3.25. A plasma of 2000 sccm argon at 2 torr was modeled 

with the heat transfer coefficient chosen at 5.1µ10-4 cal/cm2-k-sec. At the power of 200 W, 

the neutral gas temperature is about 500 K, the electron temperature is about 1.8 eV and the 
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electron density is close to 4.0µ1011cm-3, which are similar to the parameters measured in 

Inductively Coupled Plasma Etcher at higher pressure as reported in the literature96,97,99,155.  

The neutral gas temperature and the electron density are found to be strongly dependent 

on the plasma power. The electron temperature doesn’t increase much with the plasma 

power since it is usually related to the ratio of the electric field and the pressure which do 

not change much. Increasing the power causes more ionization and hence higher electron 

density. The ionization fraction is increased from 9.8µ10-6 at 200 W power to 1.44µ10-3 at 

4000W. Higher electron density causes more heating of the neutrals, and hence the neutrals 

have higher gas temperature.  
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Figure 3.24 Dependence of the neutral gas temperature and the electron temperature on the plasma 
power, as predicted by the model, for 2000 sccm argon plasma at pressure of 2 torr. 
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Figure 3.25 Dependence of the electron density and the argon metastable state concentration on the 

plasma power, as predicted by the model, for 2000 sccm argon plasma at pressure of 2 torr. 

 

3.6.4 Summary of Ar Plasma Characterization 

Table 3.6 lists a summary of the plasma parameters of the argon plasma. The typical 

value represents the properties of plasma with 2000 sccm argon at 2 torr.  

The characterization of the argon plasmas formed in a gas mixture of 2000 sccm argon 

at the pressure of 2 torr and the power density of about 5.5 W/cm3 found that the electron 

temperature, the electron density and the neutral gas temperature to be about 2 eV, 

6.0µ1012cm-3, and 1700K, respectively. The spatial profile of the neutral gas temperature 

was found to be parabolic across the plasma cross-section with the maximum at the spot 

close to the center of the toroidal loop, due to the high heating rate caused by the higher 

electric field. The neutral gas temperature seemed to have a logarithmic dependence on the 

source pressure, similar to the observation in the literature. A global plasma model with 

detailed kinetics, mass balance and energy balance was set up. A good match of the 

pressure dependence of the electron temperature was found between  
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Table 3.6 Summary of the property of argon plasma 

Property Unit Typical Value 

Operation flow rate range sccm 500-5000 

Operation pressure range torr 0.1-10 

Operation frequency Hz 4µ105 

Loop Current RMS A 65 

Loop Voltage RMS V 35 

Plasma Power watt 2000 

Plasma Power Density watt/cm3 5.5 

Current flux to the wall mA/cm2 7.0 

Toroidal loop current flux mA/cm2 1.3µ104 

Electron Temperature eV 2.0 

Neutral Gas Temperature K 1700 

Neutral gas density cm-3 1.13µ1016 

Electron density cm-3 6.0µ1012 

Argon metastable state density cm-3 2.0µ1013 

Ionization Fraction NA 3.0µ10-4 

Ion plasma frequency Hz 8.0µ107 

Electron Plasma Frequency Hz 2.8µ1010 

Electron-Neutral Collision Freq. Hz 8.0µ108  

Neutral-neutral collision Freq. Hz 4.5µ106 

Electron-electron collision freq. Hz 1.5µ108 

Mean Free Path of neutral m 2.3µ10-4 

Mean free path for electrons m 4.0µ10-4 

Debye Length m 4.0µ10-6 

Residence Time milli-sec 5.0 

Electron thermal velocity m/s 6.0µ105 

Neutral thermal velocity m/s 6.0µ102 

Electron drift velocity m/s 1.5µ105 
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the model prediction and the experimental results. The model further predicted that the 

neutral gas temperature and the electron density dramatically increases with the plasma 

power, while the electron temperature doesn’t change much. 

3.7 Characterization of the NF3 Plasma 

The characterization of the NF3 plasma, formed with a gas mixture of 667 sccm NF3 

and 2000 sccm Ar at the power density of 10W/cm3 and at the pressure of 2 torr, found the 

neutral gas temperature, the electron temperature and the atomic fluorine concentration to 

be about 2700oK, 1.7 eV and 3µ1015cm-3, respectively, as discussed in section 3.7.1. A 

global plasma model with 51 plasma phase species, 272 plasma-phase reactions and 21 

plasma-surface reactions was set up in section 3.7.3, with focus on predicting the atomic 

fluorine concentration and molar fraction. The atomic fluorine concentration was found to 

linearly increase with the plasma source pressure, as both measured in the experiments and 

predicted in the model, as discussed in section 3.7.1. The model also predicted that the 

molar fraction of the fluorine atoms saturated when the pressures was up to 4 torr, which 

explained why the etching rate of the oxide film, in a constant process chamber pressure, 

increased with the plasma source pressure until about 4 torr and then stayed constant. 

Section 3.7.2 discusses the model-predicted molar fraction increases with the NF3 flow rate 

in the gas mixture of NF3 and argon, which explains the dependence of the etching rate on 

NF3 flow rate in the process chamber with the pressure fixed and the etching rate in the 

non-saturated regime. 
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3.7.1 Pressure Dependence 

The pressure dependence is studied by changing the plasma source pressure and 

measuring the electron temperature in the plasma, the neutral temperature in the plasma, 

the atomic fluorine concentration in the plasma source, the etching rate in the process 

chamber, the gas concentration in the exhaust.  
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Figure 3.26 Dependence of the plasma power and the plasma resistivity on the plasma source pressure 
for a plasma with 667 sccm NF3+2000 sccm Ar. 
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Figure 3.27 Experimentally measured and the model-predicted dependence of the neutral temperature 

on the plasma source pressure for the plasma of 667 sccm NF3+2000 sccm Ar. 
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Figure 3.28 Experimentally measured and the model-predicted dependence of the electron temperature 

on the plasma source pressure for the plasma of 667 sccm NF3+2000 sccm Ar. 
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Figure 3.29 Experimentally measured and the model-predicted dependence of the atomic fluorine 

concentration on the plasma source pressure for the plasma with 667 sccm NF3+2000 sccm Ar. 

 
Figure 3.26 shows the dependences of the plasma power and the plasma resistivity on 

the plasma source pressure. Increasing the source pressure linearly increases the plasma 

resistivity, and hence increases the plasma power consumption. Higher plasma power 

causes the neutral gas temperature to be higher, shown as the discrete points in Figure 3.27. 

The neutral gas temperature of NF3+Ar plasma was found to be in the range of 2400K - 
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4000K as measured by fitting the rovibrational bands of the natural species N2 in the 

plasma.  

The electron temperature was found to be around 2 eV and decreases slightly with the 

increase of the plasma pressure, as shown in Figure 3.28. Using the actinometry method, 

the atomic fluorine concentration was measured to be in the range of 2µ1015cm-3 to 

1µ1016cm-3 and the concentration increases with the plasma source pressure, as shown in 

Figure 3.29. 
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Figure 3.30 Dependence of the oxide etching rate on the plasma source pressure for the plasma with 

667 sccm NF3 and 2000 sccm Ar. The process chamber pressure was kept at 2 torr. The sample 
temperature was kept at 100oC. 

 
Keeping the process chamber pressure constant, the etching rate of the silicon dioxide 

was found to increase with the plasma source pressure until about 4 torr and then to stay 

about constant, as shown in Figure 3.30. The etching rate was about 800 A/min at 1 torr 

pressure and then increased to about 2000 A/min at 3.5 torr. The saturation of the etching 

rate with the plasma source pressure seems to be contradictive to the higher fluorine 
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concentration as observed in Figure 3.29. The discrepancy will be resolved in section 3.7.3 

with the model calculated molar fraction of the fluorine atoms. 

 

3.7.2 NF3 flow rate dependence 

This section discusses the change of the plasma parameters with the flow rate, 

corresponding to the situation where the etching rate of silicon dioxide saturates with the 

NF3 flow rate as discussed in section 4.5.  

With the process chamber pressure fixed at 2 torr, increasing the NF3 gas flow rate 

(2000 sccm Ar does not change) increases the plasma source pressure and power 

consumption, as shown in Figure 3.31. The neutral gas temperature was found to increase 

with the gas flow rate, from 2200K at 500 sccm flow rate to 4500K at 4000 sccm flow rate.  
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Figure 3.31 Experimentally measured plasma power and the plasma source pressure on the NF3 flow 

rate. The process chamber pressure was fixed at 2 torr. 2000 sccm Ar was always added in the plasma. 
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Figure 3.32 Experimentally measured and model predicted neutral gas temperature on the NF3 flow 

rate. The process chamber pressure was fixed at 2 torr. 
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Figure 3.33 Experimentally measured and model predicted electron temperature on the NF3 flow rate. 

The process chamber pressure was fixed at 2 torr. 
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Figure 3.34 Experimentally measured and model predicted atomic fluorine concentration on the NF3 

flow rate. The process chamber pressure was fixed at 2 torr. 

 
The electron temperature of the NF3 plasma was found to be about 1.8 eV and changes 

slightly with the gas flow rate, as shown in Figure 3.33. The atomic fluorine concentration 

was found to be in the range of 2µ1015cm-3 to 6µ1015cm-3 and increased monotonically 

with the gas flow rate.  

3.7.3 NF3 Plasma Modeling 

The NF3 plasma is also studied with the simplified model as discussed in section 3.6.3. 

The possible inlet gases include NF3, Ar, N2 and O2. The O2 is present for the study of the 

impurity effects. 

 Totally there are 51 species in the plasma phase model and the complete list of all 

particles is shown Table 3.7. The plasma phase particles include the electron, the ions and 

all possible neutral radicals in both the ground state and the metastable state. Examples of 

the ground state neutral particles are NF3, NF2, O, F and OF. Examples of the charge 
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particles are electrons (e or E), N+, F- and N2
+. Examples of the particles at the metastable 

state include O* and Ar*.  

Table 3.7 List of particles in the plasma phase model of NF3+Ar+N2+O2 

Neutral Neutral Charged Charged Meta-stable 

N N2F4 E NF3+ O* 

N2 NFO2 N+ FO+ O** 

NO O N2+ O- O2* 

NO2 O2 NO+ O3- O2** 

NO3 O3 NO2+ O2- AR* 

N2O F2 N2O+ NO2-   

N3 FO O+ NO3-   

NF3 FO2 O2+ F-   

NF2 F2O F+ F   

NF F2O2 F2+ AR   

N2F2 NFO NF+ AR+   

  NFO3 NF2+     

 

There are totally 275 plasma phase reactions and 21 surface reactions considered in this 

NF3 plasma model. The reactions among the molecules like NF3, N2 and O2 in the plasma 

are much more complicated than that discussed in section 3.6.3. Except for the collisional 

excitation to the metastable state in equation (3.17),  the electron collisional excitation in 

equation (3.19), and the electron-ion recombination in equation (3.18), other reactions 

should also be included in the model. The neutral-neutral reactions include the thermal 

dissociation such as 

 3 2NF NF +F→ , (3.29) 

and  

 2 2 3NF +F NF +F→ . (3.30) 
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The ion-neutral reactions include the charge exchange reaction such as 

 + +N  + NF  NF  + N → , (3.31) 

the ion-neutral reaction such as 

 -
2 3O + O   O  + e → , (3.32) 

and the ion-ion neutralization reaction such as 

 - +
3 2F + NF   NF  + 2F → . (3.33) 

The electron related reactions include the collisional dissociation such as 

 3 2e + NF   NF  + F +e→ , (3.34) 

and the ionization of molecules such as 

 +
2 2e + N   N  +2e → . (3.35) 

For the surface reactions, except for the ion recombination and metastable atom quenching 

as discussed in section 3.6.3, the neutral-neutral recombination reaction should be included, 

as shown in the equation 

 surface
2F + F  F → . (3.36) 

The complete list of all the reactions is shown in Appendix B147,156.  

The heat transfer coefficient is determined by fitting the model-predicted neutral gas 

temperature to the experimentally measured, similar to the procedure discussed in Figure 

3.19. With the neutral gas temperature and the measured power shown in Figure 3.26 and 

Figure 3.27, the heat transfer coefficient is determined to be 0.00054 cal/cm2-k-sec for the 

best fit, as shown in Figure 3.32.  

Similar to the experimental measurements, the model-predicted NF3 dissociation 

percentage is about 96%, among which 80% forms N2 and F and the rest forms other 
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species. The model-predicted species in the plasma at the condition of 667 sccm NF3 and 

2000 sccm Ar at 3.3kW are shown in Figure 3.35 and Figure 3.36. The molar fraction of 

the un-dissociated NF3 is found to be about 1.3%. Comparing it to the 33.3% molar fraction 

of NF3 in the NF3/Ar mixture before the discharge, the model-predicted dissociation 

percentage is about 96%. The dissociation percentage, as measured by the FTIR under the 

same condition, was around 98%. The model-predicted NF3 dissociation percentage is 

hence close to the experimentally measured dissociation percentage. Figure 3.35 also 

shows that among the dissociated NF3 molecules, about 80%  forms N2 and F, and the rest 

20% forms NF2, NF, F2 and N2F2.   

The plasma neutrality is well kept in Figure 3.36 and a significant amount of negative 

ions, F-, was predicted in the model. The dominant positive ions in the plasma are Ar+, 

NF2
+ and N2

+ and the dominant negative species is F-. The sum of the positive ions is equal 

to the sum of the negative ions, which guarantees the plasma neutrality. The model predicts 

that the concentration of the F- ion is higher than that of the electron. Although comparable 

concentrations of the F- ion and the electron were predicted in the more rigorous 

fluorocarbon plasma model in standard inductively coupled plasma geometry157, the much 

higher concentration of the F- ion compared to the electron may be a model artifact.   

For the dependences of the neutral gas temperature and the atomic fluorine 

concentration on the source pressure, a reasonable match between the experimentally 

measurements and the model prediction neutral gas temperature is observed, as shown in 

Figure 3.27 and Figure 3.29. Figure 3.28 shows that the model predicted electron 

temperature is quite different from that of the experimentally measured, possibly due to the 
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incomplete consideration of all the excitation mechanisms of the neutral species in the 

plasma. 
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Figure 3.35 Model predicted molar fraction of the neutral species in the plasma of 667 sccm NF3 + 2000 
sccm Ar at the pressure of 2 torr. 
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Figure 3.36 Model predicted molar fraction of the charged particles in the plasma of 667 sccm NF3 + 

2000 sccm Ar at pressure 2 torr. e represents the electrons. 

 

The saturation of the etching rate observed in Figure 3.30 can not be explained by the 

increase of the atomic fluorine concentration shown in Figure 3.29, but by the change of 
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the molar fraction of the fluorine atoms in the plasma source. Since the process chamber 

pressure is fixed, the molar fraction of fluorine atoms coming out the plasma source really 

determines the partial pressure of the fluorine atom in the process chamber, and the etching 

rate of oxide film is then determined by the fluorine atom partial pressure. Therefore, the 

dependence of etching rate on the pressure should be similar to that of the molar fraction of 

the fluorine atoms on the pressure. Figure 3.37 shows that the dependence of the model-

predicted dependence of the molar fraction of fluorine atoms on the source pressure for the 

NF3 + Ar plasma at the conditions specified in Figure 3.26. The gradual saturation of the 

molar fraction of fluorine atoms at higher pressure explains the saturation of the etching 

rate with the plasma pressure. 
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Figure 3.37 Dependence of the molar fraction of the fluorine atoms on the plasma source pressure for 
667 sccm NF3 + 2000 sccm Ar plasma, as predicted by the model 

 

The dependences of  the plasma parameters on the NF3 flow rate are shown in Figure 

3.31 - Figure 3.34. Using the power and the pressure information shown in Figure 3.31, the 

model predicts reasonable neutral gas temperature and electron temperature compared to 
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the experimental measurements. Similar fluorine atom concentration is predicted in the 

model as well.  

The dependence of the predicted molar fraction of the fluorine atom on the NF3 flow 

rate is shown in Figure 3.38. The fluorine atom molar fraction increases by about 2 times 

when the flow rate increases from 500 sccm to 4000 sccm. The increase is very similar to 

the increase of the etching rate at 200oC in Figure 4.20. Hence the model predicted increase 

of the fluorine atom molar fraction reasonably explains the increase of the etching rate at 

200oC. At lower temperature, the continuous increase of fluorine molar fraction does not 

increase etching rate anymore, which is due to the limitation of surface reaction, as 

discussed in section 4.5. 
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Figure 3.38 Dependence of the fluorine atom molar fraction on the NF3 flow rate, as predicted by the 
model. The plasma is always composed of 2000 sccm Ar. The power and pressure information are 

shown in Figure 3.31.  

 

The model was also used to study the effect of impurities in the plasma. For both N2 

addition and O2 addition, no significant change of the electron temperature, density and 
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fluorine atom molar fraction were observed, which is consistent with the weak dependence 

of the etching rate on the impurity flow rate as shown in Figure 4.24. 

3.8 Characterization of Fluorocarbon Plasma 

The neutral gas temperature of the fluorocarbon plasma was measured to be above 

5000K and a linear dependence between the temperature and the plasma power was 

observed, as shown in section 3.8.1. The high neutral gas temperature was justified by the 

power balance calculation. The linear dependence between the neutral gas temperature and 

the plasma power was probably caused by that the conduction to chamber wall and the 

convection were the major energy loss mechanism. The dependence between the neutral 

gas temperature and the plasma source pressure, and the dependence between the neutral 

gas temperature and the oxygen flow rate were believed to be actually reflected by the 

linear dependence of the temperature on the plasma power, as discussed in section 3.8.2. 

Section 3.8.3 discusses the Arrhenius type of dependence between the etching rate and the 

neutral gas temperature, which may indicate the importance of the pyrolysis process in the 

plasma.  

3.8.1 Dependence of the Neutral Gas Temperature on the Plasma 

Power 

The dependences of the neutral gas temperature on the plasma power for three gas 

mixtures are examined. The 333 sccm C2F6 mixture represents 333 sccm C2F6 + 1147 sccm 

O2 + 2520 sccm Ar at the plasma source pressure of 2.7 torr. The 667 sccm C2F6 mixture 

represents 667 sccm C2F6 + 2000 sccm O2 + 1332 sccm Ar at the plasma source pressure of 

2.9 torr. The 1000 sccm C2F6 mixture represents 1000 sccm C2F6 + 3000 sccm O2 + 2000 
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sccm Ar at the plasma source pressure of 3.6 torr. The oxygen to C2F6 ratios in the plasma 

are all kept close to 3:1 and the plasma source pressure are so chosen to keep the 

downstream process chamber at a constant pressure of 2 torr, with the reason explained 

later. 

The plasma power is changed by changing the current set point since the plasma source 

is operated as a constant current source. For each gas mixture, the plasma power is found to 

be linearly dependent on the plasma current. Equation (3.37) shows the relationship 

between plasma power and resistivity for toroidal shape for Ohmically heated plasma, 

                                                    2
tot

L
W I

A
ρ= ,                                                    (3.37) 

 in which totW is the plasma power, I  is the current, L  is the circumference of the toroid 

and A is the cross section. ρ  is the averaged plasma resistivity, which usually has two 

terms as shown in equation (3.14), in which 2K  value for fluorocarbon plasma is estimated 

to be about 5µ10-7 
W-m based on the current available cross-section data158. For a 7 KW 

discharge, the root mean square of the current and voltage is measured to be around 70A 

and 100V. The average plasma resisitivity is about 0.1 W-cm and the calculated Spitzer 

resistivity is about 0.00016 W-cm with an electron temperature of 3 eV. Therefore, the 

majority part of the resistivity is provided by the electron-neutral collision. The electron 

density is estimated to be about 5µ1012cm-3 for 3eV electron temperature and 5000 K 

neutral temperature 

 The relationship between the current and the electron density is shown in equation 

(3.38) 

                                                        e dI n ev A= ,                   (3.38) 
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in which e  is the electron charge, A is the cross section area, and dv  is the electron drift 

velocity in the plasma. Combining equation (3.38) and equation (3.14) with negligible 

Spitzer resistivity, one derives that the plasma resistance is inversely proportional to the 

current. Therefore, according to equation (3.37), the plasma power should be linearly 

proportional to the plasma current.  
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Figure 3.39 Dependence of the neutral gas temperature on the plasma power for three gas mixtures. 
The 333sccm C2F6 mixture represents 333 sccm C2F6 + 1147 sccm O2 + 2520 sccm Ar at the plasma 
source pressure of 2.7 torr. The 667 sccm C2F6 mixture represents 667 sccm C2F6 + 2000 sccm O2 + 

1332 sccm Ar at the plasma source pressure of 2.9 torr. The 1000 sccm C2F6 mixture represents 1000 
sccm C2F6 + 3000 sccm O2 + 2000 sccm Ar at the plasma source pressure of 3.6 torr. 

 

The dependences of neutral gas temperature on the plasma power for the three gas 

mixtures are shown in Figure 3.39. For all three gas mixtures, the neutral gas temperatures 

are found to be in the range of 5000-6500 K and to be linearly dependent on the plasma 

power. In fact, the high neutral temperature helps to explain why a steady glow discharge 

can be sustained at such a relatively high pressure. The ratio between the electric field and 

the neutral density, E/n, under the current pressure and measured neutral temperature is 
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3µ10-16 V-cm2, or the equivalent ratio between the electric field and the pressure, E/p, for a 

neutral gas temperature of 600 K is about 5 V/cm-torr. The values of E/p is large enough to 

be in the range in which steady state discharges can be maintained using negative discharge 

gases like oxygen.159 If the neutral gas temperature were smaller, the effective E/p would 

be much smaller than required to maintain a steady state discharge. 

A back of the envelope calculation can be used to justify the measured neutral gas 

temperature and explain the dependence between the neutral gas temperature and plasma 

power. For the plasma as a whole, the input power ( inputW ) should be dissipated in at least 

the following four channels: dissociation of neutrals ( dissW ), ion creation/loss through 

plasma sheath to the chamber wall ( ionlossW ), convection of thermal energy by flow from the 

torroid ( convW ), and conduction of thermal energy from the plasma to the chamber wall 

( condW ), as shown in equation  

                                       input diss ionloss cond convW W W W W= + + + .                                 (3.39) 

A gas mixture of 667 sccm C2F6, 1333 sccm O2 and 2000 sccm Ar at pressure of 3 torr 

will be used as an example for this calculation. At input power of 7 kW, the measured 

neutral gas temperature is about 5700 K, as shown in Figure 3.39.  

The dissociation energy is estimated to be about 2.1 KW, assuming complete 

dissociation occurs for the gas mixture to form C, F, O and Ar atoms. The dissociation 

power was calculated by summing up the energy necessary to break all the chemical bonds 

of the molecules entering the system per unit time. For the gas mixture under study, the 2.1 

KW power dissociation power does not depend on neutral temperature assuming complete 

dissociation.  
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The power dissipation due to ion creation/loss to the chamber wall is estimated to be 

2.1 KW. It can be calculated in the following equation 

1
21

exp( )
2

e
ionloss s e loss

i

T
W An E

M

 
= −  

 
,                                 (3.40) 

which is product of ion flux through the sheath91 and average energy for the ions. sA  is the 

surface area, en  is the electron density and estimated to be 5µ1012 cm-3, eT  is the electron 

temperature and estimated to be 3 eV by the calculated E/p value. lossE  is the average 

energy loss per ion.  In the torroidal discharge, the chamber wall potential varies along the 

length of the metallic segment and equals the fraction of the single loop voltage that the 

segment encompasses.  The average ion bombardment voltage is assumed to be 

approximately the average of the sheath potential along the segment.  The estimated energy 

loss then is the sum of the ionization energy (~17 eV) and the average sheath potential (the 

plasma loop voltage divided by eight: 100V/8 since the torroid is constructed of four 

pieces), or about 30 eV. Based on the 30 eV per ion energy consumption, the power 

dissipation by ion loss is calculated to be 2.1 KW. When plasma power increases, the 

electron density will increase, which will increase the power dissipation through ion loss. 

The power loss due to convection, convW , is estimated to be 1.0 KW. It can be 

calculated simply by  

( )conv p g inletW MFR C T T= × × − ,                                   (3.41) 

in which MFR stands for mass flow rate, pC  is the heat capacity, gT  is the neutral gas 

temperature and inletT  is the inlet gas temperature, usually around 300 K. The calculation 
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yields about 1 KW power loss at 5700 K neutral gas temperature and it is proportional to 

the neutral gas temperature. 

 The conducted power to the wall, condW , is estimated to be 1.7 KW at neutral 

temperature 5700 K. condW  can be calculated in equation (3.42) 

                                              g w
cond T s

eff

T T
W A

L
κ

−
= ,                                           (3.42) 

in which Tκ  is the thermal conductivity of the plasma, wT  is the temperature of the 

chamber wall and effL  is the characteristic length scale and set to 1.25 cm as the radius. 

Notice Tκ  is proportional to the square root of neutral gas temperature divided by neutral 

mass and the reported value in standard condition should be adjusted to the current 

temperature. An average neutral particle mass of 40 a.m.u. was used. For the current 

neutral temperature, this conduction power loss is about 1.7 KW and it is approximately 

proportional to the neutral temperature. With cooling water flow rate at 3 gallon per 

minute, 1.7 KW causes the cooling water temperature to rise by less than 5o. Therefore, 

the high gas temperature and hence high heat flux to the chamber wall should be well 

handled. 

The power loss through heat conduction to the wall can be justified by the spatial 

dependence of the neutral temperature.141 Figure 3.16 shows the dependence of the neutral 

gas temperature of Argon plasma on the distance from the center of the cross section. The 

Ar plasma is generated by activating 2000 sccm Ar gases at 1 torr with 1.6 KW power. A 

“parabolic’ shape is observed, as would be expected from a system with heat conduction 

taking an important role. 
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The four power losses add up to be around 6.9 KW, which is close to the input power 

7.0 KW. The reasonable balance between the total input power and the total power 

dissipation serves as a good indicator that the measured neutral gas temperature is 

reasonable in the current plasma with high power densities. 

Calculation of the neutral heating power can be understood by considering the heating 

mechanisms of the neutrals. Electron - neutral elastic collisions, inelastic collisions or ion-

neutral collisions (incl. charge exchange). The electron-neutral collision frequency is about 

800 MHz,7 and the heating of neutrals due to elastic collision only contributes about 20 

watts. Therefore, the majority heating of the neutrals likely comes from the translationally 

and vibrationally hot products created by dissociation and dissociative ionization. Due to its 

complicity of the plasma, and the lack of well-measured cross section data the amount 

translationally/vibrationally hot product heating cannot be computed, however such heating 

could be of order 50% of the sum of the dissociation power ( dissW ),and ionization power 

( ionlossW ). This percentage can be justified by comparing the threshold energy of 

dissociation and the energy to break the bond in fluorocarons. For example, the electron 

impact dissociation threshold is 13.6eV for C2F6,
158 while the energy necessary to break a 

C-C bond or C-F bond is 3.6 and 5.0 eV respectively.  Typically only one or two bonds are 

broken as a result of a single electron impact process. The remaining energy will in large 

part be converted to translational and, vibration energy. For this process, of the order of 

50% of the dissociation excitation energy will be converted to translational and vibrational 

energy of the neutral.  Two body collisions rapidly equilibrate the translationally hot 

neutrals with the other neutrals, producing bulk heating of the gas.  The equilibration of the 

vibrational energy typically requires three body collisions, therefore the cooling of the 
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vibrationally hot species is slower and not necessarily in equilibrium with the translational 

temperature; however, it serves as a source of heating to the translational temperature of the 

neutrals. Hence it is reasonable that the power of neutral heating is about 2.5 kW, which is 

close to the sum of the convection energy loss and the conduction energy loss. The 

comparison between the heating power to neutrals and power taken away by conduction 

and convection further justifies the measured high neutral temperature. 

When plasma power increases, if still assuming complete dissociation, the electron 

density and neutral temperature will both increase to cause more power dissipation through 

ion loss and convection/conduction. Since convection and conduction represents about 40% 

of the energy dissipation and they are both linearly proportional to the neutral gas 

temperature, the neutral gas temperature should be almost linearly dependent on the plasma 

power, as observed in Figure 3.39. The linearly dependence is not strict since more power 

will be lost through ion loss when power is increased and hence the neutral temperature 

should exhibit a sublinear dependence. Closer inspection of the residuals of linear fit 

suggest that there is some sublinear curvature to the data, consistent with this conclusion.  

However, this curvature is mostly contained within the confidence limits of the data. 

Furthermore, the linear fitting lines for 333 sccm and 667 sccm mixtures are found to 

be parallel to each other while the linear fitting line for 1000 sccm seems to be different 

from them. This may be because that the gases are completely dissociated for 333 sccm and 

667 sccm while not so complete for 1000 sccm, as observed by the mass spectrometer 

measurements carried out at the same time. Therefore, the gas composition in 1000 sccm 

will be different from that of 333 and 666 sccm gas mixtures, which causes a different 

power dependence of the neutral gas temperature. 667 sccm gas mixtures have lower 
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temperature than 333 sccm gas mixtures at the same power level simply because more 

gases need to be dissociated and heated. 

3.8.2 Dependence of the neutral gas temperature on the plasma 

pressure and the oxygen flow rate for C2F6 plasma 

Both the oxygen flow rate and the plasma source pressure affect the plasma behavior. 

Figure 3.40 shows the change of power and the neutral gas temperature as the oxygen flow 

rate and the source pressure change. The plasma is composed of 667 sccm C2F6, 3000 sccm 

Ar, and three flow rates of O2 are used: 1239 sccm, 1556 sccm and 2000 sccm. The plasma 

source pressure is changed between 2.5 torr and 6 torr and the plasma current is fixed. 

The plasma power is found to be a strong linear function of the plasma source pressure 

and a weak function of the oxygen flow rate. This can be explained by the change of the 

plasma resistivity. For the same gas mixture, an increase in pressure will cause an increase 

of the neutral density due to the ideal gas law. Other things equal, the resistivity of the 

plasma will increase, as shown in equation (3.14). Hence the power consumption should 

linearly increase with pressure, as observed in Figure 3.40 (a). Under the same pressure, 

changing the O2 flow rate causes little change in the plasma power. Although changing O2 

flow causes plasma components to change, all these changes will be reflected in a small 

change of the parameter 2K  in equation (3.14) due to the changes in the collisional cross 

section. 
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Figure 3.40 Dependence of plasma power and the neutral temperature on the plasma source pressure 

for three different O2 flow rate.  (a) Dependence of plasma power on plasma source pressure. (b) 
Dependence of the neutral gas temperature on plasma source pressure.  
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Figure 3.41  Dependence of neutral gas temperature on plasma power for different O2 flow rate and 

pressure 

 
The dependencies of the neutral gas temperature on the source pressure and the O2 flow 

rate is shown in Figure 3.40(b) and it is found that the neutral gas temperature linearly 

changes with source pressure and changing O2 flow rate has some effects on temperature as 

well. By combining the data from Figure 3.40(a) and Figure 3.40(b) and plotting the 

dependence of the neutral gas temperature on the plasma power, a good linear dependence 

is found between the neutral gas temperature and the plasma power, as shown in Figure 

3.41. This demonstrates that for a constant current plasma source like the current one, the 

major dependence between neutral gas temperature and plasma condition is reflected 

through the dependence on the plasma power. 

3.8.3 Dependence of the etching rate on the neutral gas temperature 

The information of the neutral temperature is useful for understanding some of the 

formation process in the plasma. Figure 3.42 shows the dependence between the etching 
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rate of silicon dioxide sample in the down stream process chamber and the neutral gas 

temperature. The sample is a square-shaped with an area of 2.2 cm2 and the sample 

temperature is controlled at 100oC by good contact with the sample holder. Etching rate is 

found to be a strong function of both sample temperature and process chamber pressure for 

a given rate of fluorine atom production from the plasma source. This is because the pure 

chemical etching strongly depends on the concentration of the fluorine atoms above the 

sample in the process chamber. This is why the specific plasma source pressure is chosen 

in the three mixtures of Figure 3.39 to guarantee a constant pressure in the process chamber 

of 2 torr. 
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Figure 3.42 Dependence of the logarithms of etching rate on the inverse neutral gas temperature.  

 
With the same process chamber pressure and the same sample temperature, the etching 

rate is believed to be proportional to the fluorine atom production rate from the plasma 

source. For the three gas mixtures we studied in this paper, Figure 3.42 shows that the 

etching rate has an Arrhenius dependence on the neutral gas temperature. Therefore, the 
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fluorine production rate in the plasma source exhibits an Arrhenius dependence on the 

neutral gas temperature. 

The Arrhenius type of dependence between the fluorine production rate and the neutral 

gas temperature may indicate the importance of the pyrolytic dissociation in our plasma, 

which can be judged by comparing the residence time of the neutral and the relaxation time 

for pyrolytic dissociation. C2F6 can be pyrolyticcally dissociated to two CF3 radicals or one 

CF2 plus one CF4 radicals. Burgess et al measured the reaction rate of recombination of two 

CF3 radicals and CF2 plus CF4 radicals at neutral temperatures less than 2000 K.160 

Combined with the thermodynamics data provided by NIST, the pyrolytic dissociation rate 

of C2F6 can be estimated. When the neutral temperature is 1000 K, the residence time is 6 

ms while the relaxation time, the characteristic time for C2F6 dissociation, is about 60s. The 

relaxation time is so much larger than the residence time that the pyrolytic dissociation 

cannot play an important role, in most fluorocarbon plasma like those used for dielectric 

etching in which the major dissociation mechanism is the electron collisional dissociation. 

However, when the neutral gas temperature is 2000 K, the residence time is about 3 ms 

while the relaxation time is as small as 200 ns. In this case, the pyrolytic dissociation might 

be significant.  Although these estimates for the reaction rate are crude, they clearly suggest 

the importance of pyrolytic decomposition at the neutral temperatures that exist in this 

reactor.  Given that the neutral gas temperature is close to 6000 K in our plasma, the ratio 

between the relaxation time and the residence time will even be smaller, although no 

reliable reaction rate data is available for this temperature range. Nevertheless, the 

comparison between the residence time and the dissociation time clearly shows the 

importance of the pyrolytic process. 
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This suggested importance of pyrolytic dissociation may impact our previous power 

calculations based on electron collisional dissociation. Present data suggests that both 

collisional dissociation and pyrolytic dissociation will play important roles in forming the 

plasma, but does not identify which is more important. Actually, as measured by Fourier 

Transformed Infrared Spectroscopy at the exhaust of the dry pump, the dissociation 

percentage of C2F6 is more than 98%. Furthermore, it is still not well understood why the 

etching rate and the neutral gas temperature have the Arrhenius type of dependence if the 

fluorocarbon gases are complete dissociated, but could suggest the incomplete dissociation 

of fragments of C2F6 It is also unknown, although interesting to observe, why the linear 

fitting line is parallel to each other for 333 and 667 sccm gas mixtures, while the linear 

fitting line of the 1000 sccm gas mixture seems to be significantly different.  

3.9 Summary 

This chapter characterized the plasma formed in the Transformer-Coupled Toroidal 

Plasma source. 

This work was the first measurement of the neutral gas temperature of a toroidal 

geometry with the high power density as that in the TCTP. The neutral gas temperature of 

an argon plasma was found to be around 2000K, by fitting the rovibrational bands of 

diatomic molecules like N2 to obtain its rotational temperature. Assuming that the rotational 

mode and the translational mode are in equilibrium since the discharge pressure is high and 

energy is rapidly exchanged by two-body collision, the Ar neutral temperature is the same. 

When the neutral gas temperature is measured by fitting the added N2 gases, less than 1% 

N2 should be added as the trace gas to measure the neutral gas temperature in the argon 

plasma, since the perturbation of the Ar plasma was found to be significant with higher 
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flow rate of the added N2. The fitted temperature was found to depend neither on the 

optical resolution nor on the selection between one single band and a band series, as would 

be expected. 

This chapter also discusses the first reported application of the Swan bands of the C2 

molecule ( 3 3
g ud aΠ → Π ) in determining the neutral gas temperature of the fluorocarbon 

plasma. The neutral gas temperature measurements using C2 molecules were validated by 

comparing temperature measurements made using the rotational spectra of N2 added to the 

discharge.  Sufficient C2 molecules were formed in a discharge formed from mixtures of 

C2F6, O2 and Ar at high power densities (15W/cm3) to allow temperature measurements. 

The high plasma pressure was sufficient to equilibrate the rotational modes of the excited 

states of C2 and the translational modes of both the N2 and C2 neutral gases. 

The characterization of the argon plasmas formed in a gas mixture of 2000 sccm argon 

at the pressure of 2 torr and the power density of about 5.5 W/cm3 found that the electron 

temperature, the electron density and the neutral gas temperature to be about 2 eV, 

6.0µ1012cm-3, and 1700K, respectively. Experimentally, the spatial profile of the neutral 

gas temperature was found to be parabolic across the plasma toroidal cross-section with the 

maximum rather than at the mid-point of the cross-section, nearer the center of the toroidal 

loop, due to the higher electrical field, and thus, heating rate nearer the center of the 

toroidal loop center. The neutral gas temperature seemed to have a logarithmic dependence 

on the source pressure, similar to other observations in the literature. A simplified global 

plasma model was constructed and included the heating of the electron gas by a uniform 

electric field, the loss of energy from the gas to determine the electron temperature, ion and 

electron losses at surfaces, and formation and loss of species by the electron impact and 
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surface recombination.  A good match of the pressure dependence of the electron 

temperature was found between the model prediction and the experimental results. The 

model further predicted that the neutral gas temperature and electron density dramatically 

increases with the plasma power, while the electron temperature changed little. 

A NF3 plasma, formed with a gas mixture of 667 sccm NF3 and 2000 sccm Ar at the 

power density of 10W/cm3 and at the pressure of 2 torr had a neutral gas temperature, a 

electron temperature and an atomic fluorine concentration of about 2700oK, 1.7 eV and 

3µ1015cm-3, respectively. A global plasma model with 51 plasma phase species, 272 

plasma-phase reactions and 21 plasma-surface reactions was constructed. The experimental 

measured and the model predicted dissociation percentages of NF3 were both found to be 

around 97%, among which 80% formed N2 and F atoms and the rest forms some other 

species. The atomic fluorine concentration was found to linearly increase with the plasma 

source pressure, as both measured in the experiments and predicted in the model. The 

model also predicted that the dissociation to form fluorine atoms increased with pressure 

and saturated at 4 torr. This is consistent with the observation that the etching rate of the 

oxide film, in a constant process chamber pressure, increased with the plasma source 

pressure until about 4 torr and then stayed constant. The model predicted the molar fraction 

of fluorine increases with the increase of the NF3 flow rate in the gas mixture of NF3 and 

argon, which explains the dependence of the etching rate on NF3 flow rate in the process 

chamber with the pressure fixed and the etching rate in the non-saturated regime. 

The translational/rotational neutral gas temperature of the fluorocarbon plasma was 

measured to be above 5000K and a linear dependence between the temperature and the 

plasma power was observed. The high neutral gas temperature was justified by the power 
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balance calculation. The linear dependence between the neutral gas temperature and the 

plasma power was probably caused by that the conduction to chamber wall and the 

convection, both of which are exhibit linear relations between power loss that gas 

temperature. The dependence between the neutral gas temperature and the plasma source 

pressure, and the dependence between the neutral gas temperature and the oxygen flow rate 

were believed to be actually reflected by the linear dependence of the temperature on the 

plasma power. A power balance calculation found that for the 7kW power entered the 

plasma with 667 sccm C2F6, 1333 sccm O2 and 2000 sccm Ar at the pressure of 3 torr, the 

power used for the dissociation was about 2.1 kW; the power taken away by the convection 

was about 1.0kW; the power dissipation due to the ion creation and loss to the chamber 

wall was about 2.1 kW; and the power conducted to the chamber wall by the neutrals was 

about 1.7 kW. An Arrhenius-like of dependence between the etching rate and the neutral 

gas temperature was observed, which suggests the importance of the pyrolytic dissociation 

in the plasma.  
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Chapter 4 Experimental Study of Plasma–Surface 
Interactions Using the Remote Plasma Source 

 

4.1 Introduction 

Plasma-surface interactions using the TCTP remote plasma source are studied by 

measuring the etching rates as a function of species concentrations and analyzing the 

correlations of these measures as well as the time responses of the system to changes. The 

etching rate was measured using the interferometry, the species concentration in the 

processing chamber was measured using the mass spectrometer, and the stable gas species 

in the exhaust were measured using the FTIR. In addition, the surface topology and 

elemental composition were measured using the AFM and the XPS.  

Five topics related to plasma-surface interactions are discussed in this chapter. Section 

4.2 discusses the enhancement of the silicon and silicon dioxide etching rates by surface 

treatment with nitrogen containing gas addition in the remote fluorocarbon plasmas. 

Nitrogen surface treatment was shown to block the surface recombination to form COF2 

and favoring the formation of CO2, thereby increasing the fraction of atomic fluorine 

available for processing. For the first time, the formation of COF2 was shown to cause the 

etching rate of oxide films in remote fluorocarbon plasmas to typically be one half of that 

in the nitrogen trifluoride plasma for the same atomic fluorine content of feed gas flow. 

The nitrogen surface treatment was developed and increased the oxide etching rates to the 

point that the rates were equivalent to that of NF3.  

With the enhancement, the etching rate of SiO2 in fluorocarbon mixture was found to be 

comparable to that of NF3 for the same amount of elemental fluorine flow rate. 
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Fluorocarbon gases were examined extensively in the past to replace the NF3 with little 

success because the etching rate using the fluorocarbon plasma was found to be much 

smaller than that of using the NF3 plasma.161 The lower etching rates were associated with 

the incomplete dissociation of the fluorocarbon gases. Our work demonstrated that the 

lower etching rates observed using fluorocarbons was not caused by incomplete 

dissociation, but was caused by fluorine consumption to form COF2. With nitrogen 

addition which blocked the surface recombination to form COF2, the etching rates were 

approximately doubled; i.e., with N2 addition to a feed gas mixture of perfluorocarbon (CF4, 

C2F6, C3F8 and C4F8), oxygen, and argon.  

Section 4.3 discusses the replacement of the nitrogen trifluoride by the fluorocarbon 

gases for the remote plasma processing. Fluorocarbon gases were shown to be suitable in 

replacing the nitrogen trifluoride for the remote plasma cleaning of chambers by their 

comparable etching rates, the low global warming gas emissions and the clean surfaces 

after processing. The emissions of the global warming gases from the remote plasma 

process must be low for the environmental protection. Fluorocarbon gases are more 

difficult to dissociate in a discharge, thereby creating fluorocarbons in the exhaust gas 

emissions.  In addition, fluorocarbon dissociation moieties can recombine to form species 

such as CF4 which can be found in the exhaust emissions. The emissions of fluorocarbon 

global warming gases were found to be low in the remote processing with fluorocarbon 

plasma under desirable operating conditions, as discussed in section 4.3.1. The surface 

exposed to fluorocarbon remote plasma cleans under desirable conditions was shown to be 

free of carbon contamination, as discussed in 4.3.2. In the past, it was believed that 

fluorocarbon remote plasma cleans produced “polymer” depositions that require more 



 171 

frequent wet cleans to remove.161  The propensity of fluorocarbon cleans to deposit 

“polymers” occurs to a greater extent in remote cleans in which no ion bombardment 

occurs during the cleaning.  These observations dissuaded the industry from developing 

industrial processes based on fluorocarbon feed gases.  

Section 4.4 discusses the dependence of the etching rate of the silicon dioxide on the 

operation parameters using the remote fluorocarbon plasma.  The following silicon dioxide 

etching rate dependences on the operational parameters using the remote fluorocarbon 

plasma were found 1) that the dependence of the etching rate on the oxygen percentage is 

related to COF2 formation, 2) the etching rate increases with the power when the 

dissociation is not complete, and 3) the etching rate has an Arrehnius dependence on the 

wafer temperature. Understanding these dependences not only increases the fundamental 

knowledge of the remote processing, but also helps find the optimal operation condition for 

the fluorocarbon gas mixtures in the practical applications.  

Section 4.5 discusses the saturation of the etching rate of the silicon dioxide with the 

partial pressure of fluorine atoms.  At high F atoms concentrations, the saturation of the 

etching rate was observed and characterized as a function of temperature and partial 

pressure of atomic fluorine. This was the first time in which such a saturation was observed 

for oxide etching in atomic fluorine.  

Two regimes were observed in the dependence of the etching rate of oxide on the total 

flow rate of NF3: 1) the linear regime in which the etching rate varied linearly with NF3 

flow rate (and thus partial pressure of F atoms), and 2) the saturation regime in which the 

etching rate was independent of the atomic fluorine partial pressure. In the saturation 

regime the extent of F adsorption on the surface approaches its saturation limit and the 
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etching rate is limited by the surface reaction of the adsorbed F with the surface.    In the 

linear regime, the etching rate is primarily limited by the extent of surface F adsorption.  

Assuming that the extent of F adsorption is in equilibrium with the partial pressure of F in 

the gas, the etching rate is proportional to the partial pressure of F in the gas phase. 

Section 4.6 discusses the different effects of the additive gases on the etching rates of 

the silicon dioxide film and the silicon nitride film which were found to be very different. It 

is commonly believed that the gas impurities affect the etching rate of the downstream film, 

which drives the industry to pursue high gas purities; e.g., up to 99.999%. The use of lower 

gas purities could reduce the cost of the gas production. Impurities in the NF3 gases were 

typically found to increase the power consumption and the neutral gas temperature of the 

plasmas, but not to change the etching rate of the silicon dioxide. However, the addition of 

O2 in NF3/Ar and the addition of N2 in C2F6/O2/Ar or SF6/O2/Ar were found to dramatically 

increase the etching rate of the silicon nitride. The enhancement may be caused some other 

mechanisms other than NO assistance48-50,162-164, which requires further investigation. 

4.2 Silicon and Silicon Dioxide Etching Rate Enhancement by 

Nitrogen Containing Gas Addition in Remote Fluorocarbon 

Plasma  

 
Among common gases used for plasma processing, nitrogen is known for its capability 

to modify the plasma-surface interactions. Generation of atomic oxygen is strongly 

enhanced in the presence of nitrogen in the oxygen discharges,165  and nitrogen addition in 

the remote plasma source for the atomic fluorine production can increase the etching rate of 

silicon nitride by seven times.50  
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This section reports the doubling of SiO2 etching rates with N2 addition to 

perfluorocarbon (CF4, C2F6, C3F8 and C4F8), oxygen, and argon mixtures. The Fourier 

Transformed Infrared Spectroscopy (FTIR), Mass Spectrometer (MS), Optical Emission 

Spectroscopy (OES) and X-ray Photoelectron Spectroscopy (XPS) were used to determine 

the mechanism of the etching rate enhancement. The experimental apparatus is shown in 

Chapter 2.  

It was found that the addition of 2.5% and 5% N2 doubled the etching rate, as the CO2 

increased and the COF2 decreased in the exhaust gas. Figure 4.1 shows the time series of 

the SiO2 etching rate and the gas concentration at the pump exhaust. Feed gas mixtures 

composed of 250 sccm C4F8, 1750 sccm O2 and 2000 sccm Ar were activated by 9 kW of 

power at a pressure of 2 torr. The etching rate of SiO2 doubled, going from 700 

Angstroms/min to about 1400 Angstroms/min with both 100 and 200 sccm N2 addition. 

The concentration of CO2 and COF2 without N2 addition was 35,000 ppm with no C4F8 or 

CF4 observed in the exhaust, indicating complete dissociation of the fluorocarbons. With 

N2 addition, the COF2 concentration dropped to 11,000 ppm and the CO2 concentration 

increased up to 46,000 ppm while the etching rate was doubled. The etching rate and the 

exhaust gas concentrations were stable while N2 was added, and upon termination, slowly 

returned to the levels before N2 was introduced.  

The dramatic increase of fluorine atom generation in the plasma source is not possible 

since the high power density (>15W/cm3) in the plasma source causes near full dissociation 

of the feed. The concentrations of fluorine and oxygen atoms in the plasma source were 

measured by argon actinometry.166 Figure 4.2 shows the comparison of the spatial 

resolution of Ar spectral line at 7504 Å wavelength with and without N2 addition. The ratio 
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of F (7037Å) over Ar (7504Å) and the ratio of O (8446Å) over Ar (7504Å) did not change 

when N2 was added. Furthermore, the electron temperature, as measured by the relative 

ratios of Ar spectral lines95 and the neutral gas temperature, as measured by rovibrational 

band fitting139, did not exhibit any change when N2 was added.  

The residence time of gas in this system is approximately 100 milliseconds, while the 

characteristic relaxation time of the COF2 and CO2 is of order 10 minutes.  Gas phase 

reactions for the loss of COF2 and CO2 which cannot be longer than the gas residence time 

in this system cannot explain these long transients.  Therefore, the effect of N2 addition 

must be associated with surface modifications that alter the surface formation of COF2 and 

CO2.  

It is also unlikely that new species are formed to change the etching chemistry. 

Although it is commonly believed that addition of N2  generates NO molecules to remove 

the N atoms from Si3N4 film and increase the etching rate167,168, no NO was observed in the 

FTIR or mass spectrometer and NO is not known to enhance the etching rate of SiO2 and Si. 

XPS experiments observed no nitrogen on both SiO2 and Si samples either.  
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Figure 4.1 Time series of (a) etching rate and (b) exhaust gas concentration (FTIR) during the 

experiment with N2 addition in a gas mixture of 250 sccm C4F8, 1750 sccm O2 and 2000 sccm Ar. Gas 
mixture of C4F8, O2 and Ar were added and ignited at time 50s, the pressure of the plasma source was 

adjusted to 2 torr at time 250s, then 100 sccm N2 was added in at time 720s and stopped at 1280 s. Later, 
200 sccm N2 was added and stopped at 2000 s and 2780 s. 
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Figure 4.2 Spatial Dependence of peak intensity at 7504 Å with and without N2 addition. Position zero 
represents the center of the plasma source chamber. The optical system is not perfectly aligned with the 

axis of the chamber, which may cause the observed nonsymetry. 

 
The authors believe that it is the N-containing species chemisorb on the reactor and 

transfer tube walls, blocking the sites necessary for heterogeneous surface recombination 

process. We proposed that the blocked sites reduce this or another recombination reaction 

for COF2 formation 

 22CO F COF+ + ∗ → + ∗ , (4.1) 

thereby favoring of  the formation of  CO2  

 2** **CO O CO+ + → + . (4.2) 

Alternatively, the concentration of atomic oxygen could be modified by nitrogen species 

blockage of surface sites for O atom loss, thereby increasing the concentration of O atoms. 

The resulting higher O atom concentration would favor the production of CO2 over COF2.  

However, greater O2 feed gas flow rates did not exhibit remarkably greater etching rates 

which would be expected with this alternative mechanism.  Additionally, as measured by 
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the mass spectrometer with N2 addition, the concentration in the chamber of O atoms does 

not change and O2 decreases. 

The reduction of reaction (4.1) results in more fluorine atoms being transported to the 

process chamber and increasing the etching rate of both SiO2 and Si since both are typically 

limited by the fluorine atom flux to the surface.27 As shown in Figure 4.1(b), when the flow 

of N2 is stopped, the chemisorbed N species are gradually desorbed over a time of order 10 

minutes, thereby increasing the formation of COF2 resulting in a gradual decrease in the 

etching rate. This argument is supported by the observation that greater additions of N2 did 

not change the COF2 concentration or the etching rate.  

Based on this understanding, any method that preferentially blocks the surface 

recombination sites for COF2 should have a similar effect. It is well known that the 

material and geometry of the transfer tube can change the surface recombination.168 For 

example, fluorine recombination is more rapid on aluminum surface than on Teflon. We 

deposited a fluorocarbon layer (similar to Teflon) on the transfer tube by stopping the O2 

flow rate for a few seconds to create fluorocarbon fragments that can deposit on the walls; 

as seen in Figure 4.3. When the oxygen flow rate was shut off for two seconds and then 

restarted, the COF2 concentration decreased abruptly and the CO2 concentration increased. 

The etching rate also doubled at the transient shut off of the O2 flow rate. With time the 

etching rate slowly decreased, and the COF2 and CO2 concentration returned to their initial 

values, as the fluorocarbon film was etched exposing the blocked recombination sites. 

However, N2 addition is preferable since a steady condition can be maintained with 

continuous N2 addition and no film is deposited on the chamber wall. 
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Figure 4.3 Time series of (a) etching rate and (b) exhaust gas concentration (FTIR) during the 

experiment of transient O2 shut off. A gas mixture of 250 sccm C4F8, 1750 sccm O2 and 2000 sccm Ar 
were ignited at time -800s, and the pressure was adjusted to 2 torr at time, 600 s. At time zero, the O2 

flow rate was shut off for 2 second and re-opened. Finally the plasma and gases are turned off at time 
450 s.   

Another proof of the proposed mechanism is the line-of-sight MS measurement directly 

on the process chamber. Figure 4.4 shows the change of the spectra when 50 sccm N2 is 

added in to a gas mixture of 667 sccm C2F6, 1333 sccm O2 and 2000 sccm Ar. The 

intensities of these peaks were adjusted by the sensitivity of mass filter and multiplier, but 

not for the difference of the ionization cross section. Both COF2
+ and COF+ peaks 
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decreased while CO2
+ and CO+ peaks increased with N2 addition, consistent with the 

observed COF2 decrease and CO2 increase by FTIR. The atomic fluorine concentration 

increased when N2 was added, consistent with increase of etching rate of SiO2 or Si 

samples in the process chamber.  
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Figure 4.4 Comparison of ion species concentration with or without N2 addition in the plasma of 667 
sccm C2F6, 1333 sccm O2 and 2000 sccm Ar, as measured by mass spectrometer. 

 

Since the effect of N2 addition is to block the surface recombination sites, addition of 

more N2 should not further increase the etching rate. Figure 4.5 shows the effects of the 

addition of different amount of N2 in 667 sccm C2F6, 1333 sccm O2 and 2000 sccm Ar 

mixture. It can be seen that the etching rate increased and then leveled off after 100 sccm 

N2 addition and the COF2 concentration decreased sharply and then kept constant after 100 

sccm N2 was added.  

Figure 4.1 and Figure 4.3 also explain why the etching rate of oxide with fluorocarbon 

chemistry is usually much worse than that of nitrogen fluoride. For a nitrogen trifluoride 

gas mixture with the same total flow rate and the same elemental fluorine flow rate (667 
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sccm NF3 + 3333 sccm Ar), the etching rate was about 1400 Å/min. The etching rate of 

oxide using the fluorocarbon gas mixture was about 700 Å/min without N2 addition, which 

was only about one half of that of the NF3 mixture. The reason is because much of the 

fluorine is in COF2 form without N2 addition, which reduces the fluorine atoms that is 

released to the downstream process chamber.  
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Figure 4.5 Dependence of etching rate of SiO2 and COF2 concentration in the exhaust gas on the added 

N2 flow rate in plasma composed of 667sccm C2F6, 1333 sccm O2 and 2000sccm Ar. 

 

The increase of the etching rate and decrease of COF2 were found to be common 

phenomena for N-containing gases such as N2, NO and NF3 in to the mixtures of argon, 

oxygen and all perfluorocarbon gases like CF4, C2F6 and C3F8. Similar increase of etching 

rate is observed during silicon etching. 
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Figure 4.6 Time series of (a) exhaust gas concentration(FTIR)  and (b) etching rate during the 
experiment with N2 pretreatment in a gas mixture of 250 sccm C4F8, 1750 sccm O2 and 2000 sccm Ar. 

The pretreatment gas mixture composed of 100 sccm of N2 and 2000 sccm of Ar.  The process chamber 
pressure is 2 torr.  The mounting with SiO2 surface deposits on it was controlled at 100 oC.  

 
The pretreatment of the surface by N2 allows the etching of oxide film to start at a high 

etching rate, as shown in Figure 4.6, the time series of (a) the etching rate and (b) the 
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exhaust gas concentration (FTIR) during the experiment with the N2 pretreatment in a gas 

mixture of 250 sccm C4F8, 1750 sccm O2 and 2000 sccm Ar. The pretreatment gas mixture 

composed of 100 sccm of N2 and 2000 sccm of Ar.  It was activated at the 100 seconds for 

3 seconds. The SiO2 surface deposit was put on the mounting with the temperature 

controlled at 100oC.  With the pretreatment gas mixture still flowing, the cleaning gas 

mixture composing of 1750 sccm O2, 250 sccm Zyron® 8020 (C4F8) was added in. The 

process chamber pressure was 2 torr.  The emission gases of C4F8, CO2, and COF2 were 

monitored by FTIR and are shown in (a). After the pretreatment, the etching rate started at 

a high level, as shown in (b), and the COF2 emission was low. With the N2 still available in 

the gas mixture, the system was kept in a high etching rate state. When removing N2 from 

the system, the etching rate dropped slowly and the COF2 emission increased slowly.  At 

the time of 1850 seconds, 100 sccm N2 was added to the feeding gas again.  As a result, the 

etching rate jumped up, the COF2 emission dropped and the CO2 emission increased 

immediately.  The power was turned off at 3160 seconds. 

In conclusion, the addition of 3% N2 in perfluorocarbon, oxygen and Ar mixtures was 

found to double the etching rate of SiO2 and Si in downstream chemical dry etching. For 

the first time, the formation of COF2 was shown to cause the etching rate of oxide films in 

remote fluorocarbon plasmas to typically be one half of that in the nitrogen trifluoride 

plasma for the same atomic fluorine content of feed gas flow. The nitrogen surface 

treatment was developed and increased the oxide etching rates to the point that the rates 

were equivalent to that of NF3. Nitrogen surface treatment was shown to block the surface 

recombination to form COF2 and favoring the formation of CO2, thereby increasing the 

fraction of atomic fluorine available for processing. A surface mechanism for these 
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phenomena is confirmed by the long system relaxation time to the lower etching rate state 

after N2 flow has been terminated, approximately 5 orders of magnitude longer than the 

residence time of any gas within the system. With the enhancement, the etching rate of 

SiO2 in the fluorocarbon mixture was found to be comparable to that of NF3 for the same 

amount of elemental fluorine flow rate. Fluorocarbon gases were examined extensively in 

the past to replace the NF3 with little success because the etching rate using the 

fluorocarbon plasma was found to be much smaller than that of using the NF3 plasma.161 

The lower etching rates were associated with the incomplete dissociation of the 

fluorocarbon gases. Our work demonstrated that the lower etching rates observed using 

fluorocarbons was not caused by incomplete dissociation, but was caused by fluorine 

consumption to form COF2. With nitrogen addition which blocked the surface 

recombination to form COF2, the etching rates were approximately doubled; i.e., with N2 

addition to a feed gas mixture of perfluorocarbon (CF4, C2F6, C3F8 and C4F8), oxygen, and 

argon. 

4.3 Replacement of Nitrogen Trifluoride by Fluorocarbon Gases 

for Remote Plasma Processing 

Section 4.2 establishes that the etching rate of the silicon dioxide film with remote 

fluorocarbon chemistry is comparable to that of using nitrogen trifluoride with the 

enhancement of N2 addition. In order to replace nitrogen trifluoride by fluorocarbon gases, 

another two conditions, the low global warming gas emissions and the non-polymer surface 

finishing, should be satisfied. Section 4.3.1  shows that at the optimized O2 condition, 

there are no observable PFCs emissions from C2F6, C3F8 and C4F8 discharges. . For 
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fluorocarbon gases at optimized O2 percentage, the sapphire samples were found to be 

“clean” without fluorocarbon film deposition, as discussed in Section 4.3.2 . 

4.3.1 Global warming gas emission  

The perfluorocarbon gases (PFCs) are global warming gases.169-171 Table 4.1 shows the 

global warming potentials (GWPs) of the most commonly used gases in semiconductor 

processing172, including non-PFCs such as SF6, NF3 and CHF3. The GWPs indicate the 

relative effect of the gas on the environment relative to carbon dioxide. The CF4, C2F6, 

C3F8 and NF3 gases have much longer life time than CO2 and much worse global warming 

potential. The global warming gas emission is usually a big problem associated with in situ 

chamber cleaning22.  

Table 4.1 PFC Characteristics 

Chemical name Formula Toxicity Lifetime (years) 
Global warmng 

potential (100 years) 
Carbon dioxide CO2 n/a 50-200 1 

HC-23 CHF3 low 250 12,100 
Nitrogen trifluoride NF3 high 740 6300-13,100 

HC-218 C3F8 low 2600 7000 
Sulfur hexa-fluoride SF6 low 3200 24,900 

HC-14 CF4 low 50,000 6300 
HC-116 C2F6 low 10,000 12,500 
HC-318 C4F8 Low 3,200 8,700 

 

The semiconductor industry has been committed to develop methods to reduce the 

global warming gas emissions. The 1999 International Technology Roadmap for 

Semiconductors (ITRS) describes the adoption of the World Semiconductor Council (WSC) 

goals, which in April 1999 declared an industry-wide goal of 10% reduction of the PFC 

emissions by 2010173. Therefore, the global warming gas emission must be checked for all 
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the semiconductor process, especially for processes such as the remote chamber cleaning 

where a large flow rate of gases is used. 
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Figure 4.7  FTIR Measurement of C4F8 Gas Mixture Emission. The gas mixture was composed of 250 
sccm C4F8, 2250 sccm O2, 100sccm N2 and 1500 sccm Ar. The plasma source chamber pressure was 

2.84 torr and the diluting purging N2 gas to the dry pump was 44 slm. Ar plasma was turned on at 150 
second, then N2 was added, followed by O2 and C4F8. The plasma power was shut down at 1120 s. 

 
Fourier Transformed Infrared Spectroscopy (FTIR) was carried out to measure the gas 

concentration in the exhaust line of the pump. Measurements of NF3 show that NF3 is 

nearly completely decomposed by the ASTRON®ex plasma source (up to 99%), similar to 

the results reported by other researchers52. Figure 4.7 shows the time series of the exhaust 

gas concentration for the C4F8 gas mixture. C4F8 was virtually completely destroyed with 

no measurable CF4, C2F6, C4F8, or other perfluorocarbon compounds (PFCs). Negligible 

amount of SiF4 was observed since the sample used in the experiments was too small to 

contribute a significant amount of SiF4. Other data suggest that when the O2 percentage 

was lower than 60%, CF4 began to appear in the exhaust line and C4F8 was observed in the 

exhaust line when the O2 percentage was below 50%.  
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The CO2 and COF2 gases are easier to be abated before released to the atmospheric 

pressure, while CF4 is is usually very difficult to dissociate.172 Even with the current 

plasma source, the dissociation percentage of CF4 gases is only about 60%, which leaves a 

significant amount of CF4 un-dissociated and difficult to abate. Therefore, among all the 

fluorocarbon gases, CF4 is not suitable in replacing NF3 for the remote chamber cleaning. 

At the optimized oxygen percentage as discussed in section 4.4.1, no fluorocarbon 

gases were observed in the exhaust gas for C2F6, C3F8 and C4F8, which suggests that the 

fluorocarbon gases except for CF4 are suitable in replacing NF3 in this aspect.  

 

4.3.2 Surface Finishing After Cleaning 

The surface composition and morphology of sapphire samples held at room temperature 

were measured before the exposure to the activated gases in the process chamber and after 

exposure with and without the oxygen addition.  The sapphire samples, instead of the 

silicon or silicon dioxide samples, were used for two reasons. One, the etching of the 

sapphire wafer by fluorine atoms is negligible, and hence the deposition should be easy to 

show on the sapphire wafer if any. Two, most commercial chamber walls are made of 

anodized aluminum and the sapphire wafer can be used to well represent its composition 

and monitor the wall damage during the cleaning. Low electrode temperature instead of 

high temperature was used because the low temperature was more preferable for the 

deposition if it existed. 

 Shown in Figure 4.8 and Figure 4.9 are the X-ray Photoelectron Spectroscopy (XPS) 

and Atomic Force Microscope (AFM) measurements of these surfaces.  The XPS results of 

the sapphire wafer exposed to the remote chamber cleaning with the optimized O2 addition 
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in the C4F8 plasma are shown in Figure 4.8 (a) after a 10 minute exposure.  Peaks of 

oxygen, aluminum and fluorine were present on the surface. However, no carbon was 

observed.  Without O2 addition, as shown in Figure 4.8(b) after a 10 minute remote plasma 

exposure, only the carbon and fluorine peaks were observed on the surface, indicating a 

deposition of a fluorocarbon film that covers the sapphire sufficiently that the substrate 

cannot be seen.   
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Figure 4.8  XPS study of Sapphire wafers exposed to remote plasma source for 10 minutes. (a) With 

optimized O2 and sufficient power. (b) Without enough O2 or power. 

 
The AFM measurements of the surface before and after 10 minute optimized O2 

addition and no oxygen addition are shown in Figure 4.9.  Figure 4.9 (a) and (b) show no 

measurable change with the sapphire exposure to the remote fluorocarbon plasma with the 

optimized O2 addition after 10 minutes. The smooth surface of Figure 4.9 (c) is consistent 

with the deposition of a fluorocarbon polymer film on the surface when the sapphire was 
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exposed to the fluorocarbon plasma without or with insufficient O2 addition, or with 

insufficient power consumption.  

 
 

 
 

 
Figure 4.9 Atomic Force Microscope (AFM) micrographs of sapphire wafers -10 min plasma exposure 

at room temperature. (a) Before remote chamber cleaning (b) Remote chamber cleaning with 
optimized O2 and sufficient power (c) Remote chamber cleaning with insufficient O2 or insufficient 

power 

 
In conclusion, fluorocarbon gases were shown to be suitable in replacing the nitrogen 

trifluoride for the remote plasma cleaning of chambers by their comparable etching rates, 

the low global warming gas emissions and the clean surfaces after processing. The 

emissions of fluorocarbon global warming gases were found to be low in the remote 

processing with fluorocarbon plasma under desirable operating conditions, The surface 

(a) 

(b) 

(c) 
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exposed to fluorocarbon remote plasma cleans under desirable conditions was shown to be 

free of carbon contamination.  

 

4.4 The dependence of etching rate of oxide on operation 

parameter using remote fluorocarbon plasma 

This section discusses the dependence of the etching rate of the silicon dioxide on the 

operation parameters using the remote fluorocarbon plasma.  Understanding these 

dependences not only increases the fundamental knowledge of the remote processing, but 

also helps find the optimal operation condition for the fluorocarbon gas mixtures in the 

practical applications. Section 4.4.1 finds that the dependence of the etching rate on the 

oxygen percentage is related to COF2 formation. Section 4.4.2 finds that the etching rate 

increases with the power when the dissociation is not complete. The etching rate was found 

to have an Arrehnius dependence on the wafer temperature, as discussed in section 4.4.3. 

The design of experiments of the silicon dioxide etching in the remote fluorocarbon plasma 

is discussed in section 4.4.4 to pursue the optimal operation condition. 

4.4.1 The Dependence of Etching Rate on Oxygen Percentage 

For the fluorocarbon plasma, O2 is critical since it helps to take away the carbon and 

drives the chemical reaction toward the production of fluorine atoms. The dependence of 

the etching rate on the oxygen percentage for fluorocarbon gases, with C4F8 as an example, 

is discussed in this section. 

Figure 4.10 shows the dependence of the etching rate of oxide film on the percentage of 

O2 in the mixture. The O2 percentage represents the ratio between the oxygen flow rate and 
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the total flow rate of C4F8 and O2. 100sccm N2 was always added in the gas mixture to 

enhance the etching rate, as discussed in section 4.2. The O2 percentage was varied by 

changing the flow rate of O2, and the Ar flow rate was varied to maintain the same total 

flow rate of 4 slm. The total flow rate is kept constant to fix the residence of the gas 

mixture such that the results at different O2 percentage are more comparable. The TEOS 

silicon dioxide samples were maintained at 100°C with no shower head between the 

plasma source and the process chamber and the pressure in the process chamber was 

maintained at 2 Torr by adjusting the valve between the process chamber and the pump. 

Figure 4.10 also shows the etching rate of the oxide with the remote NF3 plasma, with the 

gas flow rate adjusted such that the total elemental fluorine flow rate is the same as that of 

C4F8 mixture.  For example, to compare the etching rate of 250 sccm of C4F8, the NF3 flow 

rate was set to 667 sccm to guarantee an equivalent 2000 sccm flow rate of the elemental 

fluorine, as shown in Figure 4.10(a). Similarly, the 500 sccm of C4F8 plasma was compared 

to the 1333 sccm NF3 plasma in Figure 4.10(b). 15 slm nitrogen was added between the 

process chamber and the pump to purge the wet pump used in these experiments. As a 

reference, the etching rates of silicon dioxide in the NF3+Ar plasma at 2 Torr are shown in 

both Figure 4.10(a) and Figure 4.10(b), as the standard gases used for the remote chamber 

cleaning.  Given the sample temperature of 100°C, these results are comparable to those 

reported in the literature for the silicon dioxide52.  
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Figure 4.10 Plot of etch rate of TEOS silicon dioxide at 100oC as a function of O2 percentage in C4F8 
and O2 mixture. The solid line indicates the etching rate with NF3 with the same elemental fluorine flow 

and pressure (2 Torr).  (a) 250 sccm C4F8 vs. 667 sccm NF3. (b) 500 sccm C4F8 vs. 1333sccm NF3. 
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Figure 4.11 FTIR Measurements of O2 Effect in C4F8+O2+Ar Plasma 

 
   Figure 4.10(a) shows that the oxide etching rate doubles when the O2 percentage 

increases from 72.5% to 87.5%., and no etching was observed for the O2 percentage to be 

below 65%. Figure 4.10(a) shows that the etching drops after the O2 percentage is more 

than 87.5%. Therefore, 87.5% is the optimal O2 percentage under these conditions. Figure 

4.10(a) and Figure 4.10(b) also shows that comparable etching rates can be achieved 

between the C4F8 mixtures with optimized O2 percentage and the NF3 at 2torr with the 

same residence time and the same elemental fluorine flow rates. 

Shown in Figure 4.11 are the measured gas concentrations in the exhaust line of the 

pump when the O2 percentage changes. As the O2 percentage changes from 70% to 90%, 

the CO2 level increases while the COF2 decreases to maintain the carbon mass balance. 

Below 65% O2 percentage, the CF4 begins to appear in the exhaust gas.  
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The dependence of the etching rate on the O2 percentage can be explained by the 

change of COF2 and CO2 when the O2 percentage changes. A simple global chemical 

reaction can help to explain the observed phenomenon.  

 4 8 2 2 2 2 2  x yC F O C F O CO CO COF F F+ → + + + + + + , (4.3) 

in which x yC F  includes the un-dissociated C4F8 and other produced fluorocarbons like CF4 

and C2F6. As seen in Figure 4.7, there are negligible emissions of x yC F  and CO when the 

O2 percentage is in the range of 70% to 95%. By only considering the species that can be 

detected by the FTIR, the above equation can be simplified as 

 4 8 2 2 2C F O CO COF F+ → + + , (4.4) 

in which all the fluorine is in the form of F atoms if not in the COF2 . 

Another possible reaction is 

 2 2COF CO +F → , (4.5) 

in which COF2 either reacts with O2 or dissociates to release the fluorine atom and CO2. All 

C4F8 gases are dissociated in the plasma to form CO2, COF2 and F as shown in equation 

(4.4). When the O2 percentage increases toward 87.5%, the abundance of the oxygen atoms 

favors the formation of CO2 through reaction (4.5), hence reduces the formation of COF2 or 

CF4, and allows more fluorine atoms to etch the downstream oxide film. When the O2 

percentage is below 70%, the abundance of the fluorine atoms tends to help the formation 

of COF2 and CF4, and hence decreases the atomic fluorine concentration.  
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Figure 4.12 Dependence of etching rates as a function of oxygen percentage for fluorocarbon gases and 
their comparison to that of NF3 at the same total flow rate of elemental fluorine flow rate at 4000sccm. 

100 sccm N2 was added and the flow rate of argon is adjusted for oxygen percentage. 

 
The fluorocarbon gases C2F6, C3F8 and C4F8 can achieve comparable etching rates as 

NF3. Figure 4.12 shows the comparison of etching rate between NF3 and these three 

fluorocarbon gases under the condition of the same total elemental fluorine and the same 

total gas flow rate. The C2F6 and C3F8 were found to have similar dependences on the 

oxygen percentage as C4F8, due to the conversion of COF2 to CO2.  

In conclusion, at the conditions of  the same pressure, the same total elemental fluorine 

and the same total gas flow rate, fluorocarbon gases C2F6, C3F8 and C4F8 were found to 

have comparable etching rate as NF3 at the optimized O2 percentage, (up to 1.3 slm NF3). 

Dependence of the etching rate on the O2 percentage was believed to be associated with the 

conversion from COF2 to CO2 which releases more atomic fluorine for etching.  
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4.4.2 Dependence of the Oxide Etching Rate on the Plasma Power 

The dependence of the oxide etching rate on the plasma power can be studied by 

changing the current set point of the plasma source. Figure 4.13 shows the dependence of 

the power on the value of the current set point. The current set point has an arbitrary unit 

but is proportional to the current in the plasma. Three gas mixtures were tested. The 

333sccm C2F6 mixture represents 333 sccm C2F6 + 1147 sccm O2 + 2520 sccm Ar at the 

plasma source pressure of 2.7 torr. The 667 sccm C2F6 mixture represents 667 sccm C2F6 + 

2000 sccm O2 + 1332 sccm Ar at the plasma source pressure of 2.9 torr. The 1000 sccm 

C2F6 mixture represents 1000 sccm C2F6 + 3000 sccm O2 + 2000 sccm Ar at the plasma 

source pressure of 3.6 torr. The oxygen to C2F6 ratios in these mixtures are all kept close to 

3:1 and the plasma source pressure are so chosen to keep the downstream process chamber 

at a constant pressure of 2 torr, as the reason will become obvious later. For these gas 

mixtures, the plasma power is found to be linearly dependent on the plasma current instead 

of the square of the current. This is because the plasma resistivity is inversely proportional 

to the current, as discussed in section 3.7.  

The plasma power changes with the plasma source pressure and the gas component at 

each current set point because of the change of the plasma resistivity. The 1000 sccm C2F6 

mixture has more molecular gases than other two mixtures, which tends to increase the 

resistivity of the plasma and hence increase the power consumption under the same current. 

The pressure of the 1000 sccm C2F6 is also higher than that of the 667 and 333 sccm C2F6 

mixtures, which increases the resistivity and then power consumption.  
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Figure 4.13 Dependence of the plasma power on the current set point for three gas mixtures. The 
333sccm C2F6 mixture represents 333 sccm C2F6 + 1147 sccm O2 + 2520 sccm Ar at plasma source 

pressure of 2.7 torr. The 667 sccm C2F6 mixture represents 667 sccm C2F6 + 2000 sccm O2 + 1332 sccm 
Ar at the plasma source pressure of 2.9 torr. The 1000 sccm C2F6 mixture represents 1000 sccm C2F6 + 

3000 sccm O2 + 2000 sccm Ar at the plasma source pressure of 3.6 torr. 

 
Figure 4.14 shows the dependence of the etching rate on the the plasma power for the 

three gas mixtures described above. With the same process chamber pressure and the same 

sample temperature, the etching rate is only proportional to the fluorine atom production 

rate from the plasma source. For both the 333 sccm and the 667 sccm C2F6 mixtures, the 

etching rates saturates with increasing power, while for the 1000 sccm C2F6 mixtures, the 

etching rate stays in the linear increasing regime for all the power tested. The saturation 

regime of etching rate is corresponding to the maximum F atom production, which may 

suggest the complete dissociations for the 333 and 667 sccm C2F6 mixture at the high 

power. The F atom production is not maximized for the 1000 sccm mixture, meaning that 

the fluorocarbon gases are not completely dissociated. Further discussion between the 

etching rate and the plasma neutral gas temperature is included in section 3.7. 
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In conclusion, the etching rate of the oxide film is found to increase with the plasma 

power when the dissociation is incomplete. The etching rate saturates with power input 

after the complete dissociation of the gas mixture. 
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Figure 4.14 Dependence of etching rate on the plasma power for a given gas mixture for three gas 

mixtures. The sample temperature was controlled at 100oC and the process chamber pressure was 2 
torr. 

 

4.4.3 Dependence of Oxide Etching Rate on the Wafer Temperature 

The etching rate of the silicon dioxide has Arrhenius type of dependence on the sample 

temperature, as shown in equation 1.1. The dependence of the oxide etching rate on the 

sample temperature measured in our experiments is shown in Figure 4.15. The remote 

plasma was composed of 333 sccm C2F6, 667 sccm O2 and 2000 sccm Ar. The process 

chamber pressure was 2 torr. Results of both the thermal grown oxide and the TEOS 

deposited oxide are shown. A good linear dependence between the logarithm of the etching 

rate and the inverse of the sample temperature is observed for both the thermal oxide and 

the TEOS oxide. For the same plasma source condition and the same wafer temperature, 
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the etching rate of the TEOS oxide is higher than that of the thermal oxide, due to the lower 

density of the deposited film compared to the thermal grown film.4  
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Figure 4.15 Dependence of log(etching rate) on inverse temperature. Results for both thermal oxide 

and TEOS oxide are shown. The remote plasma source is composed of 333 sccm C2F6, 667 sccm O2 and 
2000 sccm Ar. The process chamber pressure is 2 torr. For both thermal oxide and TEOS oxide, the 

activation energy is fitted to be 0.13 eV. 

 
For both the TEOS oxide and the thermal oxide, the activation energy was found to be 

0.13 eV. The result is a little different from the literature8,27, perhaps due to a systematic 

error of the sample temperature measurement. The temperature is measured at the back of 

the electrode, which may be lower than the temperature on the sample surface, especially 

for the experiments without any thermal grease between the sample and the electrode. As a 

matter of fact, increasing the measured sample temperature by 30oC leads to the same 

activation energy as reported in the literature8,27. 

In summary, the Arrhenius temperature dependence of the oxide film etching rate was 

observed in the experiments, with calculated activation energy similar to that reported in 

the literature. 
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4.4.4 Design of Experiments for oxide etching in remote plasma source 

In order to find the optimal operation condition for any given flow rate of fluorocarbon 

gases such as C4F8, the dependences of the oxide etching rate on four operation parameters 

are studied by a design of experiments. The four parameters are: the total flow rate, the O2 

percentage in the C4F8 + O2 mixture, the process chamber pressure and the plasma source 

outlet pressure. A half-factorial design of experiments was carried out in the parameter 

space. The etching rates on a 4” thermal oxide wafer at 200oC wafer temperature were 

measured with the selected operation parameters. The same flow rate of C4F8 (250 sccm) 

was used and 100 sccm N2 was added in the gas mixtures for etching rate enhancement. 

The COF2 and CO2 concentrations were monitored by the FTIR and were used to calculate 

the fluorine conversion efficiency 

 4 8 2

4 8

8 2
Conversion_Efficiency

8
C F COF

C F

n n

n

× − ×
=

×
, (4.6) 

in which 
4 8C Fn  represents the measured C4F8 concentration in the exhaust when no plasma 

is turned on, and 
2COFn  represents the measured COF2 concentration during the plasma 

operation. According to equation (4.4) where the C4F8 gas is reacted to form either COF2 or 

F, the conversion efficiency can be used as a rough estimation of the free amount of 

fluorine atoms that pass through the vacuum system.  

The dependence of the plasma power on the four parameters as shown in Figure 4.16 

can be explained in the corresponding change of the plasma resistivity. The plasma power 

does not depend on the process chamber pressure, as shown in Figure 4.16(a). Higher 

plasma source pressure increases the plasma power due to the increase of the plasma 

resisitivity. The resistivity of the plasma increases when increasing the O2 percentage by 
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replacing Ar with O2, causing the plasma power consumption to increase, as shown in 

Figure 4.16(b). Higher flow rate at the same C4F8 flow rate and O2 percentage was 

achieved by increasing the flow rate of Ar. When the flow rate of Ar increases, the electron 

density increases in the plasma, causing the resistivity and the power consumption to 

decrease. 

The fluorine conversion efficiency was found to be a strong function of the oxygen 

percentage, the total flow rate and the plasma source pressure, while nearly independent of 

the process chamber pressure, as shown in Figure 4.17. The polynomial fitting of the 

dependence of the fluorine conversion efficiency on these parameters is shown in: 

 
2

2 2

12.0879 26.9495 14.6372 0.0014

0.0003 0.0158 0.0034 0.0001

O O C

C S S tot

Effiency F F P

P P P FL

= − + − −

+ + − +
, (4.7) 

in which OF  is the oxygen percentage in C4F8+O2 mixture, totFL  is the total flow rate in 

unit of sccm, CP  is the process chamber pressure in unit of torr and SP  is the plasma source 

pressure in unit of torr.  
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Figure 4.16 The dependence of the plasma power on the plasma source pressure (a), the process 

chamber pressure (a), the total flow rate (b) and the oxygen percentage (b). 250 sccm C4F8 was in the 
gas mixture. 100 sccm N2 was present to enhance all etching rate.  

(b) 

(a) 
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Figure 4.17 The dependence of the fluorine conversion efficiency on the plasma source pressure (a), the 

process chamber pressure (a), the total flow rate (b) and the oxygen percentage (b).  

 

(a) 

(b) 
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For any specified total flow rate, equation (4.7) and Figure 4.17 show that the fluorine 

conversion efficiency maximizes at the condition of 92% oxygen percentage and 2.3 torr 

plasma source pressure. For the fixed O2 percentage at 88% and the total flow rate of 

4000sccm, the fluorine conversion efficiency as a function of the process chamber and the 

plasma source pressure is shown in Figure 4.17 (a). As would be expected, the fluorine 

conversion is a very weak function of the process chamber pressure. 

The existence of an optimal plasma source pressure may be caused the competition of 

the decrease of the residence time and the increase of the electron density with higher 

pressure. The gas residence time in the plasma source decreases with higher plasma source 

pressure. Shorter residence time is in favor of the fluorine release from the molecules since 

the molecules have a shorter time in the source to be dissociated by the electrons. On the 

other hand, the electron density increases with higher plasma source pressure. Higher 

electron density increases the collisional dissociation rate and hence decreases the fluorine 

conversion efficiency.  

Figure 4.18 shows the dependence of the etching rate on the four parameters. Figure 

4.18(a) shows that the etching rate is a strong function of the process chamber pressure. As 

shown in equation 1.1, the etching rate is linearly proportional to the fluorine density, or 

the fluorine partial pressure. Increasing the process chamber pressure increases the partial 

pressure of fluorine and hence increases the etching rate of the silicon dioxide film. Except 

for the process chamber pressure, other dependences of the etching rate are found to match 

that of the fluorine conversion coefficient, which is another strong indication that the 

etching rate dependence is related to the fluorine conversion coefficient, or inversely to the 

COF2 formation. 
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Figure 4.18 The dependence of the etching rate on the plasma source pressure (a), the process chamber 

pressure (a), the total flow rate (b) and the oxygen percentage (b).  

 
In conclusion, The following silicon dioxide etching rate dependences on the 

operational parameters using the remote fluorocarbon plasma were found: 1) that the 

dependence of the etching rate on the plasma operation parameters is related to COF2 

(b) 

(a) 
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formation, 2) the etching rate increases with the power when the dissociation is not 

complete, and 3) the etching rate has an Arrehnius dependence on the wafer temperature. 

 

4.5 Saturation of the Etching Rate of Silicon Dioxide 

This section discusses the saturation of the etching rate of the silicon dioxide with the 

partial pressure of fluorine atoms.  At high F atoms concentrations, the saturation of the 

etching rate was observed and characterized as a function of temperature and partial 

pressure of atomic fluorine. This was the first time in which such a saturation was observed 

for the oxide etching in atomic fluorine.  

Nitrogen trifluoride is almost completely dissociated in the high power density plasma 

source. Figure 4.19 shows the dependence of the NF3 dissociation percentage on the flow 

rate. The dissociation percentage was measured by FTIR and the atomic fluorine 

concentration in the plasma source was measured by the actinometry method. The gas 

mixture was composed of 2000 sccm Ar and different amount of NF3. At 2000 sccm NF3 

flow rate, the dissociation percentage was found to be as high as 99%. The mass 

spectrometer results in Figure 2.10 also shows that very little amount of NF2
+ was detected, 

consistent with the near complete dissociation of NF3 observed by FTIR. Notice that the 

plasma power increased with NF3 flow rate. The plasma power was 2.9 kW, 3.5 kW, 4.0 

kW, 4.8 kW, 5.5 kW and 6.0 kW for the 333 sccm, 667 sccm, 1000 sccm, 2000 sccm, 3000 

sccm and 4000 sccm NF3 plasma, respectively. 
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Figure 4.19 Dependence of NF3 dissociation percentage on the flow rate of NF3. The dissociation 
percentage was measured by FTIR. The plasma was composed of 2000 sccm Ar and different amount 

of NF3 flow rate. The plasma power was 2.9kW, 3.5kW, 4.0kW, 4.8kW, 5.5kW and 6.0kW for 333sccm, 
667sccm, 1000sccm, 2000sccm, 3000sccm and 4000sccm NF3, respectively.  

 
Figure 4.20 shows the dependence of the etching rate of silicon oxide on the flow rate 

of NF3 at four different wafer temperatures: 50oC, 100oC, 150oC and 200oC. The process 

chamber pressure was kept at 2 torr. The plasma was composed of 2000 sccm Ar and 

different flow rates of NF3. The plasma powers for these conditions were the same as in 

Figure 4.19. For the same downstream chamber pressure and the same butterfly valve 

positions between the heat exchanger and the process chamber, higher gas flow rate causes 

higher plasma source pressure. The source pressures were 2.22 torr, 2.36 torr, 2.47 torr, 

2.89 torr, 3.37 torr and 3.93 torr for the 333 sccm, 667 sccm, 1000 sccm, 2000 sccm, 3000 

sccm and 4000 sccm NF3 plasma, respectively. Below 2000 sccm NF3 flow rate, the 

etching rate increases almost linearly with the gas flow rate. Above 2000sccm flow rate, 

the etching rate keeps nearly constant for the 50oC, 100oC and 150oC wafer temperature, 

while keeps increasing for the wafer temperature of 200oC. 
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Two regimes were observed in the dependence of the etching rate of oxide on the total 

flow rate of NF3: 1) the linear regime in which the etching rate varied linearly with NF3 

flow rate (and thus partial pressure of F atoms), and 2) the saturation regime in which the 

etching rate was independent of the atomic fluorine partial pressure. In the saturation 

regime the extent of F adsorption on the surface approaches its saturation limit and the 

etching rate is limited by the surface reaction of the adsorbed F with the surface.    In the 

linear regime, the etching rate is primarily limited by the extent of surface F adsorption.  

Assuming that the extent of F adsorption is in equilibrium with the partial pressure of F in 

the gas, the etching rate is proportional to the partial pressure of F in the gas phase. 
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Figure 4.20 Dependence of etching rate of oxide on the flow rate of nitrogen trifluoride. The process 

chamber pressure is kept at 2 torr. The plasma was composed of 2000 sccm Ar and different amount of 
NF3 flow rate. The plasma powers were 2.9kW, 3.5kW, 4.0kW, 4.8kW, 5.5kW and 6.0kW for 333sccm, 
667sccm, 1000sccm, 2000sccm, 3000sccm and 4000sccm NF3, respectively. The source pressures were 

2.22 torr, 2.36torr, 2.47torr, 2.89torr, 3.37torr and 3.93 torr for 333sccm, 667sccm, 1000sccm, 
2000sccm, 3000sccm and 4000sccm NF3, respectively. 

 
Figure 4.20 shows that there exists a maximum etching rate for each wafer temperature 

and a threshold atomic fluorine partial pressure between the linear regime and the 

saturation regime. Using the molar fraction of fluorine atoms as predicted in the NF3+Ar 
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plasma model described in section 3.6.4 and ignoring the recombination in the transfer tube, 

the threshold atomic fluorine partial pressure is shown to be 1.2 torr. The maximum etching 

rates and the thresholds for the four temperatures are shown in Table 4.2. 

Table 4.2 Saturation Threshold for silicon dioxide etching 

Wafer Temperature 
Maximum 

Etching Rate 
Threshold Fluorine 

Partial Pressure 

oC A/min torr 

50 1230 1.2 

100 2100 1.2 

150 3600 1.2 

200 >6100 N.A. 
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Figure 4.21 Dependence of etching rate at 50oC and 200oC and molar fraction of fluorine as predicted 
by the model on NF3 gas flow rate. 

 
The saturation of the etching rate is caused not by the changes in the plasma source, but 

by the limitation of the surface chemical reaction when the extent of F adsorption on the 

surface approaches its saturation limit and the etching rate is limited by the surface reaction 



 209 

of the adsorbed F with the surface. Two important steps determine the etching of silicon 

dioxide by fluorine atoms. First, the fluorine atoms are adsorb on the surface 

 F(g) F(ads)→ , (4.8) 

with the rate related to the partial pressure of the atomic fluorine in the process chamber. 

And second, the adsorbed fluorine interacts with the substrate to form volatile species as 

shown in the equation 

 2 4 24F(ads) + SiO (solid) SiF (g) + O (g)→ . (4.9) 

For the etching of silicon dioxide in the process chamber with a fixed chamber pressure, 

the etching rate is proportional to the molar fraction of the fluorine atoms in the mixtures. 

Figure 4.21 shows the dependences of the etching rate at 50oC and 200oC and the molar 

fraction of fluorine on NF3 gas flow rate. The molar fraction of fluorine was predicted by 

the global plasma model discussed in section 3.6.4. For the dioxide etching at 200oC, the 

increase of the etching rate matches the increase of the molar fraction, represents the linear 

regime in which the etching rate varied linearly with NF3 flow rate (and thus partial 

pressure of F atoms). Therefore, in the linear regime, the surface adsorption is the rate-

limiting step and the etching rate is linearly dependent on partial pressure of fluorine and 

the temperature dependence of the etching rate ( ER ) can be expressed as the the Arrenhius 

expression shown in the equation 

 
( )

1 reaction desorptionE E

RT
FER P e

T

−
−

∝ ⋅ , (4.10) 

where FP  is the partial pressure of fluorine, R  is the universal gas constant, and reactionE  , 

adsorptionE  are the threshold energies for the surface reaction equation (4.9) and the 

adsorption reaction equation (4.8), respectively. The saturation of etching rate at lower 
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sample temperature can not be because of the saturated production of fluorine atoms in the 

plasma source. Instead, at lower sample temperature such as 50oC, the etching rate 

saturates after the extent of F adsorption on the surface approaches its saturation limit and 

the etching rate is limited by the surface reaction of the adsorbed F with the surface. In the 

saturation regime, the surface reaction is the rate-limiting step and the etching rate is 

independent of the partial pressure of fluorine as shown in the equation 

 
reactionE
RTER e

−
∝ . (4.11) 

0

1000

2000

3000

4000

5000

6000

0 0.5 1 1.5 2 2.5 3 3.5 4
Pressure of Downstream Chamber (Torr)

E
tc

h
in

g
 R

at
e 

(A
/m

in
)

100 C
150 C

 
Figure 4.22 Dependence of Etching rate of oxide on the downstream process chamber pressure. The 

plasma is composed of 2000 sccm Ar and 2000 sccm NF3. The plasma source pressure is fixed at 4 torr. 
The plasma power consumption is 4.7kW. 

 
The saturation of the etching rate is better demonstrated by the dependence of the 

etching rate on the downstream processing chamber pressure with fixed source pressure, as 

shown in Figure 4.22. With the fixed pressure in the source and the transfer tube, the same 

amount of fluorine atoms are guaranteed to be transferred to the process chamber. 

Changing the process chamber pressure changes the partial pressure of fluorine and the 



 211 

saturation of the etching rate with the increase of the fluorine atom partial pressure is 

clearly demonstrated in the figure. 

In summary, Two regimes were observed in the dependence of the etching rate of oxide 

on the total flow rate of NF3: 1) the linear regime in which the etching rate varied linearly 

with NF3 flow rate (and thus partial pressure of F atoms), and 2) the saturation regime in 

which the etching rate was independent of the atomic fluorine partial pressure. In the 

saturation regime the extent of F adsorption on the surface approaches its saturation limit 

and the etching rate is limited by the surface reaction of the adsorbed F with the surface.    

In the linear regime, the etching rate is primarily limited by the extent of surface F 

adsorption.  Assuming that the extent of F adsorption is in equilibrium with the partial 

pressure of F in the gas, the etching rate is proportional to the partial pressure of F in the 

gas phase. 

4.6 Effects of gas impurities on the etching rates of silicon 

dioxide film and silicon nitride film 

This section discusses the different effects of the additive gases on the etching rates of 

the silicon dioxide film and the silicon nitride film which were found to be very different. It 

is commonly believed that the gas impurities affect the etching rate of the downstream film, 

which drives the industry to pursue high gas purities; e.g., up to 99.999%. The use of lower 

gas purities could reduce the cost of the gas production. Section 4.6.1 concludes that the 

impurities in the NF3 gases increase the power consumption and the neutral gas 

temperature of the plasmas, but not to change the etching rate of the silicon dioxide. 

However, section 4.6.2 finds that the addition of O2 in NF3/Ar and the addition of N2 in 

C2F6/O2/Ar or SF6/O2/Ar dramatically increase the etching rate of the silicon nitride. The 
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enhancement may be caused some other mechanisms other than NO assistance48-50,162-164, 

which requires further investigation 

4.6.1 Effects of Impurities in NF3 on the Etching Rate of Oxide 

The NF3 gas usually has small amount of impurities such as N2, O2 and CF4, which are 

formed during the fabrication process. Understanding the effects of these impurities on the 

NF3 gases helps deciding the necessary facility to construct and to purify NF3 gases. In this 

study, 99.999% high purity NF3 gas (DuPont Zyron® N5) with the addition of different 

amount of impurity gases was used to test the effects of the impurities on the etching rate of 

oxide. 

Figure 4.23 and Figure 4.24 shows the effects of the addition of oxygen on the plasma 

power, the neutral gas temperature and the etching rate of oxide film. The O2 addition was 

found to increase the power consumption based on the constant current setting of the 

plasma source. The plasma power increased from 3.4 kW when no O2 was added to 4.5kW 

when 900 sccm O2 was added. The neutral gas was heated by higher power consumption, 

and the neutral temperature increased from 3400K to 4400K. However, the etching rate did 

not change with the added O2 gases, as shown in Figure 4.24, since the NF3 is almost 

completely dissociated in the plasma and the addition of O2 can not further increase the 

dissociation of NF3. Similar trends of the plasma power, the neutral gas temperature and 

the etching rate were observed with the addition of impurities such as N2 and CF4. 
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Figure 4.23 Dependence of plasma power and neutral gas temperature on the flow rate of O2 addition 

into a plasma composed of 1333sccm NF3 and 2667 sccm Ar. O2 addition was found to increase the 
power consumption based on constant current and hence heated up the neutral gases to a higher gas 

temperature.  
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Figure 4.24 Dependence of etching rate on the flow rate of O2 addition into a plasma composed of 

1333sccm NF3 and 2667 sccm Ar. N2 addition did not significantly change the etching rate of the oxide. 
The wafer temperature was 100oC 
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4.6.2 Effects of Impurities on the Etching Rate of Silicon Nitride 

Silicon nitride is used in both the integrated circuit and the flat panel display. The 

etching of the silicon nitride was found quite different from the silicon or silicon dioxide 

etching, due to the existence of nitrogen in its structure48,162,163,168. It is general believed 

that the nitrogen atoms in the film can be attacked by NO formed in the plasma in an 

environment where the silicon atoms are removed by fluorine atoms and causing the 

etching rate of silicon nitride to be much higher with the NO assistance164,174,175. 
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Figure 4.25 Comparison of Si3N4 film etching rate with NF3 and C2F6. The sample temperature  was 
50C. NF3+ Ar Plasma: 1333 sccm + 2667 sccm. C2F6+O2+Ar Plasma: 667+ 1333 + 2000 sccm. 

 

The etching rates of silicon nitride in the NF3/Ar and C2F6/O2/Ar plasmas are were first 

measured as the case to be compared when other impurities were added. Figure 4.25 shows 

the comparison of the etching rate of silicon nitride between the NF3 plasma and the 

fluorocarbon plasma. The sample temperature was 50oC. The NF3 mixture was composed 

of 1333 sccm NF3 and 2667 sccm Ar. The C2F6 mixture was composed of 667 sccm C2F6 + 

1333 sccm O2 + 2000 sccm Ar. Notice that these two gas mixture had the same total flow 

rate and the same effective elemental fluorine flow rate. The etching rate in the NF3+Ar 
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mixture was around to be 500 A/min, much higher than the 100 A/min etching rate found 

in the C2F6+O2+Ar mixtures. 

The O2 impurities in the NF3 plasma dramatically increase the etching rate of silicon 

nitride. Figure 4.26 shows the effect of the oxygen addition on the silicon nitride etching 

rate using the NF3+Ar gas mixture. In this experiment, the feeding gas was composed of 

1333 sccm NF3, 2667 sccm Ar and optionally O2. When no O2 was added, the etching rate 

of silicon nitride with the temperature controlled at 50 oC was only 500 Å/min.  When 100 

sccm O2 was added in the feeding gas mixture, the etching rate of silicon nitride was 

increased from 500 to 1650 Å/min.  If 200 sccm O2 was added in the feeding gas mixture, 

the etching rate was further increased to 2000 Å/min. This clear demonstrates that addition 

of O2 in NF3/Ar plasma can increase the etching rate of silicon nitride by 3 times. The 

impurities like O2 in NF3 hence have dramatic effects on silicon nitride etching. 
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Figure 4.26 Dependence of silicon nitride etching on added O2 flow rate in NF3/Ar plasma. The feeding 
gas mixture was composed of 1333 sccm NF3 and 2667 sccm Ar. The wafer temperature was 50 C. The 

process chamber pressure was 2 torr.  
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The impurities of nitrogen-containing gas in the C2F6/O2/Ar mixture also dramatically 

increases the etching rate of silicon nitride. Figure 4.27 shows the comparison of the 

etching rate of nitride with three gas mixtures: C2F6/O2/Ar, C2F6/O2/Ar/N2 and 

C2F6/O2/Ar/NF3. The three gas mixtures all contained 667 sccm C2F6, 1333 sccm O2 and 

2000 sccm Ar. In the C2F6/O2/Ar/N2 and C2F6/O2/Ar/NF3 mixtures, 100 sccm N2 and 300 

sccm NF3 were added respectively. Adding 100 sccm N2 in the plasma was found to 

increase the etching rate of silicon nitride by more than 10 times. The addition of NF3 was 

found to increase the etching rate even further, probably due to the increase of elemental 

fluorine into the system. 
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Figure 4.27 Effect of nitrogen-containing gas addition on silicon nitride etching with remote C2F6/Ar/O2 

plasma, which was composed of 667 sccm C2F6, 1333 sccm O2 and 2000 sccm Ar. 100 sccm N2 or 300 
sccm NF3 were added. The wafer temperature was controlled at 50oC. The process chamber pressure 

was 2 torr. 

 
Similar enhancement of silicon nitride etching rate was found with nitrogen containing 

gas impurity in SF6/O2/Ar plasma, as shown in Figure 4.28. In this experiment, the feeding 

gas composed of 667 sccm O2, 667 sccm SF6, 2000 sccm Ar and optionally N2 or NF3.  

Chamber pressure was 2 torr.  Without nitrogen-containing gas addition, the etching rate 
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was only 190 Å/min for the silicon nitride sample with temperature controlled at 50 oC. 

When 100 sccm N2 was added in the feeding gas mixture, the etching rate of silicon nitride 

increased from 190 to 2470 Å/min.  If instead 300 sccm NF3 was added in the feeding gas 

mixture, the etching rate was increased to 2980 Å/min.  
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Figure 4.28 Comparison of etching rates on Silicon nitride surface deposit with N2 or NF3 addition in 
SF6+O2+Ar feeding gas mixture the feeding gas composed of O2, SF6, Ar and optionally N2 or NF3 

wherein O2 flow rate was 667 sccm, Ar flow rate was 2000 sccm, SF6 flow rate was 667 sccm.  Chamber 
pressure was 2 torr. The sample temperature was controlled at 50 oC 

 
The observed enhancement of the etching rate of silicon nitride may be caused by some 

other reasons rather than the assistance of NO, as other researchers proposed164,167,174-177. 

Figure 4.29 shows the time series of exhaust gas concentration during the experiments of 

N2 addition in C2F6/O2/Ar gas mixture. The C2F6/O2/Ar gas mixture was composed of 667 

sccm C2F6, 1333 sccm O2 and 2000 sccm Ar. A ½µ½” silicon nitride sample was used with 

temperature controlled at 50 oC. The process chamber pressure was 2 torr. When 100 sccm 

N2 and 1333 sccm O2 were added in the 2000 sccm Ar plasma, a significant amount of NO 

was observed and no etching rate of the silicon nitride was observed. No other nitrogen 

containing species such as NO2 or N2O were observed. When 667 sccm C2F6 was added in, 

CO2 and COF2 appeared, as would be expected. However, the NO concentration drops to 
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almost zero. At the same time when NO disappeared, high etching rate of silicon nitride 

was observed. The concurrence of the high etching rate of silicon nitride and the low 

concentration of NO suggests that the enhanced etching rate as observed in Figure 4.26-

Figure 4.28 may be caused by some other reason rather than the assistance of NO. The 

exact reason for this enhancement is unclear and further studies are necessary. 
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Figure 4.29 Time series of exhaust gas concentration during the experiments of N2 addition in 
C2F6/O2/Ar gas mixture. The C2F6/O2/Ar gas was composed of 667 sccm C2F6, 1333 sccm O2 and 2000 

sccm Ar. 100 sccm N2 was added before C2F6 addition.  The wafer temperature was 50 oC. The process 
chamber pressure was 2 torr. 

 
In conclusion, different effects of the additive gases on the etching rates of the silicon 

dioxide film and the silicon nitride film were found. The impurities in the NF3 gases 

increase the power consumption and the neutral gas temperature of the plasmas, but not to 

change the etching rate of the silicon dioxide. However, the addition of O2 in NF3/Ar and 

the addition of N2 in C2F6/O2/Ar or SF6/O2/Ar dramatically increase the etching rate of the 

silicon nitride. The enhancement may be caused some other mechanisms other than NO 

assistance48-50,162-164, which requires further investigation.  
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4.7 Summary 

This chapter studied five topics related to plasma-surface interactions. For the first time, 

the formation of COF2 was shown to cause the etching rate of oxide films in remote 

fluorocarbon plasmas to typically be one half of that in the nitrogen trifluoride plasma for 

the same atomic fluorine content of feed gas flow. Addition of 3% N2 in perfluorocarbon, 

oxygen and Ar mixtures was found to increase the etching rate of SiO2 and Si, to the point 

that the rates were equivalent to that of NF3. The nitrogen surface treatment was shown to 

block the surface recombination to form COF2 and favoring the formation of CO2, thereby 

increasing the fraction of atomic fluorine available for processing. The surface mechanism 

for these phenomena is confirmed by the long system relaxation time to the lower etching 

rate state after N2 flow has been terminated, approximately 5 orders of magnitude longer 

than the residence time of any gas within the system.  

The fluorocarbon gases were shown to be suitable in replacing the nitrogen trifluoride 

for the remote plasma cleaning of chambers by their comparable etching rates, the low 

global warming gas emissions and the clean surfaces after processing.  

The study of the dependence of the etching rate of the silicon dioxide on the operation 

parameters found that the dependence of the etching rate on the oxygen percentage is 

related to the COF2 formation. It was also found that the etching rate of oxide film 

increases with the plasma power when the dissociation is incomplete, and the etching rate 

saturates with more power input after the complete dissociation. Finally, an Arrehnius 

dependence of the etching rate on the wafer temperature was observed.  

The saturation of the etching rate of the silicon dioxide with the partial pressure of 

fluorine atoms was observed for the first time. Two regimes were observed in the 
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dependence of the etching rate of oxide on the total flow rate of NF3: 1) the linear regime in 

which the etching rate varied linearly with NF3 flow rate (and thus partial pressure of F 

atoms), and 2) the saturation regime in which the etching rate was independent of the 

atomic fluorine partial pressure. In the saturation regime the extent of F adsorption on the 

surface approaches its saturation limit and the etching rate is limited by the surface reaction 

of the adsorbed F with the surface. In the linear regime, the etching rate is primarily limited 

by the extent of surface F adsorption.  Assuming that the extent of F adsorption is in 

equilibrium with the partial pressure of F in the gas, the etching rate is proportional to the 

partial pressure of F in the gas phase. 

The effects of the additive gases on the etching rates of the silicon dioxide film and the 

silicon nitride film which were found to be very different. The impurities in the NF3 gases 

were typically found to increase the power consumption and the neutral gas temperature of 

the plasmas, but not to change the etching rate of the silicon dioxide. However, the addition 

of O2 in NF3/Ar and the addition of N2 in C2F6/O2/Ar or SF6/O2/Ar were found to 

dramatically increase the etching rate of the silicon nitride. The enhancement may be 

caused some other mechanisms other than NO assistance, which requires further 

investigation. 
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Chapter 5 Generic Framework of Surface Kinetics 
Modeling for Plasma-Surface Interactions 

 

5.1 Introduction 

This chapter discusses the new generic framework we developed to model the plasma 

surface kinetics of both the etching and the deposition processes for any plasma-surface 

interactions.  

Seven essential assumptions for the model are discussed in section 5.2. The first 

assumption is that there exists a mixed layer on the top of the substrate as an intermediate 

layer between the plasma and the substrate, due to the ion bombardment which breaks the 

chemical bonds and causes the ion-induced mixing. The second assumption is to treat the 

vacancy generated by the ion bombardment in the mixed layer as a special species, which 

also has the creation and the annihilation process. The third assumption is that the mixed 

layer is sufficiently mixed that the species can be considered randomly mixed with the 

nearest bonding neighbor probability calculated by statistics. The fourth assumption is that 

the number concentration of any surface moiety in the mixed layer can be computed by the 

corresponding bonding neighbor probability. The fifth assumption is that the chemisorption 

rate is proportional to the concentration of the dangling bonds (or active sites), which can 

be computed as the nearest bonding neighbor probability between the vacancy species and 

the host atoms. The sixth assumption is that the model only includes the “lumped” 

reactions instead of the complete set of all possible reactions. The seventh assumption is 

that the total numbers of all species, including the atoms and the vacancy, are conserved in 

the translating mixed layer and that the deposition or etching rate is determined by the 

difference between the total atoms to and from the surface layer. When more material is 
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removed than deposited, the layer translates into the substrate, causing the etching to occur. 

When more material is added than removed, the layer deposits a layer between it and the 

substrate, causing the deposition to occur.  

Based on these assumptions, all the possible surface processes can be calculated and 

then be used for the calculation of etching yield or deposition yield, as shown in section 5.3. 

The proposed modeling framework includes the following mechanisms: the ion 

incorporation, the neutral absorption, the physical sputtering, the vacancy generation, the 

ion-induced reaction, the densification reaction, the dangling bond annihilation, the 

spontaneous reaction and the surface recombination. The case of silicon etching in chlorine 

atom beam and chlorine ion beam is used as an example to demonstrate the model 

construction in section 5.4. 

All the major etching characteristics can be explained using the generic modeling 

approach, as shown in section 5.5. The dependence of the etching yield on the neutral to 

ion flux ratio of the silicon etching in the Cl/Cl+ beam experiment and the Cl/Ar+ beam 

experiment were explained by the model. The unsaturated regime and the saturated regime 

were corresponding to absorption limiting and ion induced reaction limiting, respectively. 

The dependence of the etching yield on the ion bombardment energy during the silicon 

etching in the Cl2/Cl2
+ beam experiment was fitted to determine the parameters related to 

Cl2. All the determined parameters were then used in the model to predict the etching yield 

of silicon in the chlorine plasma and a close match between the model prediction and the 

experimental results was found. Furthermore, the model of silicon etching in the bromine 

plasma was constructed as an example of the expansion of the framework to the situation 

with limited dataset.  
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For the first time, the angular dependence of the etching yield was explained in the 

model as a result of the competition between the angular dependence of the vacancy 

generation and the angular dependence of the ion induced reactions. The ion induced 

reaction may have a cosine type of angular dependence and the vacancy generation may 

have an angular dependence similar to that of the sputtering yield. The competition of these 

two changes may result in the observed angular dependence.  

This modeling approach has the advantage of being extremely fast in the development 

and the application while being accurately in capturing all the major etching behaviors. 

Furthermore, the kinetic coefficients determined by this model are readily converted into 

the probabilities needed for the dynamic Monte Carlo 3-D profile simulators.  

5.2 Model Assumptions 

The major assumptions used in the model are discussed in this section. The first 

assumption is that there exists a mixed layer on top of the substrate as an intermediate layer 

between the plasma and the substrate. The assumption is based on both the experimental 

observation and the molecular dynamics modeling. The depth profile of the silicon 

substrate etched in a Cl2 plasma was measured by angular resolved X-ray Photoelectron 

Spectroscopy, and the silicon and chlorine atoms were found well mixed in the top 1.2nm 

layer.178,179 Experiments of silicon dioxide etching in fluorocarbon plasma showed a mixed 

layer of silicon, oxygen, carbon and fluorine atoms with the thickness around 2.5 nm on top 

of the substrate.180-183 Molecular Dynamics modeling also showed a mixed layer of carbon, 

fluorine and silicon atoms on top of the silicon substrate when the silicon was etched in 

CF2 and Ar+ beams.72  
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The mixed layer is generated by continuous bombardments of ions, which are ionized 

in the plasma and accelerated by the plasma sheath. The mixed layer consists of silicon and 

chlorine atoms for the silicon etching in the chlorine plasma. Inert atoms such as argon are 

not considered as part of the mixed layer since they do not bond with other atoms in the 

mixed layer. They strike the surface providing the bombardment energy, and leave the 

surface without causing any other effects. 

The mixed layer is where all the surface kinetic interactions occur; no direct interaction 

between the plasma and the underlying substrate occurs. The substrate acts as the source or 

drain of atoms to or from the mixed layer, depending on whether etching or deposition 

dominates, respectively. The assumption that the surface layer is well mixed and isolated 

from the substrate other than by incorporation or rejection of matter makes the detailed 

knowledge of the layer thickness unnecessary. The layer theoretically could be of any 

thickness, as long as the ion mixing is sufficient to make the layer well mixed. Realistically, 

the mixed layer thickness is of the order the the ion bombardment implantation and atomic 

mixing depth. 

The second assumption is that the vacancy in the mixed layer can be treated as a 

species that possesses volume (but not mass) and can be used to calculate dangling bonds 

(active sites). Each vacancy represents an atomic site in the structure which is not occupied 

by an atom because of the ion bombardment. Therefore, the concentration of the vacancy 

accounts for the lower atomic density of the mixed layer in comparison to the substrate. 

The vacancy species  enters the mass balance equation used to compute the etching or 

deposition rate. It can also be used to calculating the dangling bonds and then the 
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chemisorption rate. Furthermore, the vacancy concentration is also related to the density of 

the mixed layer 

Vacancies are generated by the ion bombardment and removed by the densification, the 

chemisorption and the dangling bond annihilation. When the energetic ions strike the 

surface, the chemical bonds in the mixed layer are broken to form orbitals with unpaired 

electrons, i.e. the dangling bonds. A vacancy is generated between the two atoms as a result 

of the bond breakage. If a vacancy is not generated after the bond breakage or is not present 

between two dangling bonds, the bond quickly forms. Atoms in the mixed layer account for 

part of the volume and the total mass of the mixed layer. The densification is an observed 

phenomenon where the density of the deposited film increases with low energy ion 

bombardment (<1 KeV).184-186 The density increase is related to the removal of vacancies; 

and therefore, the densification is modeled as the removal of the vacancy. The rate of the 

vacancy removal by densification is related to both the ion energy and the ion flux, and we 

adopt the same form as that of Bakai et al.187 The removal of the vacancy due to the 

chemisorption and dangling bond annihilation is discussed in the fifth assumption of the 

section. 

The third assumption is that the mixed layer is sufficiently mixed that the species can 

be considered randomly mixed with the nearest bonding neighbor probability calculated by 

statistics. The nearest bonding neighbor probability is used to calculate the surface moiety 

concentrations for ion induced reactions and chemisorption. The validity of random mixing 

is attributed to the continual ion bombardment imparting energy into the mixed layer as 

well as the ion implantation and knock-on processes. In addition, the lower atomic density 

of the mixed layer allows greater mobility of atoms than in a densely packed film.  
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Figure 5.1 Diagram of the mixed translating layer.  The layer has a depth corresponding to the ion 
implantation and knock-on length of about 2.5 nm.  It is assumed that the layer is completely 

randomized by the ion bombardment.  Vacanciess are included as “V’s”.  In the model, the number of 
bonding neighbors is actually determined by the number of bonds associated with the atomic species 

rather than a uniform number for all species as is conceptually shown in this diagram.  Silicon is 
assumed to have 4 bonding neighbors, oxygen has 2 bonding neighbors, chlorine (or bromine) has 1 

bonding neighbor and a vacancy has 1 bonding neighbor. The inclusion of vacancies allows the 
modeling of active sites for absorption of neutrals to bond on the dangling bond’s neighboring atom.  

The concentration of chemical moieties is determined by the statistical probability of their being 
formed statistically assuming randomization of the bonding neighbors.  Based on the moiety 

concentration, the ion induced etching rates are computed. 

 
It is assumed that the neighboring atoms are bonded in the mixed layer in which each 

atom has a given number of bonding neighbor sites, e.g., silicon atoms have four bonding 

neighbors, oxygen atoms have two bonding neighbors, and chlorine atoms have one 

bonding neighbor. The atomic density is assumed to be reduced by the inclusion of vacant 

atomic sites equal to the number of vacancies. Randomized mixing allows all species to be 

equally treated in the sense that each species can be bonded to any other species with an 

equal probability allowed by the maximum bonds of the species. Figure 5.1 shows an 

example of a randomized mixture of three species during silicon etching in chlorine plasma: 
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silicon atoms, chlorine atoms, and vacancies (marked as V). It is possible for a silicon atom 

to be neighbored by silicon atoms, chlorine atoms, or vacancies. It is also possible for two 

chlorine atoms to neighbor each other or even two dangling bonds to be next to each other.  

The probability for any two species to neighbor each others is the nearest neighbor 

bond pair probability. The general formula for nearest neighbor bond pair probability, _i jJ , 

is calculated in the following equation 

 

( )
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i i j j
i j N

i j k k
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b x b x
J

b xδ
=

×
=

+ ∑

, (5.1) 

in which ,i jδ  is the Kronecker delta-function, ix  is the fraction of the ith species in the 

mixed layer as normalized by the total number of atoms in the mixed layer, ib  is the 

maximum number of bonding neighbors for the ith species, and N is the number of species 

present in the layer. Equation (5.1) was adapted from similar counting of bond pairs in both 

solid state physics and theory of the reactions in solutions. All ix  of atomic species 

(including the vacancy species) sum to 1. Therefore, the normalized vacancy concentration 

is related to the effective atomic density of the mixed layer structure. ib  is the maximum 

number of bonds allowed for the species, e.g. ib  are 4, 2, 1 and 1 for silicon, oxygen, 

chlorine and vacancies, respectively.  

The fourth assumption is that the number concentration of any surface moiety in the 

mixed layer can be computed by the corresponding bonding neighbor probability. The ion 

induced reaction rates are proportional to corresponding surface moiety concentration. As 

discussed in the introduction section, one major drawback of most surface kinetics models 

is that many formation reactions of surface moieties must be included with unknown 
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reaction rates. This assumption provides a generic way to compute the surface moiety 

concentration and the subsequent reaction rates, leaving only the reaction rate coefficients 

for emission processes to be fitted by experiments. For example, concentration of SiCl2 in 

the mixed layer equals ( )2

Si ClJ −  and the ion induced reaction rate to form SiCl2 product is 

proportional to SiCl2 concentration in the mixed layer, leaving the proportional parameter 

experimentally fitted. Similarly, the ion induced reaction rate to form Cl2 product is 

proportional to Cl ClJ −  and the ion induced reaction rate to form COF2 during silicon oxide 

etching in fluorocarbon plasma is proportional to ( )2

C O C FJ J− − .  

Assumption four is justified by comparing its predicted concentrations of surface 

species to the measured ones by depth resolved XPS experiments. The number ratio of 

chlorine atoms  to silicon atoms was measured to be 0.58 when silicon substrate was etched 

in a chlorine plasma at 240V DC bias.178,179 The corresponding surface concentration of 

chlorine and silicon are: 0.37clx =  and 0.63Six = . Using these atomic fractions with 

1Clb = and 4Sib = into equation (5.1) and ignoring the normalized vancancy concentration, 

the nearest bond neighbor probability between silicon and chlorine atom is _ 0.32Si ClJ = . 

The assumption predicts that the ratio between SiCl, SiCl2 and SiCl3 surface species should 

be: 

 [ ] [ ] [ ] 2 3
2 3 _ _ _: : ( ) : ( ) : ( ) 1:0.32: 0.1Si Cl Si Cl Si ClSiCl SiCl SiCl J J J= = ,      (5.2) 

which agrees well with the measured ratio [SiCl]:[ SiCl2]:[ SiCl3] = 1:0.33:0.1 in their 

experiments.178,179 This comparison demonstrates, at least for a first order approximation, 

that surface moiety concentration can be estimated assuming random atomic mixing.  
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The fifth assumption is that the chemisorption rate is proportional to the concentration 

of dangling bonds (or active sites) which can be computed as the nearest bonding neighbor 

probability between the vacancy species and the host atoms. The proportionality constant 

(related to sticking coefficient) is fitted and is related to the dangling bond concentration in 

the mixed layer rather than the top layer of the surface as is the case for the monolayer 

sticking coefficients.  The surface is assumed to be sufficiently open that all the dangling 

bonds in the mixed layer are accessible for sorption. In plasma processing, the major 

absorption mechanism for neutrals is chemisorption; however, absorption can occur 

through a physisorbed state which is not considered in this model. Active sites are the 

dangling bonds of the host atoms in the well mixed layer where incoming neutral atoms 

chemisorbs. Therefore, the chemisorption reaction is one mechanism for vacancy species 

removal. The impinging neutral may be physisorbed on or in the well mixed layer given the 

low atomic density of the surface layer.  The kinetics of these precursor states is 

incorporated in the sticking coefficient.  

For example, the active site concentration on silicon in the mixed layer equals -Si VJ , 

and the chemisorption of the incoming chlorine atoms is proportional to the active site 

concentration and incoming chlorine flux, where the sticking coefficient is fitted using the 

experimental data. The rate of vacancy loss is the sum of the densification, the dangling 

bond annihilation and the chemisorption.  

The assumption provides a simple way to calculate the chemisorption rate for preferred 

active sites for specific neutral radicals. It is not an issue for the silicon etching in chlorine 

plasma where actives sites are all silicon atoms. During silicon oxide or low-k material 

etching in fluorocarbon plasma, the incoming neutral radicals have preferred absorption 
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sites depending on which type of site is more energetically and kinetically favored. As 

observed by McFeely et al188 and Butterbaugh et al,39 fluorine atoms preferentially absorb 

on silicon and carbon rather than oxygen, while carbon containing radicals preferentially 

absorb on oxygen and carbon, but not on silicon. The absorption rate of fluorine atoms is 

therefore proportional to ( )Si V C VJ J− −+  while the absorption rate of carbon containing 

radicals is proportional to ( )O V C VJ J− −+ .  

Dangling bond annihilation is another way to remove vacancy species from the mixed 

layer. The annihilation rate should be proportional to ( )2

Si VJ − .  The reaction does not 

change the concentration of silicon in the mixed layer, but removes two vacancy species 

from the layer.  

The sixth assumption is that the model only includes “lumped” reactions instead of the 

complete set of all possible reactions. A lumped set of reactions is a subset of the complete 

set of reactions which has been selected to adequately account for the loss of all elemental 

species from the surface layer by reactions. This limited set is desirable as it limits the 

number of rates that must be fitted by the experimental data, but adequately represents the 

experimental behavior. The complete set of reaction products are not specifically modeled 

here since they are unknown and difficult to accurately measure in most experiments.  
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Figure 5.2 Concepts of net etching and deposition. On the left, net etching of the substrate is illustrated 
in which the etching flux into the plasma exceeds the deposition flux from the plasma. The mixed 

volume acquires a flux of material from the substrate to maintain its atom number in the mixed layer 
as it translates into the substrate. On the right, net deposition on the substrate is illustrated in which 

the deposition flux from the plasma exceeds the etching flux into the plasma. The mixed volume rejects 
a flux of material from the substrate to maintain its atom number in the mixed layer as it translates 

away from the substrate. 

 
The selection of lumped reactions should be based on both existing experimental 

evidence of the primary products that are formed as well as their completeness in the sense 

of adequately accounting for the removal of all atomic species with sufficient independence 

that the experimental data can be fitted. For example, during silicon etching in chlorine 

plasma, although SiCl, SiCl2, SiCl3, SiCl4 and Si2Cl6 are all possible reaction products, the 

formation reaction of SiCl2 alone was chosen to represent the overall ion induced reaction 
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while the formation of SiCl4 was chosen to represent the overall thermal reaction since 

these are observed to be the major products in the ion enhanced etching and the chemical 

etching, respectively.63 Also ion induced reaction for Cl2 formation is included to better 

model the data.  

The seventh assumption is that the total numbers of atoms and vacancies are conserved 

in the translating mixed layer model and that the deposition or etching rate is determined by 

the difference between the total atoms to and from the surface layer.189 As shown in Figure 

5.2, if the atomic flux to the layer is less or more than the flux from the mixed layer, the 

translation of the layer into or away from the substrate provides the necessary flux to 

maintain the constant total number of atoms.  

For example, under the etching conditions, the etching rate equals the rate that the 

substrate provides atoms to the mixed layer to balance the difference between the rates of 

atom removal from and atom addition into the mixed layer by the plasma interactions. The 

relative concentration of atoms in the flux from the substrate to the mixed layer is 

determined by in the composition of the substrate. For example, in silicon etching, it is 

composed of 100% silicon atoms; while in silicon dioxide etching, the flux is composed of 

33% silicon atoms and 67% oxygen atoms.  

Under the deposition conditions, a deposit is formed on the substrate with the same 

composition as the mixed layer. The conservation of each species, including the real atoms 

and the vacancies, serves as constraint equations for the model.  Solving the coupled 

equations yields the net etching or deposition rate.  

The above assumptions make the proposed surface kinetics modeling framework 

generic, convenient and accurate. The general equation for the nearest neighbor probability 
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calculation and thus the calculation of surface moieties, the ion induced reaction rates, the 

absorption rates and tthe dangling bond annihilation rate, yield a generic modeling 

framework for the modeling of the surface kinetics of plasma processes. It can be used in 

the etching of silicon, dioxide, low-k, high-k and other materials in the halogen, 

fluorocarbon and other plasmas, as long as the atomic species in the mixed layer is 

determined to start the modeling. The framework is convenient since only the incoming 

neutral flux and composition, ion flux and composition, and substrate composition are 

required for this computation. The flux and composition information can be either 

experimentally measured or estimated using a plasma model. No structure or detailed 

information of the substrate is necessary, which is extremely appealing when studying the 

increasingly more complex materials in current semiconductor processing that contain a 

greater number of atomic species. The selection of lumped reaction set and exclusion of all 

surface species formation reactions by the surface moiety calculations greatly reduce the 

number of parameters that have to be experimentally fitted. It greatly reduces the number 

of reaction rate coefficients that must be fitted by the existing experimental data while 

maintaining a reasonable physical model of the surface processes.  

5.3 Reaction Rate Calculation 

The proposed modeling framework includes the following mechanisms: the ion 

incorporation, the neutral absorption, the physical sputtering, the vacancy generation, the 

ion induced reaction, the densification reaction, the dangling bond annihilation, the 

spontaneous reaction and the surface recombination. Diffusion is not included in the model 

since it is inconsistent with the model assumptions. It was found that the etching rate 

variation ascribed to the diffusion in the literature can be modeled by the surface 
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composition changes rather than the diffusion limitations.189 This section describes the 

calculation of these reaction rates and the method to determine the corresponding 

parameters. 

 All reaction rates in the model are normalized to the reaction yield by the incoming ion 

flux, and specific neutral and ion fluxes are also normalized in the same way. This 

normalization makes the model generally dimensionless and consistent with the 

observation that the etching yield is primarily dependent on the ratio of the fluxes and 

relatively independent of the magnitude of the fluxes.41,43,190 The etching or deposition 

yield, meaning the number of atoms/molecules removed or added when one ion strikes the 

surface, is calculated by  

film

total

r
R

ρ×
=

Γ ,                                                               (5.3)
 

in which R  is the ion-induced etching or deposition yield, totalΓ is the total ion flux density, 

and filmρ  is the number density of  atoms or molecules in the substrate or deposited film and 

r  is the etching or deposition rate.  

5.3.1 Ion Incorporation 

Ions at the normal incidence are assumed to be ‘implanted’ when striking the 

translating mixed layer. Consistent with the TRIM simulations for the ion bombardment of 

carbon films, ions were assumed to have an  incorporation probability of 100%.191 Using 

chlorine ions incorporation as an example, the incorporation yield is calculated by  

_ _ _ _A Cl i Cl i Cl iR S G f= × × ,                (5.4)                      

in which _ _A Cl iR  is the incorporation yield of the chlorine ions, _Cl iG  is the normalized 
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chlorine ion flux to the total ion flux. f is threshold adjustment factor, and _Cl iS  is the 

proportionality parameter, which can be considered as the “sticking coefficient” of chlorine 

ions. _Cl iS is set to one to represent 100% incorporation. 

The threshold adjustment factor f is set to one when the ion energy is greater than the 

threshold energy of the physical sputtering by the corresponding ions, and set to zero when 

the ion energy is below.  This avoids the unphysical deposition of ions at very low ion 

energy. Without this adjustment, a 1 eV chlorine ion beam striking the silicon surface 

would created a surface completely composed of chlorine atoms, which is inconsistent with 

the experimental observation that the deposition rate decreases to zero when ion 

bombardment energy approaches zero.77 

5.3.2 Neutral Absorption 

The chemisorption rate of the neutrals within the surface layer is proportional to the 

incoming neutral flux and the available sites within the surface layer. When normalized by 

the total ion flux, the absorption yield, using incoming chlorine atoms absorption on silicon 

atoms in the mixed layer as an example, is calculated according to the following equation 

_ _ _ _ _A Cl on Si Cl on Si Si V ClR S J G−= × × ,     (5.5)                      

in which _ _ _A Cl on SiR  is the absorption yield; _ _Cl on SiS  is the sticking coefficient for the 

chlorine atoms on the active sites associated with silicon; Si VJ −  is the active sites 

concentration hosted on the silicon atoms and ClG  is the ratio between the incoming 

chlorine atom flux and the total ion flux. In the beam experiments with chlorine atoms and 

argon ions,42 ClG  corresponds to the experimentally measured neutral to ion flux ratio. In 
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the experiments of the silicon etching in chlorine plasma,81  ClG  is calculated as the product 

of neutral to ion flux ratio and the fraction of chlorine atoms in the incoming neutral flux.  

Sticking coefficients such as _ _Cl on SiS  should not depend on the ion bombardment 

energy but should only depend on the flux of the chlorine atoms and the activated silicon. 

In the models developed in the past, the sticking coefficients were assumed to be 

proportional to square root of the ion bombardment energy.42,43,76,77,192 The square root 

dependence  is unphysical and most likely represents the greater generation of the 

adsorption sites by the ion bombardment with increasing ion energy. With detailed balance 

of the dangling bonds in the current model framework, the unphysical assumption of the 

energy dependence of dangling bond was eliminated. The sticking coefficients used in the 

model must be fitted using the experimental etching yield data and the model. 

5.3.3 Physical Sputtering 

Physical sputtering, as defined by Sigmund,193,194 is a class of erosion phenomena 

observed of a material surface as a consequence of (external or internal) particle 

bombardment; is observable in the limit of small incident-particle current (to exclude 

particle beam heating caused evaporation); and is observable in the limit of small incident-

particle fluence (to ensure that a single incident particle initiates a sputtering event).   

The physical sputtering yield is proportional to the product of corresponding 

normalized surface layer concentration and normalized incoming ion flux as shown in 

equation (5.6) with silicon sputtered by argon ions as an example,  

_ _ _ _ _ _s Si by Ar Si by Ar Si Ar iR Y x G= × × ,     (5.6)                      
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where _ _ _s Si by ArR  represents the sputtering yield of Si by impinging Ar ions, _ _Si by ArY  is the 

sputtering yield coefficient, Six  is the silicon atom concentration normalized by the number 

of total atoms in the mixed layer, and _Ar iG  is the fraction of Ar ions in the total incoming 

ion flux. The physical sputtering rate of the pure substrate is proportional to the incoming 

ion flux. When normalized by the total ion flux, the physical sputtering yield is 

proportional to the normalized ion flux. When the bombarded surface has multiple atomic 

species, the sputtering yield is adjusted by the mole fraction of target atoms in the mixed 

layer, as Six  is included in equation (5.6). 

The physical sputtering yield of reactive ions such as Cl+ or CF2
+ can be calculated in 

the same way and should be distinguished from the “chemical sputtering yield” reported in 

the literature.45,46 The chemical sputtering yield during the silicon etching in CF2
+ is a 

combination of both ion induced reaction and physical sputtering as is discussed in this 

section. Therefore, the experimentally measured etching yield of the reactive ions cannot 

be used as the physical sputtering yield coefficient. The physical sputtering yield 

coefficient of reactive ions must be computed using a general set of equations based on the 

theory and the empirical fitting of the non-reactive ions. 

Physical sputtering yield coefficient is a function of the target species, the projectile 

species, the ion bombardment energy and the ion impinging angle. A set of equations for its 

calculation at bombardment energy less than 1000 eV was developed based on both 

theoretical reasoning and the empirical fitting. The sputtering yield is expressed as in 

( ) ( )_ _t by p thY A E E f θ= × − × ,                                          (5.7) 
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in which _ _t by pY  is the sputtering yield coefficient of the target t by the projectile ion p, 

and E  is the ion bombardment energy; thE  is the threshold energy; A  is the linear 

proportional coefficient; and ( )f θ is a function of the off-normal angle θ  to represent the 

angular dependence.  

The linear dependence of the physical sputtering yield coefficient on the square root of 

energy follows the results proposed by Steinbruchel et al,195,196 and an empirical formula 

for thE was recently developed by Wittmaack et al as197  

( ) ( )0.6
25.2 / 0.928 /th t p t pE M M M M

−
= + ,                          (5.8) 

where , , ,p p t tM Z M Z are the mass, atomic number of the projectile ions and the target 

atoms.  

The angular dependence ( )f θ  is modeled using a polynomial fitting of the 

experimentally measured angular dependence of the physical sputtering yields.192 As 

calculated by the equation 

( ) ( ) ( ) ( )
( ) ( )

5 4 3

2

81.70 cos 224.03 cos 208.19 cos

67.569 cos 0.711 cos 0.0242

f θ θ θ θ

θ θ

= − + −

+ − −
,                    (5.9) 

the maximum sputtering yield occurs at about 55o off-normal angle, with the value about 

70% higher than the yield at the normal incidence angle. It is assumed that the angular 

dependence function does not depend on the ion bombardment energy and the ion species 

and therefore equation (5.9) is generally used in all sputtering yield calculations. 

The proportional coefficient A in equation (5.7) is a function of both the ion and 

target atom species. A general equation for its calculation was developed and the 

parameters were determined by the empirical fitting. Combining the equations proposed 
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by Sigmund-Thompson194, the empirical formula proposed by Bohdansky et al198,199 and 

Matsunami et al200, the following equation was developed  

( )1/ 2
0.0054 0.0198t

p t
P t

M
A Z Z

M M

 
= − + 

,                               (5.10) 

in which , , ,p p t tM Z M Z are the mass, atomic number of the projectile ions and the target 

atoms. The coefficients in equation (5.10) were decided by fitting the equation to the 

experimental sputtering yield of inert ions.195,197,201  

Equations (5.8), (5.9) and (5.10) are used to calculate the sputtering yield coefficients 

between any ion and any target atom at any energy and incident angle. We realize that they 

do not capture the effect of bond energy associated with the compounds and may be 

inaccurate for the calculation of physical sputtering in non-pure materials. They are used 

nevertheless for three reasons. One, the sputtering yield is relatively small compared to the 

ion induced reaction yield; therefore, a small error in the sputtering yield does not 

significantly affect the final etching yield result. Two, by the inclusion of the physical 

sputtering, finite removal mechanisms are included for any presence in the film, and hence 

removes small impurities without necessitating other means of removal. Third, since the 

sputtering yield coefficients are not experimentally fitted,  the number of parameters that 

must be fitted is reduced. 

5.3.4 Vacancy Generation 

The vacancy generation yield was assumed to be proportional to the normalized 

incoming ion flux. Vacancies are generated by ions striking the surface and breaking the 

bonds between atoms in the mixed layer. Therefore, the vacancy generation rate is 

proportional to the ion flux and it is normalized by the total ion flux to give a linear 
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relationship between the vacancy generation yield and the normalized ion flux. The 

equation was expressed in equation (5.11) using the vacancy generation by argon ion as an 

example, 

_ _ _ _ _ _A V by Ar V by Ar Ar iR Gβ= × ,                                           (5.11) 

in which _ _ _A V by ArR  is the vacancy generation yield due to the argon ion bombardment, 

_Ar iG  means the fraction of argon ions in the total ion flux and _ _V by Arβ is the linear 

coefficient. 

It was assumed that proportionality constants such as _ _V by Arβ should have the a similar 

angular and energy dependence as that of physical sputtering coefficient since both are 

related directly to bond breakage in the surface layer. Physical sputtering can be considered 

as a special case of the bond breakage in which all the bonds of the target atoms are broken. 

Therefore, it seems reasonable that the angular and energy dependence of dangling bond or 

vacancy formation would have a similar dependence to the physical sputtering yield.  

While this assumption is crude, it captures the increased bond breaking near the surface at 

the peak sputtering yield angle and reduced bond breakage at more grazing angles as well 

as the increased number of bond broken with increasing ion energy. Thus the linear 

coefficient for the vacancy formation is given by 

( ) ( )_ _V by Ar thA E E fβ θ= × − × ,                                 (5.12) 

where the angular dependence ( )f θ is the same as that in equation (5.9). The parameters 

A  and thE cannot be calculated by equation (5.10) and (5.8), and they must be determined 

by experimental fitting. 



 241 

5.3.5 Ion Induced Etching 

Ion induced etching yield for a given product species is assumed to be proportional to 

the corresponding surface moiety concentration as calculated by the nearest bond neighbor 

probability. For example, the yield 
2_E SiClR  for the ion induced reaction to produce SiCl2, is 

calculated as 

[ ] ( )
2 2 2

2

_ 2E SiCl SiCl SiCl Si ClR SiCl Jβ β −= = × ,                             (5.13) 

in which 
2SiClβ  is the ion induced reaction coefficient for SiCl2 formation, [ ]2SiCl  is the 

SiCl2 concentration, and Si ClJ −  is the nearest neighbor probability between silicon and 

chlorine atoms. 

The constants such as 
2SiClβ  are functions of the ion bombardment energy E  and the 

off-normal angle θ  of the incident ions,  

( ) ( )
2SiCl thA E E gβ θ= × − × ,                                    (5.14) 

in which A  is a constant and thE  is the threshold energy associated with the reactions and 

( )g θ  is the normalized angular dependent function, which equals to one at the normal 

incident angle. The linear dependence between 
2SiClβ  and the square root of the ion 

bombardment energy was justified in other earlier models.41-43,190,192 The angular 

dependence of 
2SiClβ are shown in equation (5.14). There is no general method to calculate 

A , thE  or ( )g θ ; therefore, the coefficients for each ion induced reactions have to be 

determined by experimental fitting. 
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5.3.6 Densification Reactions 

Densification reaction is the removal of vacancy species by ion bombardments. 

Densification is related to the binary collision cascade that also produces the physical 

sputtering. Using the densification by Ar ions as an example, the densification yield was 

estimated by the equation 

_ _ _ _ _ _s V by Ar V by Ar V Ar iR Y x G= × × ,                                     (5.15) 

where _ _V by ArY  is the densification yield coefficient, Vx  is the ratio between the number of 

vacancies and the number of total atoms in the mixed layer.  

Similar to the physical sputtering yield coefficient, the densification yield coefficient is 

assumed to be the same as equation (5.7), 

( ) ( )_ _t by p thY A E E f θ= × − ×                                  (5.16) 

with ( )f θ  adopting the same formula as in equation (5.9). 

5.3.7 Dangling bond annihilation 

Using the dangling bonds on silicon, _Si VJ , as an example, the dangling bond 

annihilation rate is calculated by: 

( )2

_ _V Si V Si VR Jβ= × ,                                         (5.17) 

where _Si Vβ  is the proportionality constant for dangling bond on silicon. Notice the 

reaction doesn’t move silicon from the mixed layer, but removes two vacancy species from 

the mixed layer. The proportionality constant is fitted experimentally and is different for 

the dangling bonds on different host atoms. In this model, _Si Vβ  is assumed not to depend 
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on the ion bombardment energy but on the substrate temperature. Therefore, we are treating 

the dangling bond annihilation like a thermal reaction. 

5.3.8 Spontaneous Reactions 

Spontaneous reactions are the chemical etching reactions that form products such as 

SiF4. Spontaneous chemical etching reactions are included in the model by normalizing 

their rates by the total ion fluxes. When the chemical etching reaction is limited by the 

incoming neutral flux, the reaction rate is proportional to the neutral flux with constants 

having an Arrehnius of dependence on the sample temperature. The constants were 

measured by Flamm et al for the silicon and silicon oxide etching in fluorine atoms27 and 

were measured by Walker et al for silicon etching by chlorine atoms, bromine atoms and 

chlorine molecules. 202-204 Although the thermal reactions do not depending on the 

incoming ion flux, the reaction rates and the neutral flux were both normalized by the total 

ion flux to obtain an effective etching yield, so that all the processes have the same units. 

This same approach was adopted by Gogolides et al.44,76,77 The spontaneous reaction yield 

for SiF4 is calculated by 

thermal F SiR m G x= × × ,                                                    (5.18) 

in which FG  is the ratio of the fluorine atom flux to the total ion flux; m  is the 

proportionality constant; m  is a function of the surface reaction and is calculated by the 

experimentally measured rate and the film density. Chemical etching reaction rate to form 

SiCl4 is small and hence m  is set to zero while a finite value must be adopted for SiF4 

reaction. 
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5.3.9 Surface Recombination 

Surface recombination reactions can also be included in the model. Surface 

recombination reactions have not been typically included in the kinetic models of silicon 

etching in chlorine plasma; however, chlorine recombination is known to be significant on 

many surfaces. Both Butterbaugh et al39 and Gray et al,190 during the silicon dioxide 

etching in the fluorocarbon plasma, experimentally observed the recombination and found 

it is necessary to consider the reaction of CF3 radicals from the plasma recombining with 

the surface fluorine to form CF4. The yield of the recombination reaction is calculated as  

4 3CF F V CFR J Gα −= × × ,                                               (5.19) 

where 
4CFα is the surface recombination coefficient to form CF4;

3CFG  is the normalized CF3 

radical flux by the total ion flux; and F VJ −  is the nearest neighbor probability between 

atomic fluorine and dangling bond. F VJ −  is used to represent those fluorine atoms that are 

not chemically bonded but are incorporated/physisorbed in the mixed layer. In the mass 

balance equation, the reaction yield of Equation (5.19) decreases the fluorine atomic 

number from the mixed layer by one. The physisorption of the CF3 before reaction is not 

specifically included, and therefore is accounted by the fitting of the rate coefficient. 

Similarly, this model ignores other pathways such as the chemisorption of CF3 on an 

oxygen atom followed by surface reaction with atomic fluorine to form CF4; therefore, our 

fitted coefficients account for such processes in part by the fitting of the coefficients. 
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5.3.10 Governing Equations: Balance of the Volume and 

Individual Species 

The governing equations for the model are the conservation equation for the total 

volume of the mixed layer, and the conservation equation for the number of each species 

including both the real atoms and the vacancies. 

Total volume of the mixed layer is conserved by the addition of species from the 

underlying substrate (etching) or the removal of atoms from the mixed layer to the 

deposited layer (deposition). Therefore, the etching or deposition yield is calculated as the 

difference between the total yields of atomic addition and the total yield of atomic removal 

from the mixed layer. Indicating the number of added atoms from addition reaction AiR  as 

Aib , the total number of removed atoms from etching reaction EiR  as Eib , and the number 

of atoms in the molecule of the etched substrate or deposited film as _ _Film or Subb , the overall 

etching or deposition yield is calculated as  

1 1

_ _

L N

Ei Ei Ai Ai
i i

overall
Film or Sub

b R b R
R

b
= =

 × − × 
 =
∑ ∑

,                                     (5.20) 

in which N addition reactions and L removal reactions are considered. Aib  and Eib  of each 

reaction can be easily counted. For example, the addition reaction of Cl2
+ adds two atoms 

to the mixed layer while the etching reaction to form SiCl2 removes three atoms from the 

mixed layer. overallR  represents the etching yield when positive and deposition yield when 

negative. During etching, _ _Film or Subb   is the number of atoms per molecule in the substrate. 

For example, it equals 1 for silicon substrate while it equals 3 for silicon dioxide substrate. 

During deposition, _ _Film or Subb  is usually set to 1 and percentage is used to represents the 
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fraction of atoms in the flux from the mixed layer to deposited layer, which should be the 

same as the mixed layer.  

The conservation of each species provides other governing equations that the model 

must solve. Assuming ,i jv as the number of added atoms of species j from addition reaction 

AiR , and assuming ,i jw  as the number of removed atoms of species j from etching reaction 

EiR , the mass balance for species j is written as: 

, ,
1 1

0
N L

i j Ai i j Ei
i i

v R w R
= =

= × − ×∑ ∑ .                                        (5.21) 

Notice the etching yield or the deposition yield should also enter the equation as one 

addition reaction yield or removal reaction yield. For example, the etching yield of silicon 

substrate is counted in the silicon conservation equation as an addition reaction to the 

mixed layer, and similarly etching yield of silicon oxide substrate are counted in both 

silicon and oxygen conservation equation.  

5.3.11 Numeric Realization 

It is very difficult to directly solve equations (5.20) and (5.21) with MATLAB or 

MATHEMATICA. The reason is twofold. First, equations (5.20) and (5.21) are 

conditioned on whether etching or deposition case should be solved. For example, in the 

case of silicon dioxide etching in the fluorocarbon plasma, the yield calculated in equation 

(5.20) should enter the mass balance of silicon and oxygen only during etching regime; 

while the yield should enter all mass balance equation during deposition regime. Second, 

even if the system is known to be in either the etching regime or the deposition regime, 

multiple mathematically correct solutions can exist for the above equations, many of which 
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are physically incorrect.  In addition, it was found that in most cases, the physically correct 

solution was not found by these programs. 

The numerical difficulties of multiple and physically incorrect solutions were avoided 

by integrating the set of coupled time differential equations from the substrate composition 

to the steady state rather than solving for the steady state solution directly. Equation (5.21) 

was revised to a time differential equation of species j 

, ,
1 1

N L
j

i j Ai i j Ei
i i

dx
v r w r

dt = =
= × − ×∑ ∑ ,                                        (5.22) 

that was integrated to the steady state solution starting from the substrate composition. For 

silicon etching, the initial condition is that the normalized silicon concentration is one and 

all other species are zero. The right hand side of equation (5.21) should be different, 

determined by whether the yield calculated in equation (5.20) is positive or negative. The 

approach was realized in the commercial simulation environment JACOBIAN® that was 

found to robustly yield both mathematically and physically accurate solutions.  

5.4 Example of the Model Construction 

The assumptions described in section 5.2 and the reaction rate calculation based on 

section 5.3 form a generic framework to construct the surface kinetics model between any 

plasma and any surfaces. In this section, construction of the surface kinetics model for the 

silicon etching in the chlorine atom and chlorine ion beams is described to demonstrate the 

general model construction steps and the method used to determine the necessary 

parameters. 

 Step one is to determine the atomic species in the mixed layer. For the silicon etching 

in the chlorine chemistry, obviously silicon and chlorine atoms are the real atoms in the 
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mixed layer plus vacancies for a total three species in the mixed layer. Their normalized 

concentrations are Six , Clx  and Vx  for the silicon, chlorine and vacancies, respectively. 

The fractions of all the species sum to one ( 1Si Cl Vx x x+ + = ). 

Step two is to determine the lumped reactions and the products. In the example, there 

should be the ion incorporation of the chlorine ions, the chemisorption of the chlorine 

atoms, the physical sputtering of the silicon atoms by the chlorine ions, the physical 

sputtering of the chlorine atoms by the chlorine ions, the vacancy generation, the ion 

induced reaction to form SiCl2, the ion induced reaction to form Cl2, the densification 

reactions by the Cl ions, the dangling bond annihilation/recombination reaction, and the 

spontaneous reaction to form SiCl4. The surface recombination reaction for Cl2 formation is 

included as an example of how to include the surface recombination, but its rate coefficient 

is set to zero since it is usually not significant in the silicon etching. 

Step three is to calculate the reaction yield of the determined reactions. The 

corresponding normalized flux is calculated from the neutral to ion flux ratio and the 

composition of neutrals and ions.  

The ion incorporation yield of the chlorine ion is 

_ _ _ _A Cl i Cl i Cl iR S G= × ,                                                   (5.23) 

where the normalized chlorine ion flux _ 1Cl iG =  and the incorporation coefficient 

_ 1Cl iS = . 

The chemisorption rate of the chlorine atoms on the silicon atom is calculated from 

_ _ _ _ _A Cl on Si Cl on Si Si V ClR S J G−= × × ,              (5.24) 
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in which the normalized chlorine atom flux ClG  equals the neutral to ion flux ratio and the 

Si VJ −  is calculated by  

4

4
Si V

Si V
Si Cl V

x x
J

x x x−
×=

+ +
.                               (5.25) 

The physical sputtering yields of the silicon atoms and the chlorine atoms are calculated 

by 

_ _ _ _ _ _s Si by Cl Si by Cl Si Cl iR Y x G= × ×         (5.26) 

and 

_ _ _ _ _ _s Cl by Cl Cl by Cl Cl Cl iR Y x G= × × ,      (5.27) 

where the physical sputtering coefficient _ _Si by ClY  and _ _Cl by ClY  are calculated from 

equations (5.7)-(5.10), depending on the ion bombardment energy and the incident angle. 

Notice that the adsorption reaction yield also counts for vacancy removal yield, as shown in 

equation (5.42). 

 The vacancy generation is calculated from  

_ _ _ _ _ _A V by Cl V by Cl Cl iR Gβ= × .    (5.28) 

The ion induced reaction yield for SiCl2 and Cl2 formation are calculated from equation 

(5.13) and the equation 

2_ 2E Cl Cl Cl ClR Jβ −= × ,     (5.29) 

with Cl ClJ −  and Si ClJ −  in equation (5.13) calculated from 

4

4
Si Cl

Si Cl
Si Cl V

x x
J

x x x−
×=

+ +
    (5.30) 

and  
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( )2 4
Cl Cl

Cl Cl
Si Cl V

x x
J

x x x−
×=

+ +
.     (5.31) 

The densification reaction yield is calculated as 

_ _ _ _ _d V by Cl d by Cl V ClR Y x G= × × .                (5.32) 

 The dangling bond annihilation reaction yield is calculated by 

( ) ( )2 2

_ _ _ _V Si V Si V Cl V Cl VR J Jβ β= × + × ,      (5.33) 

since both the dangling bonds hosted on the silicon and chlorine atoms are considered.  

The spontaneous reaction yield to generation SiCl4 is calculated by 

thermal Cl SiR m G x= × × .     (5.34) 

And finally, the surface recombination yield for Cl2 is calculated by 

2 2_ _R Cl Cl Cl V ClR J Gα= × × ,                                     (5.35) 

and this reaction accounted for only one chlorine atom removal from the mixed layer since 

another one comes from the incident neutral flux. 

Step four is to calculate the etching or deposition yield based on equation (5.20), as 

followed in the example, 

2 2

2

_ _ _ _ _ _ _ _ _ _

_ _ _ _ _ _ _ _ _

3 2overall s Si by Cl s Cl by Cl E SiCl E Cl d by Cl V

thermal R Cl A Cl i A Cl on Si A V by Cl

R R R R R R R

R R R R R

= + + + + +

+ + − − −
.           (5.36) 

overallR  is positive during etching and negative during deposition. 

Step five is to set up the balance equations for all the species based on equation (5.22).  

When overallR  is positive, the time differential form of the mass balance equations for 

the silicon, chlorine and vacancy are 

2_ _ _ _
Si

overall s Si by C l E SiCl thermal

dx
R R R R

dt
= − − − ,    (5.37) 
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2 2 2_ _ _ _ _ _ _ _ _ _ _2 2Cl
A Cl i A Cl on Si s Cl by Cl E SiCl E Cl R Cl

dx
R R R R R R

dt
= + − − − − , (5.38) 

and  

_ _ _ _ _ _ _ _ _ _
V

A V by Cl d by Cl V A Cl on Si A Cl i

dx
R R R R R

dt
= − − − − .                       (5.39) 

When overallR  is negative, it represents the flux of atoms from the mixed layer to the 

deposited layer. Therefore, equations (5.37), (5.38) and (5.39) should be modified to  

2_ _ _ _
Si

overall Si s Si by C l E SiCl thermal

dx
R x R R R

dt
= × − − − ,   (5.40) 

2 2 2

_ _ _ _ _

_ _ _ _ _ _2 2

Cl
overall Cl A Cl i A Cl on Si

s Cl by Cl E SiCl E Cl R Cl

dx
R x R R

dt
R R R R

= × + +

− − − −
.   (5.41) 

_ _ _ _ _ _ _ _ _ _
V

overall V A V by Cl d by Cl V A Cl on Si A Cl i

dx
R x R R R R R

dt
= × + − − − − .          (5.42) 

Step six is to set the initial condition of the mixed layer as 1.0Six = , 0.0Cl Vx x= =  

and integrate equations (5.37)-(5.42) to the steady state, and hence to derive the overallR  as 

either the etching rate or the deposition rate and to determine the normalized concentration 

in the mixed layer. Notice in each integration step, the sign of overallR  is evaluated to 

determine whether to use the equation set of (5.37), (5.38), and (5.39) or the equation set of 

(5.40), (5.41), and (5.42). 

Step six is to iterate above steps to determine the best set of rate coefficients. The 

predicted etching rate data were compared to the model predictions and the rate coefficients 

were fitted using a non-linear regression algorithm to determine the best coefficient values.  

The resulting model is then considered to insure that the resulting predictions of the surface 

composition are physically reasonable.  Plots of the resulting model predictions are made 
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with the process condition variation to assure that the model yielded physically reasonable 

trends in the rate and the surface composition.  If not, the basis set of the lumped reactions 

would be modified and tested to provide a more physically correct model.  

The best fit parameters are shown in Table 5.1. The equations were integrated to the 

steady state for silicon etching in chlorine atoms and chlorine ions when the neutral to ion 

flux ratio equals 500 and the chlorine ions impinge at the normal angle with 55 eV 

bombardment energy. The changes of the normalized surface concentration and 

etching/deposition yield along the integration steps are shown in Figure 5.3. Starting from 

pure silicon, the bombardment of chlorine ions incorporates chlorine atoms in the mixed 

layer and generates vacancies in the layer. The vacancies provide sites for chlorine atoms 

absorption and further increase the amount of chlorine in the mixed layer. Before adequate 

chlorine concentration, the addition reaction occurs faster than the removal reaction, 

causing negative overall yield, or deposition is happening as observed in the first 0.2 time 

unit. The initial deposition during the plasma etching as predicted in the model is consistent 

with the experimental observation by Coburn et al and by Jin et al.63  When adequate 

chlorine atoms are incorporated in the mixed layer, the greater ion-induced reaction rate 

causes the removal to exceed chlorine incorporation, and overall yield indicates etching 

begins between time units 0.2 and 0.4. The system quickly converges to a steady state and 

the etching yield under this condition is determined to be 2.5 silicon atoms per incident ion 

and the normalized surface concentration of silicon, chlorine and vacancies are found to be 

about 0.54, 0.44 and 0.02.  
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Figure 5.3 Change of the normalized surface concentration, etching/deposition yield with integration 

time for silicon etching in chlorine atoms and chlorine ions. The neutral to ion flux ratio equals 500 and 
the chlorine ions impinge at normal angle with bombardment energy 55 eV. 

 
The undetermined constants _ _V by Clβ , _ _Cl on SiS , , _Si Vβ , _Cl Vβ , 

2SiClβ , _ _d by Clβ  and 

2Clβ  in the example model are determined by fitting the experimentally measured 

dependence between the etching yield and the neutral to ion flux ratio at different energy 

level, as shown in Figure 5.4.43 Then the proportionality constant and the threshold of the 

energy dependence of _ _V by Clβ , are determined by non-linear regression. Parameters 

2SiClβ , _ _Cl on SiS , _Si Vβ , _Cl Vβ , and 
2Clβ  are also used for modeling of the silicon etching in 

the chlorine atoms/argon ions42 or chlorine molecules/chlorine molecular ions205, and 

therefore as many the experimental data as possible are fitted together to achieve the best 

estimation of these reaction parameters. Nearly one hundred experimental data at different 

neutral to ion flux ratios, flux compositions and energies were used to fit the thirteen 

parameters shown in Table 5.1, a list of all the reactions and parameters for all the silicon 

etching in chlorine or argon related plasma.  
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Table 5.1 List of reactions and parameters in models for silicon etching in chlorine related system 

Parameters 
# Reactions Reaction Yield Calculation Coef. 

A thE (c) 

1 Cl+(g) � Cl(s)(a) 
_ _ _ _a Cl i Cl i Cl iR S G f= × ×  Assumed 1(d)(e)  

2 Cl2
+(g) � 2Cl(s) 

2 2 2_ _ _ _a Cl i Cl i Cl iR S G f= × ×  Assumed 1(e) 

3 Si-V + Si-V �Si-Si ( )2

Si V Si V Si VR Jβ− − −= ×  
Fitted 2 

4 Cl-V + Cl-V � Cl-Cl ( )2

Cl V Cl V Cl VR Jβ− − −= ×  
Fitted  2 

5 Si(s) + 4Cl(g) � SiCl4 
thermal Cl Sir m G x= × ×  Assumed 0 

6 Cl(g) � Cl(s) 
_ _ _ _ _a Cl on Si Cl on Si Si V ClR S J G−= × ×  Fitted 

0.75 

 
7 Cl2(g) � 2Cl(s) 

_ 2_ _ 2_ _ 2a Cl on Si Cl on Si Si V ClR S J G−= × × Fitted 0.08 

8 Si(s) � Si(g) (by Ar+) 
_ _ _ _ _ _s Si by Ar Si by Ar Si Ar iR Y x G= × ×  Calc.(b) 0.035 33.63 

9 Si(s) � Si(g) (by Cl+) 
_ _ _ _ _ _s Si by Cl Si by Cl Si Cl iR Y x G= × ×  Calc. 0.035 31.49 

10 Si(s) � Si(g) (by Cl2
+) 

_ _ _ 2 _ _ 2 2 _s Si by Cl Si by Cl Si Cl iR Y x G= × ×  Calc. 0.042 46.94 

11 Cl(s) � Cl(g) (by Ar+) 
_ _ _ _ _ _s Cl by Ar Cl by Ar Si Ar iR Y x G= × ×  Calc. 0.045 29.44 

12 Cl(s) � Cl(g) (by Cl+) 
_ _ _ _ _ _s Cl by Cl Cl by Cl Si Cl iR Y x G= × ×  Calc. 0.045 27.62 

13 Cl(s) � Cl(g) (by Cl2
+) 

_ _ _ 2 _ _ 2 2_s Cl by Cl Cl by Cl Si Cl iR Y x G= × ×  Calc. 0.055 40.86 

14 � V (s) (by Ar+) 
_ _ _ _ _ _ _V by Ar i V by Ar i Ar iR Gβ= ×  Fitted 1.8 27 

15 � V (s) (by Cl+) 
_ _ _ _ _ _ _V by Cl i V by Cl i Cl iR Gβ= ×  Fitted 2.5 24 

16 � V (s) (by Cl2
+) 

_ _ 2 _ _ _ 2_ 2_V by Cl i V by Cl i Cl iR Gβ= ×  Fitted 0.62 25 

17 Si(s) + 2Cl(s) � SiCl2 ( )
2 2

2

_E SiCl SiCl Si Clr Jβ −= ×  
Fitted 8.30 26.4 

18 Cl(s) + Cl(s) � Cl2 
22_ Cl Cl ClE Cl

r Jβ −= ×  Fitted 5.3 26.4 

19 Si(s) + 4Cl(g) � SiCl4 
thermal Cl Sir m G x= × ×  Assumed 0 
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20 V � NULL (by Ar+) 
_ _ _ _ _ _d by Ar i d by Ar V Ar iR X Gβ= × ×  Fitted 10.0 27.0 

21 V � NULL (by Cl+) 
_ _ _ _ _ _d by Cl i d by Cl V Cl iR X Gβ= × ×  Fitted 9.5 24.0 

22 V � NULL (by Cl2
+) 

_ _ 2_ _ _ 2 2_d by Cl i d by Cl V Cl iR X Gβ= × × Fitted 3.0 25.0 

(g) and (s) mean the gas and solid phase, respectively. 
Coefficients are assumed, calculated or experimentally fitted. Physical sputtering are calculated from equation 
(7)- (10). 
Threshold energy Eth is in unit of eV 
If single value is specified in coefficient column, no ion bombardment energy dependence is assumed for that 
coefficient. 
f is the threshold adjustment factor which is zero for ion energies below the sputtering     threshold energy and 
one for greater energies. 
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Figure 5.4  Dependence of etching yield on neutral to ion flux ratio for silicon etched by chlorine atom and 

chlorine ion beams. 
 

One of the major advantages of the modeling framework is the fast modeling speed. 

Using a PC with a Pentium 4 CPU with a 2 GHz clock rate and a 512 Mbytes memory, 

only one second is necessary to calculate the etching yield for a given condition of a 

reaction set, as in Figure 5.3. One minute is sufficient to compute the dependence of the 

etching yield and the surface concentration on given parameters like the neutral to ion flux 
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ratio or the ion bombardment energy, as in Figure 5.4. To obtain the parameter as listed in 

Table 5.1 by experimental data fitting, usually ten hour is sufficient to determine the best 

reaction coefficients by nonlinear least squares regression if the selected reaction set is 

physically reasonable. 

5.5 Results and discussion 

The results obtained from fitting the silicon etching in Cl/Cl+, Cl/Ar+, and Cl2/Cl2
+ are 

discussed in section 5.5.1, section 5.5.2 and section 5.5.3. Then section 5.5.4 compares the 

predicted etching yield in Cl2 plasma to the experimentally measured one. We further 

discuss the predicted angular dependence from the model and its comparison to the 

experiments in section 5.5.5. Finally the model for the silicon etching in the bromine 

plasma is described in section 5.5.6 and the expansion of the model to more complicated 

system is discussed. 

5.5.1 Silicon etching in chlorine atoms and chlorine ions 

Dependence of the silicon etching yield on the neutral to ion flux ratio for the silicon 

etching in the chlorine atoms and chlorine ions is well fitted by the model. The model was 

described in section5.4 and Figure 5.4 shows the experimental and model results of the 

dependence of the etching yield on the neutral to ion flux ratio. Model results are found to 

closely match the experimental results at three different ion bombardment energies and 

multiple neutral to ion flux ratios, showing that the model is physically reasonable. Only a 

small set of parameters was fitted, as described in section 5.4 and listed in Table 5.1.  

The model explains the saturation of the etching yield with the increasing neutral to ion 

flux ratio. The experimental results in Figure 5.4 show that the etching yield levels off at 
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higher neutral to ion flux ratios as the chlorine in the layer saturates.42,43 The predicted 

dependence of the surface concentration of silicon, chlorine, and vacancy on the neutral to 

ion flux ratio is plot in Figure 5.5 for the ion bombardment energy of 55eV. The range 

between zero and 150 for the neutral to ion flux ratio represents unsaturated regime 

because the etching yield increases with the neutral to ion flux ratio in Figure 5.4. In the 

same regime, the concentration of the silicon decreases and the concentration of the 

chlorine increases, accompanied by the drop of the dangling bonds. The positive 

correlation between the etching yield and the chlorine concentration shows that the etching 

yield is limited by the amount of chlorine in the mixed layer. The negative correlation 

between the chlorine concentration and the vacancy concentration shows that the chlorine 

atom concentration is limited by the absorption, or the absorption sites in the mixed layer. 

Therefore, the model shows that in the unsaturated region, the reaction yield is limited by 

the absorption of the reactive radicals. The regime above the neutral to ion flux ratio of 200 

is the saturated regime where the etching yield does not increase with the neutral to ion flux 

ratio. In this regime, the surface concentration of silicon and chlorine are fixed at about 

55% and 45%.  In the saturated limit, the etching yield is not limited by the absorption, but 

by the ion induced reactions.  
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Figure 5.5 Dependence of surface moiety concentrations on the neutral to ion flux ratio for beam 
experiments with Cl atoms, 55eV Cl ions etching silicon 

 

5.5.2 Silicon Etching in the Chlorine Atoms and Argon Ions 

Similar results of the silicon etching in the chlorine atoms and argon ions are shown in 

Figure 5.6 and Figure 5.7 and they are consistent with the results of the silicon etching in 

the chlorine atoms and chlorine ions. A good match is obtained in Figure 5.6 between the 

model and the experimentally measured dependence of the etching yield on the neutral to 

ion flux ratio at three ion bombardment energy level, 35eV, 60eV and 100eV.42 Figure 5.7 

shows the dependence of the normalized surface concentration of the silicon atom, chlorine 

atom and vacancy on the neutral to ion flux ratio.  
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Figure 5.6 Dependence of etching yield on the neutral to ion flux ratio for silicon etched by chlorine 
atoms and argon ions at ion bombardment energy of 35, 60 and 100 eV. 
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Figure 5.7 Dependence of surface concentration of silicon (x_Si), chlorine (x_Cl) and vacancy (x_V) on 
the neutral to ion flux ratio for silicon etched by chlorine atoms and argon ions at ion bombardment 

energy of 60eV. 
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The model of the silicon etching in the chlorine atoms and argon ions is constructed 

similar to that of section 5.4. The mixed layer is still composed of silicon, chlorine and 

vacancy species and the argon atoms do not enter the mass balance. The lumped reaction 

set includes the chemisorption of chlorine atoms, the physical sputtering of silicon atoms 

by argon ions, the physical sputtering of the chlorine atoms by argon ions, the vacancy 

generation by argon ions, the densification reaction, the ion induced reaction to form SiCl2, 

the ion induced reaction to form Cl2, the dangling bond annihilation reaction and the 

thermal reaction to form SiCl4.  

Only two parameters are different in the model from the case of the silicon etching in 

the chlorine atoms and chlorine ions, the vacancy generation coefficient and the 

densification yield coefficient, which are _ _V by Clβ  and _ _d by Clβ  in the chlorine ion case and 

_ _V by Arβ  and _ _d by Arβ  in the argon ion case. The sputtering yield coefficients are all 

calculated based on equation (5.7)-(5.10) and the spontaneous reaction coefficient is set to 

zero since it is much smaller than the ion induced reaction.  Since the experiments of 

silicon etching in the chlorine atoms and chlorine ions or the silicon etching in the chlorine 

atoms and argon ions share common constants, it is reasonable to fit the experimental data 

simultaneously to increase the accuracy of the model fitting. Table 5.1 was obtained by 

actually fitting the _ _Cl on SiS , _ _V by Arβ , _ _V by Clβ , _ _d by Arβ , _ _d by Clβ , Si Vβ − , Cl Vβ − 2SiClβ and 
2Clβ  

simultaneously to the experimental results in Figure 5.4 and Figure 5.6. Since the _ _V by Arβ ,  

_ _V by Clβ ,  _ _d by Arβ , _ _d by Clβ ,
2SiClβ  and 

2Clβ  are all dependent on the ion bombardment energy; 

both the threshold energy thE  and the proportionality constant A  were fitted (all data are 

normal incident angle). There were totally 15 parameters that were fitted using the 

approximately 100 data points in Figure 5.4 and Figure 5.6.  
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The model predicted the surface concentration of silicon and chlorine in Figure 5.7 is 

different from that of the chlorine ion case in Figure 5.5. There are more chlorine atoms in 

the mixed layer during the silicon etching in Cl/Cl+ than the silicon etching in Cl/Ar+ case. 

For example, in the saturated regime, the concentration of the chlorine atom in the mixed 

layer is 0.35 in Cl/Ar+ case, while the chlorine concentration is about 0.45 in Cl/Cl+ case.  

5.5.3 Silicon Etching in Chlorine Molecules and Chlorine Molecular Ions 

Experimental results of the silicon etching in the chlorine molecules and chlorine 

molecular ions Cl2/Cl2
+ are modeled as well205, and the parameters related to Cl2 are 

determined by the experimental fitting. Figure 5.8 shows the dependence of the etching 

yield on the square root of energy for the silicon etching in chlorine molecules and chlorine 

molecular ions. The squares are the experimental data and the solid line is the model fitting. 

The neutral to ion flux ratio in the model is set to 500, assuming saturation regime is 

reached. A good fit between the experiments and the model is found in Figure 5.8. Figure 

5.9 shows the dependence of the surface concentration of silicon (x_Si), chlorine (x_Cl) 

and vacancy (x_V) on the ion bombardment energy for the silicon etching in the chlorine 

molecules and chlorine molecular ions. 
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Figure 5.8 Dependence of etching yield on the square root of energy for silicon etching in chlorine 
molecules and chlorine molecular ions. The squares are experimental data and the solid line is the 
model fitting. The neutral to ion flux ratio in the model is set to 500, assuming saturation regime is 

reached. 

 
The model of the silicon etching in the chlorine molecules and molecular chlorine ions 

is constructed similarly to that of section 5.4. The mixed layer is composed of silicon, 

chlorine and vacancies. The lumped reaction set includes the chemisorption of the chlorine 

molecule, the physical sputtering of silicon atoms by molecular chlorine ions, the physical 

sputtering of chlorine atoms by molecular chlorine ions, the vacancy generation by 

molecular chlorine ions, the densification reaction,  the ion induced reaction to form SiCl2, 

the ion induced reaction to form Cl2, the dangling bond annihilation reaction. The 

“absorption” of Cl2 on silicon is actually a lumped reaction of Cl2 dissociation reaction on 

the silicon surface followed by two chlorine atoms absorbing on the dangling bonds. 

Therefore, it is reasonable that the reaction rate coefficient is much smaller than that of the 

chlorine atom absorption since the Cl2 dissociation on the surface will be small.  
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Additional parameters that are fitted to the experimental data are the sticking 

coefficient of Cl2 (
2 _ _Cl on SiS ),the vacancy generation by Cl2

+ (
2_ _V by Clβ ) and the densification 

reaction yield (
2_ _d by Clβ ). Other parameters in the model are the same as those fitted from 

the silicon etching in Cl/Cl+ and Cl/Ar+
. Considering the threshold energy and the 

proportionality constant of 
2_ _V by Clβ  and 

2_ _d by Clβ , totally five parameters are fitted by about 

ten experimental data. Since the “absorption” of Cl2 is a lumped reaction encompassing Cl2 

dissociation and the chlorine atom absorption, it is reasonable that 
2 _ _Cl on SiS  to be much 

smaller than that of _ _Cl on SiS .42 

The predicted dependence of the surface concentration on the ion bombardment energy 

in Figure 5.9 shows that the silicon concentration and the chlorine concentration are 

relatively constant when the energy is above 100 eV while the vacancy increases with the 

ion bombardment energy. The increase of the vacancy concentration demonstrates that the 

mixed layer is more open with higher ion bombardment energy, consistent with the 

experiments and other simulations. Between the ion bombardment energy of 25 eV and 100 

eV, the silicon concentration increases and the chlorine concentration decreases, a 

phenomenon experimentally observed as lower halogenation at higher bombardment 

energy.43. 
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Figure 5.9 Dependence of surface concentration of silicon (x_Si), chlorine (x_Cl) and dangling bonds 
(x_D) on ion bombardment energy for silicon etching in chlorine molecules and chlorine molecular ions. 

  

5.5.4 Silicon Etching in Chlorine Plasma 

The experimental results of the silicon etching in the chlorine plasma and the model 

prediction based on the parameters determined above are compared in this subsection to 

demonstrate the accuracy of the model framework. Experiments done by Vitale et al 

showed that the neutrals in the chlorine plasma was composed of 10% chlorine atoms and 

90% chlorine molecules and the ion flux was composed of 30% chlorine ions and 70% 

molecular chlorine ions. The measured etching yield was found to be between the silicon 

etching yield in Cl/Cl+ and Cl2/Cl2
+ cases, as shown in Figure 5.10. 
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Figure 5.10 Dependence of etching yield on the square root of energy for silicon etching in Cl/Cl+ beams 
(diamond), in Cl2/Cl2

+ beams(square) and in Cl2 plasma (triangle). The lines are corresponding results 
from model. The neutral to ion flux ratios in the models are all 500. 

 

The model of the silicon etching in the chlorine plasma is similar to that of the silicon 

etching in the Cl/Cl+ beams or that of the Cl2/Cl2
+ beams. The mixed layer is composed of 

silicon, chlorine and vacancy species. The lumped reaction set includes the chemisorption 

of chlorine atoms, the chemisorption of chlorine molecules, the physical sputtering of 

silicon atoms and chlorine atoms by the chlorine ions, the vacancy generation by the 

chlorine ions and the molecular chlorine ions, the densification reaction, the ion induced 

reaction to form SiCl2, the ion induced reaction to form Cl2, the dangling bond annihilation 

reaction and the thermal reaction to form SiCl4. The complete reaction set and the related 

parameters are shown in Table 1. 
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All the parameters used in the model are already determined from the experimental 

fitting of the results of the silicon etching in Cl/Cl+, Cl/Ar+ and Cl2/Cl2
+, and therefore the 

model should be able to predict the etching yield of silicon in the chlorine plasma if the 

parameters are accurately determined. With the experimentally determined neutral and ion 

composition, the normalized fluxes of chlorine atoms, the chlorine molecule, the chlorine 

ions, and the molecular chlorine ions are calculated to be 0.1, 0.9, 0.3 and 0.7, respectively. 

The neutral to ion flux ratio is assumed to be 500 since the saturation regime was reached 

in the experiments. With these conditions, the model predicted the dependence of the 

etching yield on the square root of the ion bombardment energy is shown in Figure 5.11, in 

which the results of silicon etching in the Cl/Cl+ and the Cl2/Cl2
+ are also shown for the 

comparison. The predicted etching yield is found to closely match that measured in the 

experiments, showing that the model successfully predicts conditions that were not fitted. 

The model predicted the surface concentrations of silicon, chlorine and vacancy as a 

function of the ion bombardment energy are shown in Figure 5.11. It is also found that the 

silicon concentration is insensitive to the ion bombardment energy when the energy is 

above 100 eV. The vacancy concentration increases and the chlorine concentration 

decreases with higher ion bombardment energy. Therefore, at higher energy, the top layer 

of silicon should be more open in the chlorine plasma etching, experimentally observed as 

low halogenation at higher bombardment energy.43  The abrupt change of concentration 

below 25eV ion bombardment energy is related to the threshold energy of vacancy 

generation and ion induced reactions. Under these low ion bombardment energy conditions, 

the model results become unphysical. Comparison of Figure 5.11 to Figure 5.9 and Figure 
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5.5 indicate that the silicon/chlorine concentration in Cl2 plasma are also between that of 

the silicon etching in the Cl/Cl+ and the Cl2/Cl2
+ beams.  
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Figure 5.11 Model predicted dependence of normalized surface concentration of silicon (x_Si), chlorine 
(x_Cl) and Vacancy (x_V) on ion bombardment energy for silicon etching in Cl2 plasma. The neutral to 

ion flux ratio in the model equals 500. 
 

5.5.5 Angular Dependence of Silicon Etching in Chlorine Plasma 

The angular dependence of the silicon etching in the chlorine plasma is discussed in 

this section to demonstrate the capability of incorporating it in the model frame. Figure 

5.12 shows the comparison of the model fitted angular dependence of the etching yield and 

the experimentally measured results.43,81 The plasma modeled in the figure is the same as 

that in section 5.5.4 with the ion bombardment energy of 300 eV and the neutral to ion flux 

ratio of 500. In the model, the angular dependence of the etching yield is a direct result of 



 268 

the angular dependence of the physical sputtering, the vacancy generation yield, the 

densification yield, and the ion induced reaction. Among them, the physical sputtering, the 

densification yield and the vacancy generation yield all adopt the same angular dependence 

as calculated in equation (5.9). Usually the angular dependent function of the ion induced 

etching ( )g θ in equation (5.14) of the ion induced reaction must be experimentally fitted, 

since it may depend on the special chemistry of the reaction. For the silicon etching in the 

chlorine plasma, ( )( )( ) exp 2.4 cos 1g θ θ= × −  was used to describe the angular dependence of 

the etching yield for a constant chlorination of the surface.  With the angle, the chlorine and 

vacancy concentrations both vary yielding the angular dependent etching yields shown in 

Figure 5.12 along with the experimental data. 
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Figure 5.12 Comparison of the dependence of normalized etching yield on the off normal angle of 
incident ions. The solid line is the model prediction and the experimental data are taken from Vitale et 

al (diamond) and Chang et al (square). 
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The etching yield remains constant between 0 and 60º and then drops in the model 

because the angular dependence of the vacancy generation (and thus increased surface 

chlorination) and the decreasing the ion etching yield compensate each other below 60º. 

When the off-normal angle is above 60o, both the ion induced reaction and the vacancy 

generation decrease, causing the etching yield to decrease with the angle.  The extent of 

chlorination with the impingement angle has yet to be experimentally measured to support 

or refute this model. 

The above arguments suggest that the angular dependence of the etching yield is a 

function of the neutral to ion flux ratio rather than being independent as has been assumed 

in the past. When the neutral to ion flux ratio is small, the etching yields are low and are 

limited by the absorption; therefore, the yield curves should look more like the physical 

sputtering. Since the absorption sites are created by the dangling bonds, the etching yield 

can have a similar angular dependence as that of the vacancy generation, or similar to the 

physical sputtering. One may argue that the dependence is caused by the physical 

sputtering, however, the physical sputtering usually accounts for a very small portion of the 

total etching yield when the neutral to ion flux ratio is above 50. At very large neutral to 

ion flux ratios when the etching may be determined by the ion induced reaction, the etching 

yield has the same angular dependence as that of ion induced reaction, or cosine 

dependence as reported in a couple of literature.82-85  

Although a preliminary tests of the model support above hypothesis, further 

experiments are underway to support or refute the claim. The experiments of the angular 
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dependence of the etching yield at different neutral to ion flux ratio, and its comparison to 

the model prediction will be discussed in future reports. 

5.5.6 Silicon Etching in Bromine Plasma 

As an example of expanding the model to other systems with more limited 

experimental data, the silicon etching in the bromine plasma is shown in the section. 

It was experimentally observed that the etching yield of silicon in Br2 plasma is smaller 

than the silicon etching in the chlorine plasma with similar energy dependence.81 However, 

less well characterized etching experiments were carried in the bromine related beams; and 

therefore, it is more difficult to determine the parameters in the same ways as that of the 

silicon etching in the chlorine related beams or plasma. 

The model of the silicon etching in the bromine plasma is exactly the same as the 

silicon etching in the chlorine plasma but changing all the chlorine to the bromine. The 

mixed layer is composed of silicon, bromine and vacancy species. The lumped reaction set 

includes the chemisorption of bromine atoms, the chemisorption of bromine molecules, the 

physical sputtering of silicon atoms and bromine atoms by the bromine ions, the vacancy 

generation by the bromine ions and the molecular bromine ions, the densification reaction, 

the ion induced reaction to form SiBr2, the ion induced reaction to form Br2, the vacancy 

annihilation/recombination reaction and the spontaneous reaction to form SiBr4. The 

complete reaction set and related parameters are shown in Table 5.2.  
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Table 5.2 List of Reactions in the model of silicon etching in bromine plasma 

Parameters 
# Reactions Reaction Yield Calculation Coef. 

A thE  

1 Br+(g) � Br(s) 
_ _ _ _a Br i Br i Br iR S G f= × ×  Assumed 1.0(a) 

2 Br2
+(g) � 2Br(s) 

2 2 2_ _ _ _a Br i Br i Br iR S G f= × ×  Assumed 1.0(a) 

3 Si-V + Si-V �Si-Si ( )2

Si V Si V Si VR Jβ− − −= ×  
Fitted 2.0 

4 Br-V + Br-V � Br-Br ( )2

Br V Br V Br VR Jβ− − −= ×  
Fitted  6.0 

5 Br(g) � Br(s) 
_ _ _ _ _a Br on Si Br on Si Si v BrR S J G−= × ×  Fitted 0.8 

7 Br2(g) � 2Br(s) 
2 2 2_ _ _ _ _a Br on Si Br on Si Si V BrR S J G−= × × Fitted 0.22 

8 Si(s) � Si(g) (by Br+) 
_ _ _ _ _ _s Si by Br Si by Br Si Br iR Y x G= × ×  Calc. 0.035 31.49 

9 Si(s) � Si(g) (by Br2
+) 

_ _ _ 2 _ _ 2 2 _s Si by Br Si by Br Si Br iR Y x G= × ×  Calc. 0.042 46.94 

10 Br(s) � Br(g) (by Br+) 
_ _ _ _ _ _s Br by Br Br by Br Si Br iR Y x G= × ×  Calc. 0.045 27.62 

11 Br(s) � Br(g) (by Br2
+) 

_ _ _ 2 _ _ 2 2_s Br by Br Br by Br Si Br iR Y x G= × ×  Calc. 0.055 40.86 

13 � V (s) (by Br+) 
_ _ _ _ _ _ _V by Br i V by Br i Br iR Gβ= ×  Fitted 1.4 44.0 

14 � V (s) (by Br2
+) 

_ _ 2_ _ _ 2_ 2_V by Br i V by Br i Br iR Gβ= ×  Fitted 0.45 44.0 

15 Si(s) + 2Br(s) � SiBr2 ( )
2 2

2

_E SiBr SiBr Si Brr Jβ −= ×  
Fitted 11.3 44.0 

16 Br(s) + Br(s) � Br2 
22_ Br Br BrE Br

r Jβ −= ×  Fitted 4.1 44.0 

17 Si(s) + 4Br(g) � SiBr4 
thermal Br Sir m G x= × ×  Assumed 0 

21 V � NULL (by Br+) 
_ _ _ _ _ _d by Br i d by Br V Br iR X Gβ= × ×  Fitted 10.5 44.0 

22 V � NULL (by Br2
+) 

2 2 2_ _ _ _ _ _d by Br i d by Br V Br iR X Gβ= × ×  Fitted 7.0 44.0 

 
(a)  f is the threshold adjustment factor which is zero for ion energies below the sputtering threshold energy and one for greater energies. 
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The parameters in Table 5.2 were determined by the calculation, the assumption, the 

analogy to chlorine plasma, and the experimental fitting. The physical sputtering yield 

coefficients were calculated. The sticking coefficients of ions and thermal reaction 

coefficients are assumed. The vacancy annihilation coefficient was determined by the 

analogy to silicon etching in the chlorine plasma. The parameters _ _Br on SiS , 

2 _ _Br on SiS , _ _V by Brβ ,
2_ _V by Brβ , _ _d by Brβ , 

2_ _d by Brβ , Si Vβ − , Cl Vβ − ,
2SiBrβ , and 

2Brβ  were 

experimentally fitted, based on similar tendencies of the corresponding coefficients in the 

chlorine plasma. It is not a surprise to find that most parameters are smaller than the 

corresponding ones in the chlorine plasma since the bromine atoms are larger than the 

chlorine atoms and hence more difficult to absorb and react. 

Figure 5.13 shows the dependence of the etching yield on the square root of the ion 

bombardment energy for the silicon etching in the bromine plasma.81 The neutral to ion 

flux ratio used in the model is 1000, similar to the measured value. The ion flux is 

composed of 50% bromine ions and 50% molecular bromine ions.81 The neutral flux is 

composed of 10% bromine and 90% bromine molecules. A good fit to the experimental 

results is observed.  
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Figure 5.13 Dependence of etching yield on the square root of energy for silicon etching in bromine 
plasma. The neutral to ion flux ratio is set to 1000, assuming that the saturation regime is reached. 

 
Further expansion of the model for the silicon etching in the HBr plasma, and then the 

plasma with Cl2/HBr mixture can be achieved following the same method. During the 

silicon etching in the Cl2/HBr plasma, as is the case for most industrial etching apparatus, 

the mixed layer should be composed of silicon, chlorine, bromine, hydrogen and dangling 

bonds. All the reactions with the determined parameters in Table 5.1 (except for argon 

related ones) and Table 5.2 should be included. Further more, the hydrogen related reaction 

products and other reaction products like SiClBr should also be included and these 

parameters should be determined by experimental fitting. The modeling of the plasma 

etching in these more complicated plasmas will be reported in the future.  
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The kinetic coefficients determined by this model are readily converted into the 

probabilities needed for the dynamic Monte Carlo 3-D profile simulators. Since the 

normalized concentration and the reaction yield calculation are all based on statistical 

probabilities, they can be directly used in the probability based Monte Carlo method. The 

detailed methods and results will be reported in future articles. 

5.6 Conclusions 

In summary, this chapter discusses the new generic framework we developed to model 

the plasma surface kinetics of both the etching and the deposition processes for any 

plasma-surface interactions.  

The model is based on the translation of a mixed-layer at the substrate’s surface which 

is mixed by ion bombardment during the plasma processing. When more material is 

removed than deposited, the layer translates into the substrate, causing etching to occur. 

When more material is added than removed, the layer deposits a layer between it and the 

substrate, causing deposition to occur.  

The kinetics of the etching and deposition are based on the assumption that the surface 

is well mixed by the ion bombardment; therefore, the number of any given moiety is 

computed as the corresponding nearest bonding neighbor probability, based on the 

elemental compositions of the layer. The ion induced etching and the sputter removal of 

surface species are readily modeled based upon the moiety concentrations.  

The vacancy in the mixed layer is treated as a species and it is used for calculation of 

the active sites for neutral absorption. The active site concentration can also be calculated 

based on the nearest bonding neighbor probability between the host atom species and the 

vacancy species. The balance between the generation of vacancies by ion bombardments 
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and the annihilation of vacancy by the neutral absorption, the densification and the 

dangling bond recombination guarantees their conservation. 

All the major etching characteristics can be explained using the generic modeling 

approach. The dependence of the etching yield on the neutral to ion flux ratio of the silicon 

etching in the Cl/Cl+ beam experiment and the Cl/Ar+ beam experiment were explained by 

the model. The unsaturated regime and the saturated regime were corresponding to 

absorption limiting and ion induced reaction limiting, respectively. The dependence of the 

etching yield on the ion bombardment energy during the silicon etching in the Cl2/Cl2
+ 

beam experiment was fitted to determine the parameters related to Cl2. All the determined 

parameters were then used in the model to predict the etching yield of silicon in the 

chlorine plasma and a close match between the model prediction and the experimental 

results was found. Furthermore, the model of silicon etching in the bromine plasma was 

constructed as an example of the expansion of the framework to the situation with limited 

dataset.  

For the first time, the angular dependence of the etching yield was explained in the 

model as a result of the competition between the angular dependence of the vacancy 

generation and the angular dependence of the ion induced reactions. The ion induced 

reaction may have a cosine type of angular dependence and the vacancy generation may 

have an angular dependence similar to that of the sputtering yield. The competition of these 

two changes may result in the observed angular dependence.  

This modeling approach has the advantage of being extremely fast in the development 

and the application while being accurately in capturing all the major etching behaviors. 



 276 

Furthermore, the kinetic coefficients determined by this model are readily converted into 

the probabilities needed for the dynamic Monte Carlo 3-D profile simulators.  
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Chapter 6 Conclusions 
 

6.1 Conclusions 

This thesis studied the properties of a plasma formed in a Transformer-Coupled 

Toroidal Plasma (TCTP) source. Furthermore, we  studied the kinetics and limitations of 

species production by the remote TCTP source and also constructed a generic model of 

plasma-surface interactions. 

In this work, we measured for the first time the neutral gas temperature of a high power 

density plasma in a toroidal geometry such as that in the TCTP. The neutral gas 

temperature of an argon plasma was found to be around 2000K for a power density of 5 

W/cm3, by fitting the rovibrational bands of diatomic molecules like N2 to obtain its 

rotational temperature. Assuming that, due to the high discharge pressure and rapid energy 

exchange by two-body collision, the rotational and translational modes are in equilibrium, 

the Ar neutral temperature is the same as the rotational tempertuare of the N2 added in it. 

The perturbation of the Ar plasma was found to be significant when the added N2 flow rate 

was more than 1%. Therefore, less than 1% N2 should be added as the trace gas in the argon 

plasma for the neutral gas temperature measurements. The fitted temperature was found to 

depend neither on the optical resolution nor on the althernative selection of one single band 

or a band series, as would be expected. 

This thesis also reported the first application of the Swan bands of C2 molecule 

( 3 3
g ud aΠ → Π ) in determining the neutral gas temperature of the fluorocarbon plasma. 

The neutral gas temperature measurements using C2 molecules were validated by 

comparing the measurements to other temperature measurements by using the rotational 
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spectra of N2 added to the discharge.  Sufficient C2 molecules were found in a discharge 

formed from mixtures of C2F6, O2 and Ar at high power densities (15W/cm3) to allow 

temperature measurements. The high plasma pressure was sufficient to equilibrate the 

rotational modes of the excited states of C2 and the translational modes of both the N2 and 

C2 neutral gases. 

The characterization of the argon plasmas formed in a gas mixture of 2000 sccm argon 

at the pressure of 2 torr and the power density of about 5.5 W/cm3 found the electron 

temperature, the electron density and the neutral gas temperature to be about 2 eV, 

6.0µ1012cm-3, and 1700K, respectively. Experimentally, the spatial profile of the neutral 

gas temperature was found to be parabolic across the plasma toroidal cross-section with the 

maximum near the center of the toroidal loop rather than at the mid-point of the cross-

section. This could be explained by the higher electrical field, and thus higher heating rate 

near the center of the toroidal loop. The neutral gas temperature seemed to have a 

logarithmic dependence on the source pressure, similar to other observations in the 

literature. We constructed a simplified global plasma model which included the heating 

calculation of the electron gas by a uniform electric field, the loss of energy from the gas to 

determine the electron temperature, ion and electron losses at surfaces, and formation and 

loss of species by the electron impact and surface recombination. A good match of the 

pressure dependence of the electron temperature was found between the model prediction 

and the experimental results. The model further predicted that the neutral gas temperature 

and electron density dramatically increase with the plasma power, while the electron 

temperature changed little. 
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A NF3 plasma, formed with a gas mixture of 667 sccm NF3 and 2000 sccm Ar at the 

power density of 10W/cm3 and at the pressure of 2 torr had a neutral gas temperature, an 

electron temperature and an atomic fluorine concentration of about 2700K, 1.7 eV and 

3µ1015cm-3, respectively. A global plasma model with 51 plasma phase species, 272 

plasma-phase reactions and 21 plasma-surface reactions was formulated. The 

experimentally measured and the model predicted dissociation percentages of NF3 were 

both found to be around 97%, among which 80% formed N2 and F atoms and the rest 

formed some other species. The atomic fluorine concentration was found to linearly 

increase with the plasma source pressure, in agreement with both experiments and  

modeling. The model also predicted that the dissociation of forming fluorine atoms 

increased with pressure and saturated at 4 torr. This is consistent with the observation that 

the etching rate of the oxide film, at constant process chamber pressure, increased with the 

plasma source pressure until about 4 torr and then stayed constant. The model predicted 

that the molar fraction of fluorine increases in direct relation to the NF3 flow rate in the gas 

mixture of NF3 and argon. This relationship explained the dependence of the etching rate 

on the NF3 flow rate in the process chamber with the pressure fixed and the etching rate in 

the non-saturated regime. 

The translational/rotational neutral gas temperature of the fluorocarbon plasma was 

measured to be above 5000K and a linear dependence between the temperature and the 

plasma power was observed. The high neutral gas temperature was justified by the power 

balance calculation. The linear dependence of the neutral gas temperature on the plasma 

power was probably caused by convection nand the heat conduction to the the chamber 

wall, both of which exhibited a linear relationsip of power loss on the gas temperature. The 
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dependence of the neutral gas temperature on the plasma source pressure, and the 

dependence of the neutral gas temperature on the oxygen flow rate were believed to be a 

reflection of the linear dependence of the temperature on the plasma power. A power 

balance calculation found that for the 7kW power entering the plasma with 667 sccm C2F6, 

1333 sccm O2 and 2000 sccm Ar at the pressure of 3 torr, the power used for the 

dissociation was about 2.1 kW; the power taken away by the convection was about 1.0kW; 

the power dissipation due to the ion creation and loss to the chamber wall was about 2.1 

kW; and the power conducted to the chamber wall by the neutrals was about 1.7 kW. An 

Arrhenius-like dependence of the etching rate on the neutral gas temperature was observed, 

which suggests the importance of the pyrolytic dissociation in the plasma.  

Plasma-surface interactions using the TCTP remote plasma source were studied by 

measuring the etching rates as a function of species concentrations, and by analyzing the 

correlation between these measurements as well as the time responses of the system to 

changes. Five topics related to plasma-surface interactions were studied in this work.  

For the first time, the formation of COF2 was shown to cause the etching rate of oxide 

films in remote fluorocarbon plasmas to be about one half of that in the nitrogen trifluoride 

plasma for the same atomic fluorine content of feed gas flow. The addition of 3% N2 in 

perfluorocarbon, oxygen and Ar mixtures was found to increase the etching rate of SiO2 

and Si, to the point where the rates were equivalent to that of NF3. The nitrogen surface 

treatment was shown to block the surface recombination to form COF2 and favoring the 

formation of CO2, thereby increasing the fraction of atomic fluorine available for 

processing. The surface mechanism for these phenomena was confirmed by the long 

system relaxation time from the high etching rate state to the lower etching rate state after 
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N2 flow has been terminated, approximately 5 orders of magnitude longer than the 

residence time of any gas within the system.  

Due to their comparable etching rates, low global warming gas emissions and clean 

surfaces after processing, the fluorocarbon gases were shown to be suitable to replace the 

nitrogen trifluoride for the remote plasma cleaning of the chamber.  

A study of the dependence of the etching rate of silicon dioxide on the operation 

parameters determined that the dependence of the etching rate on the oxygen percentage is 

related to the COF2 formation. It was also found that the etching rate of oxide film 

increases with the plasma power when the dissociation is incomplete, and the etching rate 

saturates with more power input after the complete dissociation. Finally, an Arrehnius 

dependence of the etching rate on the wafer temperature was observed.  

The dependence of the etching rate of the silicon dioxide on the partial pressure of 

fluorine atoms was observed to saturate for the first time. Two regimes were observed in 

the dependence of the etching rate of oxide on the total flow rate of NF3: 1) the linear 

regime in which the etching rate varied linearly with NF3 flow rate (and thus the partial 

pressure of F atoms), and 2) the saturation regime in which the etching rate was 

independent of the atomic fluorine partial pressure. In the saturation regime, the extent of F 

adsorption on the surface approaches its saturation limit and the etching rate is limited by 

the surface reaction of the adsorbed F with the surface. In the linear regime, the etching rate 

is primarily limited by the extent of surface F adsorption.  Assuming that the extent of F 

adsorption is in equilibrium with the partial pressure of F in the gas, the etching rate is 

proportional to the partial pressure of F in the gas phase. 
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The effects of additive gases on the etching rates of the silicon dioxide film and the 

silicon nitride film were found to be very different. The impurities in NF3 gases were 

typically found to increase the power consumption and the neutral gas temperature of the 

plasmas, but not to change the etching rate of the silicon dioxide. However, the addition of 

O2 in NF3/Ar and the addition of N2 in C2F6/O2/Ar or SF6/O2/Ar were found to dramatically 

increase the etching rate of the silicon nitride. The enhancement may be caused by some 

mechanisms other than NO assistance, which requires further investigation. 

We constructed a new generic framework to model the plasma surface kinetics of both 

the etching and the deposition processes for any plasma-surface interactions.  

The model is based on the translation of a mixed-layer at the substrate’s surface, which 

is mixed by ion bombardment during the plasma processing. When more material is 

removed than deposited, the layer translates into the substrate, causing etching to occur. 

When more material is added than removed, the layer deposits another layer between it and 

the substrate, causing deposition to occur.  

The kinetics of the etching and deposition are based on the assumption that the surface 

is well mixed by the ion bombardment; therefore, the number of any given moiety is 

computed by the corresponding nearest bonding neighbor probability, based on the 

elemental compositions of the layer. Based on the moiety concentrations, the ion induced 

etching and the sputter removal of surface species are readily modeled.  

The vacancy in the mixed layer is treated as a species, and used for calculation of the 

active sites for neutral absorption. The active site concentration can also be calculated 

based on the nearest bonding neighbor probability between the host atom species and the 

vacancy species. The conservation of vacancies is guaranteed by the balance between the 
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generation of vacancies by ion bombardment and the annihilation of vacancies by the 

neutral absorption and the densification as well as the dangling bond recombination. 

All the major etching characteristics can be explained by using the generic modeling 

approach. The dependence of the etching yield on the neutral to ion flux ratio of the silicon 

etching in the Cl/Cl+ beam experiment and the Cl/Ar+ beam experiment was explained by 

the model. The unsaturated and saturated regimes corresponded to absorption limiting and 

ion induced reaction limiting, respectively. The reaction parameters in the model were 

calibrated by the experimentally observed dependence of the etching yield on the ion 

bombardment energy and the neutral to ion flux ratio during the silicon etching in the 

Cl/Cl+, Cl/Ar+ and Cl2/Cl2
+ beam experiments. The same set of parameters was then used to 

predict the etching yield of silicon in the chlorine plasma, and a close match between the 

model prediction and the experimental results was found.  

For the first time, the angular dependence of the etching yield was explained in the 

model as a result of the competition between the angular dependence of the vacancy 

generation and the angular dependence of the ion induced reactions. The ion induced 

reaction may have a cosine type of angular dependence and the vacancy generation may 

have an angular dependence similar to that of the sputtering yield. The competition of these 

two changes may result in the observed angular dependence.  

6.2 Recommendation for Future Work 

The etching rate of silicon nitride was found to increase significantly under the 

following two conditions: 1) the addition of a small amount of O2 in the NF3 plasma; 2) the 

addition of N-containing gases in the fluorocarbon plasma. The reason for this significant 

increase of the etching rate needs further investigation. As discussed in section 4.6, the 
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conventional belief that NO molecules cause the dramatic enhancement of the etching rate 

does not match our experimental observations.  

A modeling of the fluorocarbon plasmas should be set up to better explain the 

experimental phenomenon. The challenge of the modeling is to collect a robust set of 

reaction parameters.  

The surface kinetics model discussed in Chapter 5 should be applied to the case of the 

silicon dioxide etching/deposition in fluorocarbon plasmas and to the photo resist film 

etching in both the halogen plasma and the fluorocarbon plasma. The surface kinetics of the 

silicon dioxide and the photo resist in the fluorocarbon plasma are very complicated and so 

far there is no satisfactory model. Initial trial usage of the translating mixed model in the 

silicon dioxide etching was found to be successful and further study in the modeling should 

be carried out.  
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Appendix A. Design Drawings 
 
 
 
  
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 



 303 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 



 304 

 
 

 
 
 
 



 305 



 306 



 307 



 308 

 
 
 
 
 
 



 309 

 
 



 310 

 
 



 311 

 
 



 312 

 
 



 313 

 
 



 314 

 
 



 315 

 
 
 



 316 

 
 
 



 317 

 
 
 



 318 

 
 



 319 

 
 



 320 

 



 321 

 

 



 322 

 
 

 



 323 



 324 

Appendix B Complete List of Reactions for NF3 + Ar + N2 + 

O2 Plasmas 

 

B.1 Plasma phase reactions: 

A, b, and E are as shown in equation 4.17. 

 

      REACTIONS                                     A  b E 

   1. NO+NO=N2+O2                             1.35E-11     0.0     28680.0 

      Reverse Arrhenius coefficients:      1.51E+01 -2.5     64660.0 

   2. NO+N2O=N2+NO2                     4.17E-10  0.0 25160.0 

   3. NO2+F2=NFO2+F                      2.63E-12    0.0      5284.0 

   4. NO2+F2O=NFO2+FO                 2.14E-13     0.0      7286.0 

   5. O3+O3=O2+O2+O2                        7.42E-12     0.0      9460.0 

   6. N+NO2=N2+O2                             1.41E-12    0.0        0.0 

   7. N+NO=N2+O                                    8.13E-11     0.0       408.0 

      Reverse Arrhenius coefficients:        1.26E-10     0.0     38040.0 

   8. N+O2=NO+O                                  1.05E-14     1.0      3150.0 

      Reverse Arrhenius coefficients:          2.51E-15     1.0     19500.0 

   9. N+O3=NO+O2                               5.50E-13     0.0      0.0 

  10. O+O3=O2+O2                                  8.71E-12     0.0      2113.0 

  11. O+NO2=O2+NO                              1.74E-10    -0.5    0.0 

      Reverse Arrhenius coefficients:        2.82E-12     0.0     23400.0 

  12. O+N2O=O2+N2                                    1.66E-10     0.0     14090.0 

      Reverse Arrhenius coefficients:               1.05E-10     0.0     55350.0 

  13. O+N2O=NO+NO                        1.66E-10     0.0     14090.0 

      Reverse Arrhenius coefficients:               2.14E-12     0.0     32100.0 

  14. O+F2=FO+F                                      1.62E-11     0.0      5233.0 

      Reverse Arrhenius coefficients:                6.61E-14     0.0      9561.0 

  15. FO+F2=F2O+F                                    1.66E-13     0.0      5233.0 

      Reverse Arrhenius coefficients:               8.52E-14     0.0      6894.0 

  16. F+O3=FO+O2                                     2.82E-11     0.0       252.0 

  17. NO3+NO=NO2+NO2                           6.92E-12     0.0       855.0 

      Reverse Arrhenius coefficients:               5.37E-12     0.0     12880.0 
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  18. NO3+NO2=NO2+NO+O2                1.95E-13     0.0      1610.0 

      Reverse Arrhenius coefficients:           5.76E-41     0.0      -483.0 

  19. NO+NO+O2=NO2+NO2                 6.61E-39     0.0      -528.0 

      Reverse Arrhenius coefficients:               2.63E-11     0.0     13790.0 

  20. N+N+M=N2+M                                     1.41E-32     0.0        0.0 

      Reverse Arrhenius coefficients:               3.16E-07    -0.5    113200.0 

  21. N+O+M=NO+M                                    9.13E-33     0.0        0.0 

      Reverse Arrhenius coefficients:               2.27E-10     0.0     74680.0 

  22. O+O+M=O2+M                                     5.25E-35     0.0      -906.0 

      Reverse Arrhenius coefficients:               1.31E-10     0.0     52740.0 

  23. O+NO+M=NO2+M                              7.25E-33     0.0      -805.0 

      Reverse Arrhenius coefficients:                4.10E+04    -3.4     37640.0 

  24. O+NO2+M=NO3+M                           6.32E-32     0.0        0.0 

  25. N+NO2=N2O+O                               1.41E-12     0.0        0.0 

26. FO+FO=F+F+O2                                   2.09E-12     0.0        0.0 

  27. FO+FO=F2O+O                                    6.61E-14     0.0      8051.0 

  28. NO+O3=NO2+O2                                  2.35E-12     0.0      1459.0 

  29. NO+F2=NFO+F                                   6.92E-13     0.0      1157.0 

  30. N2O+M=N2+O+M                                 2.36E-10     0.0     25810.0 

  31. O+N3=NO+N2                                     1.00E-11     0.0        0.0 

  32. O+NO3=O2+NO2                                  1.00E-11     0.0        0.0 

  33. O3+NO2=O2+NO3                               1.57E-13     0.0      2509.0 

  34. NO+NO+NO=NO2+N2O                       2.95E-38     0.0     13490.0 

  35. NO3+NO3=NO2+NO2+O2               8.50E-13     0.0      2450.0 

  36. O3+M=O+O2+M                                   7.17E-10     0.0     11170.0 

      Reverse Arrhenius coefficients:               2.57E-35     0.0       855.0 

  37. N+NO2=NO+NO                                   5.89E-12     0.0        0.0 

  38. N+NO2=N2+O+O                                  1.12E-12     0.0        0.0 

  39. N2O+N2O=N2+N2+O2                      6.17E-18     0.0        0.0 

  40. O+FO=O2+F                                      5.00E-11     0.0        0.0 

  41. O+FO2=O2+FO                                    5.00E-11     0.0        0.0 

  42. FO+NO=F+NO2                                    2.60E-11     0.0        0.0 

  43. F+NO2+M=NFO2+M                         9.00E-26    -2.0       0.0 

  44. FO+NO2+M=NFO3+M                      4.23E-23    -3.4     0.0 
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  45. NF2+M=NF+F+M                                  1.26E-09     0.0     25700.0 

  46. NF2+NF2+M=N2F4+M                1.50E-32     0.0        0.0 

  47. F+F+M=F2+M                                     2.80E-34     0.0        0.0 

      Reverse Arrhenius coefficients:               7.60E-12     0.0     14300.0 

  48. NF2+F2O=NF3+FO                               5.00E-12     0.5     11100.0 

  49. NF2+F2=NF3+F                                   3.00E-14     0.0      4860.0 

  50. NF+NF=N2+F+F                                   6.88E-11     0.0      1251.0 

   51. NF+NF=F2+N2                                    4.00E-12     0.0         0.0 

  52. NF+N2F2=NF2+N2+F                           2.00E-12     0.0        0.0 

  53. NF+NF2=N2F2+F                                  3.75E-12     0.0       187.0 

  54. NF2+O=NFO+F                                    1.25E-11     0.0        0.0 

  55. NF2+O=NF+FO                                    1.80E-12     0.0        0.0 

  56. NF2+N=F+F+N2                                   1.40E-11     0.0        95.0 

  57. NF2+N=NF+NF                                    3.00E-12     0.0        0.0 

  58. NF2+NO2=NFO+NFO                       8.60E-14     0.0      2450.0 

  59. NF2+F+M=NF3+M                             1.03E-30     0.0        0.0 

      Reverse Arrhenius coefficients:               3.98E-10     0.0     18417.0 

  60. NF2+FO=F+F+NFO                       3.80E-12    0.0         0.0 

  61. F+N3=NF+N2                                     5.80E-11     0.0        0.0 

  62. NO+F+M=NFO+M                            9.47E-28    -1.7    0.0 

  63. F2O+M=F+FO+M                               3.00E-09     0.0     17500.0 

  64. F+NO3=FO+NO2                                  3.00E-11    0.0         0.0 

  65. F2O2+M=F+FO2+M                      4.60E-03    -1.0      9900.0 

      Reverse Arrhenius coefficients:               3.00E-32     0.0        0.0 

  66. F+O2+M=FO2+M                                  1.10E-30    -1.0      0.0 

      Reverse Arrhenius coefficients:               6.30E-09     0.0      5800.0 

  67. F2O2+O2=FO2+FO2                   8.40E-08     0.0      6520.0 

      Reverse Arrhenius coefficients:               2.00E-06     0.0      6550.0 

  68. F2O2+F=FO2+F2                                  3.60E-14     0.0        0.0 

  69. FO+NO3=FO2+NO2                          1.00E-12     0.0        0.0 

  70. F+FO2=F2+O2                                    1.50E-11     0.0      1500.0 

      Reverse Arrhenius coefficients:               5.20E-11     0.0     10800.0 

  71. FO2+FO2+M=O2+O2+F2+M              2.40E-33     0.0        0.0 

  72. N+NO+M=N2O+M                                3.57E-36     0.0        0.0 
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  73. NF3=NF2+F                                     6.81E-08     0.0     24160.0 

  74. NF2=NF+F                                       1.26E-09     0.0     25700.0 

  75. F++F2=>F2++F                                   9.70E-10     0.0        0.0 

  76. F++N=>N++F                                     1.04E-09     0.0        0.0 

  77. F++NF3=>NF3++F                                1.16E-09     0.0        0.0 

  78. F++NF=>NF++F                                   1.23E-09     0.0        0.0 

  79. F++NF2=>NF2++F                                1.30E-09     0.0        0.0 

  80. F++O=>O++F                                     1.10E-09     0.0        0.0 

  81. F++NO2=>NO2++F                               8.46E-10     0.0        0.0 

  82. F2++N=>N++F2                                   9.37E-10    0.0        0.0 

  83. F2++NF3=>NF3++F2                            1.04E-09     0.0        0.0 

  84. F2++NF=>NF++F2                                1.11E-09     0.0        0.0 

  85. F2++NF2=>NF2++F2                            1.17E-09     0.0        0.0 

  86. F2++O=>O++F2                                   1.00E-09     0.0        0.0 

  87. F2++O2=>O2++F2                              1.13E-09     0.0        0.0 

  88. F2++NO=>NO++F2                         1.47E-09     0.0        0.0 

  89. F2++NO2=>NO2++F2                           1.42E-09     0.0        0.0 

  90. F2++N2O=>N2O++F2              1.05E-09     0.0        0.0 

  91. N2++N=>N++N2                                   9.37E-10     0.0        0.0 

  92. N2++NF3=>NF3++N2                         1.04E-09     0.0        0.0 

  93. N2++NF=>NF++N2                         1.11E-09     0.0        0.0 

  94. N2++NF2=>NF2++N2                     1.17E-09     0.0        0.0 

  95. N2++NO2=>NO2++N2                   1.42E-09     0.0        0.0 

  96. N++NF3=>NF3++N                      9.70E-10     0.0        0.0 

  97. N++NF=>NF++N                                  1.03E-09     0.0        0.0 

  98. N++NF2=>NF2++N                         1.08E-09     0.0        0.0 

  99. N++O=>O++N                                     9.25E-10     0.0        0.0 

 100. N++NO2=>NO2++N                        1.31E-09     0.0        0.0 

 101. NF3++NF=>NF++NF3                      9.20E-10     0.0        0.0 

 102. NF3++NF2=>NF2++NF3                9.70E-10     0.0        0.0 

 103. NF3++O2=>O2++NF3                       9.30E-10     0.0        0.0 

 104. NF3++NO=>NO++NF3                   1.21E-09     0.0        0.0 

 105. NF3++NO2=>NO2++NF3                1.17E-09     0.0        0.0 

 106. NF++NF2=>NF2++NF                        9.15E-10     0.0        0.0 
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 107. NF++NO=>NO++NF                       1.14E-09     0.0        0.0 

 108. NF++NO2=>NO2++NF                     1.10E-09     0.0        0.0 

 109. N++O2=O++NO                                   4.64E-11     0.0        0.0 

 110. N++O2=NO++O                                   2.32E-10     0.0        0.0 

 111. N++O2=O2++N                                    3.07E-10     0.0        0.0 

 112. N++NO=NO++N                               4.72E-10     0.0        0.0 

 113. N++NO=N2++O                                   8.32E-11     0.0        0.0 

 114. N++N2O=NO++N2                              5.55E-10     0.0        0.0 

 115. N2++O=O++N2                                    9.80E-12     0.0        0.0 

 116. N2++O=NO++N                                   1.30E-10     0.0        0.0 

 117. N2++O2=O2++N2                                 5.00E-11     0.0        0.0 

 118. N2++NO=NO++N2                        4.10E-10     0.0        0.0 

 119. N2++N2O=N2O++N2                       6.00E-10     0.0        0.0 

 120. O++N2=NO++N                                    1.20E-12     0.0        0.0 

 121. O++O2=O2++O                                   2.10E-11     0.0        0.0 

 122. O++NO=NO++O                                   8.00E-13     0.0        0.0 

 123. O++NO2=NO2++O                           1.60E-09     0.0        0.0 

 124. O++N2O=N2O++O                              6.30E-10     0.0        0.0 

 125. O2++N=NO++O                               1.50E-10     0.0        0.0 

 126. O2++NO=NO++O2                          4.60E-10     0.0        0.0 

 127. O2++NO2=NO2++O2                         6.60E-10     0.0        0.0 

 128. F++N2=N2++F                                   9.70E-10     0.0        0.0 

 129. F++O2=O++FO                                    6.06E-11     0.0        0.0 

 130. F++O2=O2++F                                    7.01E-10     0.0        0.0 

 131. F++O2=FO++O                                    1.04E-10     0.0        0.0 

 132. F++NO=NO++F                                    8.46E-10     0.0        0.0 

 133. F++NO=NF++O                                    9.40E-11     0.0        0.0 

 134. F++N2O=NO++NF                            7.20E-10     0.0        0.0 

 135. NO2++NO=NO++NO2                   2.75E-10     0.0        0.0 

 136. N2O++O2=O2++N2O                     2.24E-10     0.0        0.0 

 137. N2O++O2=NO++NO2                      4.59E-11     0.0        0.0 

 138. N2O++NO=NO++N2O                       2.30E-10     0.0        0.0 

 139. N2O++NO2=NO++N2+O2                 4.29E-10     0.0        0.0 

 140. N2O++NO2=NO2++N2O         2.21E-10     0.0        0.0 
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 141. N2O++N2O=NO++N2+NO              1.20E-11     0.0        0.0 

 142. O-+O=>O2+E                                    1.40E-10     0.0        0.0 

 143. O-+O2*=>O3+E                                   3.00E-10     0.0        0.0 

 144. O+O+O2=>O3+O                                 2.10E-34     0.0      -345.0 

 145. O+O2+O2=>O3+O2                          6.40E-34    0.0      -663.0 

 146. O3+O=>O2*+O2                                   1.00E-11     0.0      2300.0 

 147. O2**+O3=>2O2+O                             1.50E-11     0.0        0.0 

 148. 2O2*+O2=>2O3                                   1.00E-31     0.0        0.0 

 149. O2*+O3=>2O2+O                                 5.20E-11     0.0      2840.0 

 150. O-+O2=O3+E                                     5.00E-15     0.0        0.0 

 151. O-+O2+M=O3-+M                               1.10E-30     0.0        0.0 

 152. O2-+O=O3+E                                     1.50E-10     0.0        0.0 

 153. O-+O2++M=O+O2+M                       2.00E-25     0.0        0.0 

 154. O3-+O+=O3+O                                    1.73E-06    -0.5       0.0 

 155. O3-+O2+=O3+O2                                 3.46E-06    -0.5   0.0 

 156. O3+E+M=O3-+M                                  4.60E-28     0.0        0.0 

 157. O3-+O=O2-+O2                                   1.10E-11    0.0        0.0 

 158. O3-+N2=NO2-+NO                            1.00E-20     0.0        0.0 

 159. O3-+NO2=O2+NO3-                            2.80E-10     0.0        0.0 

 160. NO2-+O3=O2+NO3-                          9.00E-11     0.0       0.0 

 161. O-+O3=O3-+O                                    5.50E-10     0.0        0.0 

 162. O-+O3=O2-+O2                                   1.00E-11     0.0        0.0 

 163. O2-+O3=O3-+O2                                  3.20E-10     0.0        0.0 

 164. O3-+O=O2+O2+E                                 1.10E-13     0.0        0.0 

 165. O-+O3=O2+O2+E                              3.00E-10     0.0        0.0 

 166. F-+NF3+=>2F+NF2                       1.00E-08     0.0        0.0 

 167. F-+NF2+=>2F+NF                              1.00E-08     0.0        0.0 

 168. F-+NF+=>F+NF                                   1.00E-08     0.0        0.0 

 169. F-+N2+=>F+N2                                   1.00E-08     0.0        0.0 

 170. F-+N+=>F+N                                     1.00E-08     0.0        0.0 

 171. F-+F2+=>F+F2                                   1.00E-08     0.0        0.0 

 172. F-+F+=>F+F                                     1.00E-08     0.0        0.0 

 173. F-+O+=>F+O                                     1.00E-08     0.0        0.0 

 174. F-+O2+=>F+O2                                   1.00E-08     0.0        0.0 
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 175. F-+NO+=>F+NO                                  1.00E-08     0.0        0.0 

 176. F-+NO2+=>F+NO2                           1.00E-08     0.0        0.0 

 177. F-+N2O+=>F+N2O                           1.00E-08     0.0        0.0 

 178. F-+FO+=>F+FO                                   1.00E-08     0.0        0.0 

 179. F-+O3=F+O3-                                    2.00E-14     0.0 0.0 

 180. E+NF3=>E+NF3                                   1.72E-12     0.4      3198.6 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.600E-01 eV 

      Declared duplicate reaction... 

 181. E+NF3=>E+NF3                                  4.10E-09     0.2      1669.7 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.140E+00 eV 

      Declared duplicate reaction... 

 182. E+NF3=>E+NF3                              3.42E-21     2.5     33296.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.770E+01 eV 

      Declared duplicate reaction... 

 183. E+NF3=>NF2+F+E                           2.06E-17     1.7     37274.0 

      Non-thermal reaction, depends on Species Temp. of E                

 184. E+NF3=>NF+2F+E                             1.35E-30    4.5     34210.0 

      Non-thermal reaction, depends on Species Temp. of E                

 185. E+NF3=>NF2+F-                          1.49E-08    -0.1      3751.3 

      Non-thermal reaction, depends on Species Temp. of E                

 186. NF3+E=>NF3++2E                               7.39E-34     5.0     38111.0 

      Non-thermal reaction, depends on Species Temp. of E                

 187. NF3+E=>NF2++2E+F                          2.25E-40     6.5     34184.0 

      Non-thermal reaction, depends on Species Temp. of E                

 188. NF3+E=>NF++2E+2F                  3.93E-63    11.0     39849.0 

      Non-thermal reaction, depends on Species Temp. of E                

 189. E+NF2=>NF+F+E                            1.57E-17     1.8     27565.0 

      Non-thermal reaction, depends on Species Temp. of E                

 190. E+NF2=>N+2F+E                            1.69E-23     3.0     37652.0 

      Non-thermal reaction, depends on Species Temp. of E                

  191. NF2+E=>NF2++2E                          2.21E-33     4.9     31902.0 



 331 

      Non-thermal reaction, depends on Species Temp. of E                

 192. E+NF=>N+F+E                                    1.57E-17    1.8     27565.0 

      Non-thermal reaction, depends on Species Temp. of E                

 193. NF+E=>NF++2E                               1.94E-42    6.8    33586.0 

      Non-thermal reaction, depends on Species Temp. of E                

 194. E+N2=>N2+E                                     1.01E-03    -1.1     17337.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.200E-01 eV 

      Declared duplicate reaction... 

 195. E+N2=>N2+E                                  5.17E-13     0.6      5344.9 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.290E+00 eV 

      Declared duplicate reaction... 

 196. E+N2=>N2+E                                   5.98E-01   -1.8    21980.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.290E+00 eV 

      Declared duplicate reaction... 

 197. E+N2=>N2+E                               2.57E-01   -1.7     22322.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.590E+00 eV 

      Declared duplicate reaction... 

 198. E+N2=>N2+E                                   4.49E-01    -1.8     22634.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.880E+00 eV 

      Declared duplicate reaction... 

 199. E+N2=>N2+E                                     6.57E-02    -1.6     23254.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.117E+01 eV 

      Declared duplicate reaction... 

 200. E+N2=>N2+E                             8.16E-02    -1.7     23667.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.147E+01 eV 

      Declared duplicate reaction... 

 201. E+N2=>N2+E                               2.07E+00    -2.1     25621.0 
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      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.176E+01 eV 

      Declared duplicate reaction... 

 202. E+N2=>N2+E                                1.45E+01    -2.3     27118.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.206E+01 eV 

      Declared duplicate reaction... 

 203. E+N2=>N2+E                                7.23E-01    -2.1     27851.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.235E+01 eV 

      Declared duplicate reaction... 

 204. E+N2=>N2+E                                 5.65E-21     2.2     29055.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.617E+01 eV 

      Declared duplicate reaction... 

 205. E+N2=>N2+E                                     7.48E-21     2.3     31907.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.700E+01 eV 

      Declared duplicate reaction... 

206. E+N2=>N2+E                                 2.67E-19    2.1     33573.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.735E+01 eV 

      Declared duplicate reaction... 

 207. E+N2=>N2+E                                   4.84E-21     2.4     32332.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.736E+01 eV 

      Declared duplicate reaction... 

 208. E+N2=>N2+E                                     1.22E-21     2.4     35358.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.780E+01 eV 

      Declared duplicate reaction... 

 209. E+N2=>N2+E                                     9.72E-22     2.5     36081.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.816E+01 eV 
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      Declared duplicate reaction... 

 210. E+N2=>N2+E                                     9.19E-22     2.4     37463.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.840E+01 eV 

      Declared duplicate reaction... 

 211. E+N2=>N2+E                                     3.59E-22     2.6     37012.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.855E+01 eV 

      Declared duplicate reaction... 

 212. E+N2=>N2+E                                     5.18E-21     2.3     40490.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.889E+01 eV 

      Declared duplicate reaction... 

 213. E+N2=>N2+E                                2.88E-27     3.8     37962.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.110E+02 eV 

      Declared duplicate reaction... 

 214. E+N2=>N2+E                                   6.09E-33     4.5     35432.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.119E+02 eV 

      Declared duplicate reaction... 

 215. E+N2=>N2+E                                     3.48E-32    4.6     37072.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.122E+02 eV 

      Declared duplicate reaction... 

 216. E+N2=>N2+E                                  2.02E-34     5.3     36200.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.130E+02 eV 

      Declared duplicate reaction... 

 217. E+N2=>N2++2E                             2.56E-43     7.1     31481.0 

      Non-thermal reaction, depends on Species Temp. of E                

 218. E+N=>N+E                                       4.57E-24     3.0     45365.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.103E+02 eV 
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      Declared duplicate reaction... 

 219. E+N=>N+E                                       3.12E-30     4.4     33085.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.109E+02 eV 

      Declared duplicate reaction... 

 220. E+N=>N+E                                       6.61E-02    -1.1     25550.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.238E+01 eV 

      Declared duplicate reaction... 

221. E+N=>N+E                                       3.87E-03    -1.0     34755.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.357E+01 eV 

      Declared duplicate reaction... 

 222. E+N=>N+E                                       2.24E-21     2.3     50639.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.107E+02 eV 

      Declared duplicate reaction... 

 223. E+N=>N+E                                       2.45E-29     4.0     37084.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.116E+02 eV 

      Declared duplicate reaction... 

 224. E+N=>N+E                                       4.24E-31     4.3     36427.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.118E+02 eV 

      Declared duplicate reaction... 

 225. E+N=>N+E                                       1.87E-35     5.3     34168.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.118E+02 eV 

      Declared duplicate reaction... 

 226. E+N=>N+E                                       4.57E-30     4.1     37647.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.120E+02 eV 

      Declared duplicate reaction... 

 227. E+N=>N+E                                       9.80E-31     4.2     37772.0 
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      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.120E+02 eV 

      Declared duplicate reaction... 

 228. E+N=>N+E                                       2.18E-30     4.2     38395.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.121E+02 eV 

      Declared duplicate reaction... 

 229. E+N=>N+E                                       2.59E-32     4.6     39470.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.130E+02 eV 

      Declared duplicate reaction... 

 230. E+N=>N+E                                       1.03E-33     4.8     38617.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.130E+02 eV 

      Declared duplicate reaction... 

 231. E+N=>N+E                                       7.89E-33     4.6     39485.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.130E+02 eV 

      Declared duplicate reaction... 

 232. E+N=>N+E                                       3.96E-38     5.8     36229.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.130E+02 eV 

      Declared duplicate reaction... 

 233. E+N=>N+E                                      1.41E-33     4.7     39233.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.130E+02 eV 

      Declared duplicate reaction... 

 234. E+N=>N+E                                       1.06E-32     4.6     40117.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.130E+02 eV 

      Declared duplicate reaction... 

 235. E+N=>N+E                                       1.25E-39     6.1     38618.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.137E+02 eV 
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      Declared duplicate reaction... 

236. E+N=>N++2E                                     5.11E-37     5.8     47602.0 

      Non-thermal reaction, depends on Species Temp. of E                

 237. E+F2=>F2+E                                     1.01E-06    -0.7      3157.2 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.110E+00 eV 

      Declared duplicate reaction... 

 238. E+F2=>F2+E                                     4.82E-06    -0.9      4917.1 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.220E+00 eV 

      Declared duplicate reaction... 

 239. E+F2=>F2+E                                     2.37E-05    -1.1      6883.5 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.320E+00 eV 

      Declared duplicate reaction... 

 240. E+F2=>F2+E                                     5.95E-05    -1.3      8567.9 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.420E+00 eV 

      Declared duplicate reaction... 

 241. E+F2=>F2+E                                     6.88E-08    -0.3     31029.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.316E+01 eV 

      Declared duplicate reaction... 

 242. E+F2=>F2+E                                     9.68E-07    -0.7     39425.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.434E+01 eV 

      Declared duplicate reaction... 

 243. E+F2=>F2+E                                     3.75E-32     4.7     33267.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.116E+02 eV 

      Declared duplicate reaction... 

 244. E+F2=>F2+E                                     1.09E-51     8.5     37389.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.131E+02 eV 
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      Declared duplicate reaction... 

 245. E+F2=>F+F-                                     1.02E-05    -0.9      1081.8 

      Non-thermal reaction, depends on Species Temp. of E                

 246. E+F2=>F2++2E                                   1.64E-44     7.2     32883.0 

      Non-thermal reaction, depends on Species Temp. of E                

 247. E+F=>F++2E                                     2.24E-47     7.8     34076.0 

      Non-thermal reaction, depends on Species Temp. of E                

 248. E+O2=>O2+E                                     9.06E-08    -0.4     37270.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.190E+00 eV 

      Declared duplicate reaction... 

 249. E+O2=>O2+E                                     7.69E-08    -0.5     37093.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.380E+00 eV 

      Declared duplicate reaction... 

 250. E+O2=>O2+E                                     1.25E-25    3.3       142.3 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.570E+00 eV 

      Declared duplicate reaction... 

251. E+O2=>O2+E                                     4.86E-26     3.3      2603.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.750E+00 eV 

      Declared duplicate reaction... 

 252. E+O2=>O2*+E                                    4.24E-11     0.3     14283.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.980E+00 eV 

 253. E+O2=>O2**+E                                   1.05E-09    -0.2  19499.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.163E+01 eV 

 254. E+O2=>O2+E                                     4.87E-06    -0.9     42367.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.450E+01 eV 

      Declared duplicate reaction... 

 255. E+O2=>O2+E                                     1.26E-15     1.3     30633.0 
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      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.600E+01 eV 

      Declared duplicate reaction... 

 256. E+O2=>O2+E                                     1.54E-18   2.1     37756.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.840E+01 eV 

      Declared duplicate reaction... 

 257. E+O2=>O2+E                             8.22E-26   3.1   42282.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.100E+02 eV 

      Declared duplicate reaction... 

 258. E+O2=>2O+E                                     9.06E-38     5.6     45474.0 

      Non-thermal reaction, depends on Species Temp. of E                

 259. E+O2=>O2++2E                       4.64E-34     5.2     33264.0 

      Non-thermal reaction, depends on Species Temp. of E                

 260. E+O2=>O+O-                              3.39E-04  -1.5     46608.0 

      Non-thermal reaction, depends on Species Temp. of E                

 261. E+O=>O*+E                                    7.58E-08    -0.3     22243.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.196E+01 eV 

 262. E+O=>O**+E                                3.46E-06    -0.7     39354.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.418E+01 eV 

 263. E+O=>O++2E                                   9.88E-35     5.3     38669.0 

      Non-thermal reaction, depends on Species Temp. of E                

 264. E+N+=>N                                        2.25E-01    -2.5     0.0 

      Non-thermal reaction, depends on Species Temp. of E                

 265. E+N2+=>N+N                                     2.25E-01    -2.5  0.0 

      Non-thermal reaction, depends on Species Temp. of E         

266. E+N2+=>N2                                      2.25E-01    -2.5      0.0 

      Non-thermal reaction, depends on Species Temp. of E                

 267. E+N2F2=>2N+2F+E                          2.28E-17     1.7     36391.0 

      Non-thermal reaction, depends on Species Temp. of E                

 268. E+N2F4=>2N+4F+E                            2.28E-17     1.7   36391.0 
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      Non-thermal reaction, depends on Species Temp. of E                

 269. E+AR=>2E+AR+                                7.07E-11     0.6    187120.0 

      Non-thermal reaction, depends on Species Temp. of E                

 270. E+AR*=>2E+AR+                    1.25E-07     0.1     60254.0 

      Non-thermal reaction, depends on Species Temp. of E                

 271. E+AR=>E+AR*                                  1.17E-08     0.0    138560.0 

      Non-thermal reaction, depends on Species Temp. of E                

 272. E+AR=>E+AR                                     6.27E-09     0.0    327000.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.143E+02 eV 

      Declared duplicate reaction... 

 273. E+AR=>E+AR                                   3.52E-09     0.0    346000.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.142E+02 eV 

      Declared duplicate reaction... 

 274. E+AR=>E+AR                                9.24E-10     0.0    359999.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.141E+02 eV 

      Declared duplicate reaction... 

 275. E+AR=>E+AR                         2.50E-10     0.0    365000.0 

      Non-thermal reaction, depends on Species Temp. of E                

      Excitation reaction, energy loss = 0.143E+02 eV 

      Declared duplicate reaction... 

        

 

B.2 Surface Reactions  

1. AR+ + E => AR                          1.0   0.0  0.0 

2. NF3+ + E      => NF2 + F            0.9     0.0   0.0 

3. NF2+ + E      => NF + F              0.9     0.0   0.0 

4. NF+ + E       => NF                      0.9     0.0   0.0 

5. N2+ + E       => N2                  0.9     0.0   0.0 

6. F2+ + E       => F2                   0.9     0.0   0.0 

7. N+ + E        => N                    0.9     0.0   0.0 
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8. F+ + E        => F                    0.9     0.0   0.0 

9. O+ + E        => O                    0.9     0.0   0.0 

10. O2+ + E       => O2                  0.9     0.0   0.0 

11. NO+ + E       => NO                  0.9     0.0   0.0 

12. NO2+ + E      => NO2                 0.9     0.0   0.0 

13. N2O+ + E      => N2O                 0.9     0.0   0.0 

14. FO+ + E       => FO                  0.9     0.0   0.0 

15. 2F             => F2                7.E-5     0.    0.  

16. 2O             => O2                3.55E-4  0.    0.  

17. O*             => O                   1.0   0.0   0. 

18. O**             => O                  1.0   0.0   0. 

19. O2*             => O2                   1.0   0.0   0. 

20. O2**             => O2                 1.0   0.0   0.0 

21. AR*              => AR     1.0   0.0  0.0 
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Appendix C. Code 

C.1 Neutral Gas Temperature Fitting Code. 

Bo_N2_dvN1_Fit.m 
%Introduction: This program is designed to fit the measured N2  unresolved 
%rovibronic band with theoretical curve and hence gives the rotational 
%temperature and vibrational temperature.  
%Author: Bo Bai and Brett Cruden. 
%   SSE = fit_n2_rig(params,wavel,spectrum,vibmodes,AtomicWavelengths); 
%   Calculates a fit spectrum versus the spectrum desrcibed by spectrum and wavel.  
Params are fit parameters as follows: 
%       params(1) = T; The gas temperature for modelling CH spectrum 
%       params(2) = I_0; The peak intensity of the C2 (0,0) line 
%       params(3) = Tvib, vibrational temp 
%       params(4) = Wavelength shift, representing slight inaccuracies in calibration 
%       Params(5) = Baseline Associated with the experiments. 
%       Params(6) = Wavelength between two pixels, can not be totally  
%       params(7:n) = I_Atomic; in order of atomic line wavelength parameter 
%   wavel is a vector of wavelengths over which fit is performed 
%   spectrum is the corresponding spectrum to be fit 
%   vibmodes is a 3 component vector,  
%       vibmode(1) = nu', upper state vibr. quantum # 
%       vibmode(2) = nu", lower state vibr. quantum # 
%       vibmode(3) = nbands, number of higher order bands to include in fit 
%      newpars = fminsearch('fit_n2_rig',params,[],wavel,spectrum,1); 
%function [SSE, new_spectrum] = fit_n2_rig(params,wavel,data,vibmode,atomic); 
%Part I. Read data and show it in the figure. 
file='2003100441';   % The file name of the fitted curve. 
Directory='E:\RingDischarge\Data\JarrelAsh\RawData\'; 
OutputDirectory='E:\RingDisPhaseII\AnalysisII\AnalysisTools\TgMeas\N2FitCurv\'; 
outputsuffix='dVN1.fig'; 
specfile=[Directory,file];               % The reading file with full directory path. 
outputfile=[OutputDirectory,file,outputsuffix]; % The output file with full directory 
path. 
expspec=load(specfile,'-ascii'); % This matrix will be a single row matrix of line 
intensity. 
plot(expspec); 
%stop 
params=[1300,7,5000,7.5,0.18,0.67736]; % As described in the introduction, the 
sequence is rotational tempeature, peak intensity, vibrational temperature and 
wavelength shift. 



 344 

vibmode=[1,0,4]; % [1,0,4] is corresponding to 1'-0", 2'-1", 3'-2", till 4'-3" bands. 
First element is upper and second is lower and third is total numbers. 
newpars = fminsearch('fit_n2_rig',params,[],expspec,vibmode) 
global FinalWav FinalExpCurv FinalTheCurv; 
%%% Plot out the results now. 
LabelYmax=4/4.5*max(FinalTheCurv); 
stepforlabel=max(FinalTheCurv)/4*0.2; 
plot(FinalWav,FinalExpCurv,'b',FinalWav,FinalTheCurv,'r'); 
title('Theoretical and experimental rovibronic band for 1-0 of SPS of N2 '); 
xlabel('wavelength(angstrom)');ylabel('intensity(a.u.)'); 
h=legend('Experimental','Theoretical',2); 
%text(min(FinalWav)+1,LabelYmax,['File:',num2str(file)],'FontSize',10); 
%text(Wave1)+10,LabelYmax-stepforlabel,['Baseline=',num2str(baseline)]); 
%text(min(FinalWav)+1,LabelYmax-stepforlabel*1,['Wavelength 
Adjustment=',num2str(newpars(4)),'A']); 
%text(Wave1)+10,LabelYmax-stepforlabel*3,['Spectral Width=',num2str(w),'A']); 
%text(Wave1)+10,LabelYmax-stepforlabel*4,['Residue of Fitting=',num2str(SSE)]); 
text(min(FinalWav)+1,LabelYmax-
stepforlabel*2,['T_{rot}=',num2str(newpars(1)),'^{o}K']); 
text(min(FinalWav)+1,LabelYmax-
stepforlabel*3,['T_{vib}=',num2str(newpars(3)),'^{o}K']); 
saveas(gcf,outputfile) 
 

fit_n2_rig.m 
% SSE = fit_n2_rig(params,wavel,spectrum,vibmodes,AtomicWavelengths); 
%   Same on fit_n2, but does not interpolate temperatures 
%   Calculates a fit spectrum versus the spectrum desrcibed by spectrum and wavel.  
Params are fit parameters as follows: 
%       params(1) = T; The gas temperature for modelling CH spectrum 
%       params(2) = I_0; The peak intensity of the C2 (0,0) line 
%       params(3) = Tvib, vibrational temp 
%       params(4) = Wavelength shift, representing slight inaccuracies in calibration 
%       Params(5) = Baseline Associated with the experiments. 
%       Params(6) = Wavelength between two pixels, can not be totally  
%       params(7:n) = I_Atomic; in order of atomic line wavelength parameter 
%   wavel is a vector of wavelengths over which fit is performed 
%   spectrum is the corresponding spectrum to be fit 
%   vibmodes is a 3 component vector,  
%       vibmode(1) = nu', upper state vibr. quantum # 
%       vibmode(2) = nu", lower state vibr. quantum # 
%       vibmode(3) = nbands, number of higher order bands to include in fit 
%   Returns the sum of squared errors from the fit 
%   How to use with fitting routine: 
%       newpars = fminsearch('fit_n2_rig',params,[],wavel,spectrum,1); 
function [SSE, new_spectrum] = fit_n2_rig(params,data,vibmode,atomic); 
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params([1:3 5:length(params)]) = abs(params([1:3 5:length(params)]));  % Disallow 
negative fit values 
h = 6.626e-34;  % J-s 
c = 2.998e10;   % cm/s 
kB = 1.381e-23;   % J/K 
Tvib = params(3); 
sizetemp=length(data); 
arrowtemp=(1:1:sizetemp)'; 
expwavlth=arrowtemp*params(6)+2764.4041-params(4); 
bandWavlthMin=3050;    % The minimum value of the series band.  
bandWavlthMax=3200;    % The maximum value of the series band.  
bandindice=find(expwavlth>=(bandWavlthMin-1) & 
expwavlth<=(bandWavlthMax+1));% Include a little bit more on each side for later 
interpolating correctness 
wavel=expwavlth(bandindice); 
data1=data(bandindice);    % Only choose the part that is related to the series. 
data1=data1-params(5);  %Figure out the baseline for the series. 
%FC factors of N2 bands. 
q = [0.45100 0.39430 0.13340 0.02036 0.00096 
0.32760 0.02145 0.34120 0.25380 0.05392 
0.1468 0.20310 0.02415 0.21010 0.33270 
0.05211 0.19810 0.06313 0.08854 0.12300 
0.01617 0.11040 0.16060 0.00451 0.10850 
0.00461 0.04712 0.13880 0.09324 0.00458 
0.00124 0.01726 0.07948 0.12980 0.04084 
0.00033 0.00574 0.03646 0.09887 0.09911 
0.00008 0.00180 0.01462 0.05598 0.09854 
0.00002 0.00054 0.00538 0.02649 0.06825 
0.00001 0.00016 0.00187 0.01124 0.03793]'; 
wavel = wavel - params(4);  %Here represents the shift of wavelength. 
new_spectrum = zeros(size(wavel)); 
for v_no = 1:vibmode(3) 
    v1 = vibmode(1) + v_no - 1; 
    v2 = vibmode(2) + v_no - 1; 
    spectr = n2_Lines(v1,v2,params(1));  % Return n*2 matrix with first column 
theoretical wavelenth and second colum theoretical intensity with Tg. 
    spectrum = zeros(size(wavel)); 
    for k = 1:size(spectr,1) 
        spectrum = spectrum+spectr(k,2)*ILS(wavel,spectr(k,1));  % This includes the 
optical response function here already and add all these peaks together. 
    end 
%    [spectrum, Iband] = gen_band(params(1),v1,v2,wavel); 
     
    Iband = sum(spectr(:,2)); 
    if (v_no == 1) 
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        I0 = Iband*params(2)/max(spectrum);  % This gives a feedback for I0 to be 
fitted. 
%        [dummy, index] = max(spectr(:,2)); 
%        L0 = spectr(index,1); 
    end 
%    [dummy, index] = max(spectr(:,2)); 
%    L = spectr(index,1); 
    Iband = I0*q(v1+1,v2+1)*exp(-h*c*(E(v1)-E(vibmode(1)))/kB/Tvib)/Iband; 
%Ofcourse, the boltzman distribution only relates to the excited energy level. 
%    new_spectrum = new_spectrum+params(2)*spectrum/max(spectrum); 
    new_spectrum = new_spectrum+Iband*spectrum; %All that is doing is to add up 
all the bands together. 
end 
new_spectrum = new_spectrum.*(wavel(1)./wavel).^4; % Here we include the \mu^4 
effect. 
 
if (exist('atomic') & length(atomic) > 0) 
    for k = 1:length(atomic) 
        new_spectrum = new_spectrum+params(4+k)*ILS(wavel,atomic(k)); 
    end 
end 
SSE = 0; 
for k = 1:length(data1) 
    SSE = SSE+(new_spectrum(k)-data1(k))^2; 
end 
params(1) 
global FinalWav FinalExpCurv FinalTheCurv; 
FinalWav=wavel; 
FinalExpCurv=data1; 
FinalTheCurv=new_spectrum; 
% Vib Temp 
% 
%   I = R^2*v^4*N 
% 
%   I1/I0 = 0.436*(5165/5129)^4*exp(-Ev/kTvib) 
%   Ev' = 1753.68 cm^-1 
%   Ev" = 1618.02 cm^-1 
% 
%   Tvib = -h*c*Ev'/k/ln(I1/I0/0.436*(5165/5129)^-4) 
function vi = E(v) 
we = 2047.7928; 
wexe = 28.9421; 
weye = 2.24537; 
weze = -0.551196; 
vi = we*(v+1/2)-wexe*(v+1/2)^2+weye*(v+1/2)^3+weze*(v+1/2)^4; 
% --------- 
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% function ILS is used to calculate the equipment spectral response 
% function. 
function linefn = ILS(wavel,lam)  
a = 25.64193;    % Values obtained by fitting the optcial spectrum. 
W = 1.98176;     % Wave1 is the center of the spectrum and lam is the wavelength. 
linefn = max(0,(a-(2*(lam-wavel)/W).^2)./(a+(a-2)*(2*(lam-wavel)/W).^2)); 
% 
% genband 
% 
% Generates a band, returns it in spectrum 
% The band is normalized so that it's peak is at intensity of 1 
% Also returns an integrated band intensity, accounting for lines that fall 
% outside the wavelength scope. 
function [spectrum, I0, L0] = gen_band(T,v1,v2,wavel0); 
f_up = strcat('n2',num2str(v1),num2str(v2),'_',num2str(ceil(T/10)),'.mat'); 
f_dn = strcat('n2',num2str(v1),num2str(v2),'_',num2str(floor(T/10)),'.mat'); 
if(exist(f_up)) 
    load(f_up) 
    if (length(spectrum) ~= length(wavel0)) 
        delete(f_up) 
    end 
end 
if (~exist(f_up)) 
    spectr = n2_Lines(v1,v2,ceil(T/10)*10); 
    spectrum = zeros(size(wavel0)); 
    for k = 1:size(spectr,1) 
        spectrum = spectrum+spectr(k,2)*ILS(wavel0,spectr(k,1)); 
    end 
    if (max(spectrum)>0) 
        I0 = sum(spectr(:,2))/max(spectrum); 
        spectrum = spectrum/max(spectrum); 
    else 
        I0 = 0; 
    end 
    wavel = wavel0; 
    save(f_up,'spectrum','I0','wavel'); 
end 
sp_up = interp1(wavel,spectrum,wavel0,'spline','extrap'); Iup = I0; 
if(exist(f_dn)) 
    load(f_dn) 
    if (length(spectrum) ~= length(wavel)) 
        delete(f_dn) 
    end 
end 
if (~exist(f_dn)) 
    spectr = n2_Lines(v1,v2,floor(T/10)*10); 
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    spectrum = zeros(size(wavel)); 
    for k = 1:size(spectr,1) 
        spectrum = spectrum+spectr(k,2)*ILS(wavel,spectr(k,1)); 
    end 
    if (max(spectrum)>0) 
        I0 = sum(spectr(:,2))/max(spectrum); 
        spectrum = spectrum/max(spectrum); 
    else 
        I0 = 0; 
    end 
    wavel = wavel0; 
    save(f_dn,'spectrum','I0','wavel'); 
end 
sp_dn = interp1(wavel,spectrum,wavel0,'spline','extrap'); Idn = I0; 
spectrum = sp_dn+(sp_up-sp_dn)*mod(T,10)/10; 
I0 = Idn + (Iup-Idn)*mod(T,10)/10; 
 

N2Peak0to0ManuelFit.m 
%Introduction: This program is designed to fit the measured N2  unresolved 
%rovibronic band with theoretical curve and hence gives the rotational 
%temperature. 
%Content: 
%Part I.   Read data and show it in the figure. 
%Part II.  Select special vibrational band. 
%Part III. Calculate the theoretical Peak Position and intensity without instrumental 
function. 
%Part IV.  Put the line shape onto the data and form the theoretical peak shape  
%Part I. Read data and show it in the figure. 
file='2004041909'; 
Directory='E:\RingDischarge\Data\JarrelAsh\RawData\'; 
OutputDirectory='E:\RingDischarge\analysis\CxFyOES\N2TgFitting\'; 
outputsuffix='00.fig'; 
fileArN2all=[Directory,file]; 
outputfile=[OutputDirectory,file,outputsuffix]; 
%expintArall=load('E:\RingDischarge\Data\JarrelAsh\RawData\2003100874','-ascii'); 
expintArN2all=load(fileArN2all,'-ascii'); 
baseline=0.165;  % Used for later adjustment, Left for Automatic Control 
wavadjustment=-9.2; 
Tg=4750; %Initial guessed Gas temperature in K. 
w=1.9575;   % Initially guessed width of the peak.Unit is Angstrome. 
%expintall=expintArN2all-expintArall-baseline; 
expintall=expintArN2all-baseline; 
%expintall=expintArN2all; 
sizetemp=length(expintall); 
arrowtemp=(1:1:sizetemp)'; 
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%expwavlth=arrowtemp*0.68596+2759.17599+wavadjustment; 
expwavlth=arrowtemp*0.67736+2764.4041+wavadjustment;  
%%expwavlth=arrowtemp*0.69321-9.54828e-
6*arrowtemp.^2+2758.10651+wavadjustment; % for 100729  
%plot(expwavlth,expintall); 
%%xlabel('wavelength(angstrom)');ylabel('intensity(a.u.)'); 
%%title('Intensity VS. wavelength after Ar spectrum substracted'); 
%stop 
%Part II. Select Special Vibrational Band 
%% 0 to 3 band, wavelength is 4010 to 4064. 
%% 1 to 4 band, wavelength is 4010 to 3960.  
vprime=0; 
vdoubleprime=0; 
bandWavlthMin=3325; 
bandWavlthMax=3380; 
bandindice=find(expwavlth>=(bandWavlthMin-1) & 
expwavlth<=(bandWavlthMax+1));% Include a little bit more on each side for later 
interpolating correctness 
expbandwavlth=expwavlth(bandindice); 
expbandint=expintall(bandindice); 
%plot(expbandwavlth,expbandint); 
%xlabel('wavelength(angstrom)');ylabel('intensity(a.u.)'); 
%title(['Experimental Intensity VS. wavelength for band ', vprime ,'to']); 
%hold on; 
%stop 
clear expintArall bandindice expintArN2all expintall sizetemp arrowtemp expwavlth;  
% Part III. Calculate theoretical rovibronic peak shape. Put the iteration 
% process starting from here. 
%%III.1 Calculate theoretical wavelength and intensity of P branch 
%%% First gives the constant and parameter control 
YpqC=[89136.88 1.82473 6.6e-6 
     2047.178 -1.8683e-2 3e-7 
     -28.4450 -2.275e-3 0.0 
     2.08833 7.33e-4 0.0;  
     -5.35e-1 -1.5e-4 0.0;  
     0.0 0.0 0.0]; 
YpqB=[59619.2 1.6374 5.9e-6 
    1733.391 -1.791e-2 1.3e-7;  
    -14.1221 -7.647e-5 0.0;  
    -5.688e-2 0.0 0.0;  
    3.612e-3 0.0 0.0 
    -1.109e-4 0.0 0.0]; 
%%%All these data are known to some order. References are posted in the lab 
%%%notebook and all the unit here are cm^(-1) as it shown in the ref. 
na=1; %Air refracory index, ref. CRC Handbook. 
invna=1/na; 
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h=6.6260755e-34; %Planck Constant 
c=2.99792458e8; % Light speed constant. 
k=1.38065e-23   ; % Boltzman constant 
Bv=1.79671*h*100*c; % Rotational constant for higher energy level. Originally in 
unit cm^-1. 
Jmax=60; 
    %Below for is used to do the iteration process for better fitting than 
    %just manually control the temperature and the constant. 
%%%Now starts from P branch. 
JprimeP=(1:1:Jmax+1)'; 
JdoublePrimeP=(2:1:Jmax+2)'; 
%PartialFactorJP=Bv/(k*TgMatr(j)^2)*JprimeP.*(JprimeP+1)-1/TgMatr(j); 
lambdaP=zeros(Jmax+1,1); 
peakintP=zeros(Jmax+1,1); 
vprimeMatrix=[1, (vprime+0.5), (vprime+0.5)^2, 
(vprime+0.5)^3,(vprime+0.5)^4,(vprime+0.5)^5]; 
vdoublePrimeMatrix=[1, (vdoubleprime+0.5), (vdoubleprime+0.5)^2, 
(vdoubleprime+0.5)^3,(vdoubleprime+0.5)^4,(vdoubleprime+0.5)^5]; 
for i=1:1:Jmax+1 
    JprimePtemp=[1,(JprimeP(i)*(JprimeP(i)+1)),(JprimeP(i)*(JprimeP(i)+1))^2]'; 
JdoublePrimePtemp=[1,(JdoublePrimeP(i)*(JdoublePrimeP(i)+1)),(JdoublePrimeP(i)
*(JdoublePrimeP(i)+1))^2]'; 
    JprimePsum=vprimeMatrix*YpqC*JprimePtemp; 
    JdoublePrimePsum=vdoublePrimeMatrix*YpqB*JdoublePrimePtemp; 
    lambdaP(i)=invna/(JprimePsum-JdoublePrimePsum)*1e8; 
    % At first unit was cm and now turns to Angstrome.  
    % Up to here, the wavelength of the i'->(i+1)'' P branch is calculated. 
    % Let us calculate the Peak maximum intensity first. 
    SjP=6*(JprimeP(i)+1)-10/(JprimeP(i)+1); 
    %SjP=JprimeP(i)+1; 
    %peakintP(i)=SjP*exp(-Bv*JprimeP(i)*(JprimeP(i)+1)/(k*Tg))/(lambdaP(i)^4); 
    EJP=h*100*c*vprimeMatrix*YpqC(1:6,2:3)*JprimePtemp(2:3); 
    peakintP(i)=SjP*exp(-EJP/(k*Tg))/(lambdaP(i)^4);  
    %Constant is not added here, which will be calculated to normalize all 
    %intensity to experimental one later. 
end 
%PartPeakIntTP=peakintP.*PartialFactorJP; % this is the partial P over Partial T at 
these peaks. 
%Notice finally this value will be nomalized by total intensityt hemse 
%plot(lambdaP,peakintP*6,'ob'); 
%stop 
clear JprimePsum JdoublePrimePtemp JprimePtemp JdoublePrimePsum SjP JprimeP 
JdoublePrimeP; 
%%III.2 Calculate theoretical wavelength and peak intensity of Q branch 
JprimeQ=(1:1:Jmax+1)'; 
JdoublePrimeQ=(1:1:Jmax+1)'; 
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%PartialFactorJQ=Bv/(k*TgMatr(j)^2)*JprimeQ.*(JprimeQ+1)-1/TgMatr(j); 
lambdaQ=zeros(Jmax+1,1); 
peakintQ=zeros(Jmax+1,1); 
for i=1:Jmax+1 
    JprimeQtemp=[1,(JprimeQ(i)*(JprimeQ(i)+1)),(JprimeQ(i)*(JprimeQ(i)+1))^2]'; 
JdoublePrimeQtemp=[1,(JdoublePrimeQ(i)*(JdoublePrimeQ(i)+1)),(JdoublePrimeQ(
i)*(JdoublePrimeQ(i)+1))^2]'; 
    JprimeQsum=vprimeMatrix*YpqC*JprimeQtemp; 
    JdoublePrimeQsum=vdoublePrimeMatrix*YpqB*JdoublePrimeQtemp; 
    lambdaQ(i)=invna/(JprimeQsum-JdoublePrimeQsum)*1e8; 
    % At first unit was cm and here turns to Angstrome.  
    % Up to here, the wavelength of the i'->i'' Q branch is calculated. 
    % Let us calculate the Peak maximum intensity first. 
    SjQ=10/(JprimeQ(i))+10/(JprimeQ(i)+1); 
    %SjQ=0; 
    %peakintQ(i)=SjQ*exp(-Bv*JprimeQ(i)*(JprimeQ(i)+1)/(k*Tg))/(lambdaQ(i)^4);   
    EJQ=h*100*c*vprimeMatrix*YpqC(1:6,2:3)*JprimeQtemp(2:3); 
    peakintQ(i)=SjQ*exp(-EJQ/(k*Tg))/(lambdaQ(i)^4);  
    %Constant is not added here, which will be calculated to normalize all 
    %intensity to experimental one later. 
end 
%PartPeakIntTQ=peakintQ.*PartialFactorJQ; 
%plot(lambdaQ,peakintQ,'*g'); 
%stop 
clear JprimeQsum JdoublePrimeQtemp JprimeQtemp JdoublePrimeQsum SjQ 
JprimeQ JdoublePrimeQ; 
%%III.3 Calculate theoretical wavelength and peak intensity of R branch 
JprimeR=(2:1:Jmax+2)'; 
JdoublePrimeR=(1:1:Jmax+1)'; 
%PartialFactorJR=Bv/(k*TgMatr(j)^2)*JprimeR.*(JprimeR+1)-1/TgMatr(j); 
lambdaR=zeros(Jmax+1,1); 
peakintR=zeros(Jmax+1,1); 
for i=1:Jmax+1 
    JprimeRtemp=[1,(JprimeR(i)*(JprimeR(i)+1)),(JprimeR(i)*(JprimeR(i)+1))^2]'; 
JdoublePrimeRtemp=[1,(JdoublePrimeR(i)*(JdoublePrimeR(i)+1)),(JdoublePrimeR(i
)*(JdoublePrimeR(i)+1))^2]'; 
    JprimeRsum=vprimeMatrix*YpqC*JprimeRtemp; 
    JdoublePrimeRsum=vdoublePrimeMatrix*YpqB*JdoublePrimeRtemp; 
    lambdaR(i)=invna/(JprimeRsum-JdoublePrimeRsum)*1e8; 
    % At first the wavelength unit was cm and here turns to Angstrome.  
    % Up to here, the wavelength of the i'->(i-1)'' R branch is calculated. 
    % Let us calculate the Peak maximum intensity first. 
    SjR=6*JprimeR(i)-10/JprimeR(i); 
    %SjR=JprimeR(i); 
    %peakintR(i)=SjR*exp(-Bv*JprimeR(i)*(JprimeR(i)+1)/(k*Tg))/(lambdaR(i)^4);  
    EJR=h*100*c*vprimeMatrix*YpqC(1:6,2:3)*JprimeRtemp(2:3); 



 352 

    peakintR(i)=SjR*exp(-EJR/(k*Tg))/(lambdaR(i)^4);  
    %Constant is not added here, which will be calculated to normalize all 
    %intensity to experimental one later. 
end 
%PartPeakIntTR=peakintR.*PartialFactorJR; 
%plot(lambdaR,peakintR,'oy'); 
%stop 
clear JprimeRsum JdoublePrimeRtemp JprimeRtemp JdoublePrimeRsum SjR 
JprimeR JdoublePrimeR; 
%% III.4. Put all the P, Q, R peaks together and align them together. 
PeakWavTemp=[lambdaP;lambdaQ;lambdaR]; 
PeakIntTemp=[peakintP;peakintQ;peakintR]; 
%PartPeakIntTtemp=[PartPeakIntTP;PartPeakIntTQ;PartPeakIntTR]; 
[PeakWav,Indice]=sort(PeakWavTemp,1); 
PeakInt=PeakIntTemp(Indice); 
%PartPeakIntT=PartPeakIntTtemp(Indice); 
%plot(PeakWav,PeakInt,'or'); 
%stop 
clear i vprimeMatrix vdoublePrimeMatrix lambdaP lambdaQ lambdaR peakintP 
peakintQ peakintR PeakWavTemp PeakIntTemp PartPeakIntTP PartPeakIntTQ 
PartPeakIntTR; 
%IV. Put Gaussian line shape on theoretical peaks. 
PoiPeak=500; % In each broadened peak, PoiPeak points will be calculated. 
ext=3*w; 
DeltaLambda=[(0-ext):(2*ext/PoiPeak):(0+ext)]'; 
GaussPeak=1/(w*sqrt(pi/2))*exp(-2*DeltaLambda.^2/w^2); 
DetailWav=PeakWav(1)+DeltaLambda; 
DetailInt=PeakInt(1)*GaussPeak; %Notice you have to use . in order to do each 
element. 
%DetailPartT=PartPeakIntT(1)*(a-(2*DeltaLambda/W).^2)./(a+(a-
2)*(2*DeltaLambda/W).^2); 
for i=2:1:length(PeakWav) 
    DetailWav=[DetailWav;(PeakWav(i)+DeltaLambda)]; 
    DetailInt=[DetailInt;(PeakInt(i)*GaussPeak)]; 
%    DetailPartT=[DetailPartT;(PartPeakIntT(i)*(a-(2*DeltaLambda/W).^2)./(a+(a-
2)*(2*DeltaLambda/W).^2))]; 
end 
%plot(DetailWav,DetailInt*7,'y'); 
%stop 
%%IV.3 Add all the intensity with the same wavelength together from above 
%%detailed wavelength and intensity matrix. 
resolu=0.5; %This will be the final drawings resolution 
BandWav=[bandWavlthMin:resolu:bandWavlthMax]' ;%In this way, we produce the 
BandWavlength form.  
theorIntNoScale=zeros(length(BandWav),1); %this will be the non-sclaed theoretical 
band shape. 
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for i=1:1:length(BandWav) 
    TheoIndice=find((DetailWav>=(BandWav(i)-
resolu/2))&(DetailWav<(BandWav(i)+resolu/2))); 
    theorIntNoScale(i)=sum(DetailInt(TheoIndice)); 
end 
clear DetailWav DetailInt DetailPartT i;  
%plot(BandWav,theorIntNoScale,'g'); 
%hold on; 
%plot(BandWav,PartT,'r'); 
%%IV.4 Normalization of the theoretical and experimental peaks to have unit 
%%area and hence nomalize that of partial peaks. 
expIntInterpol=interp1(expbandwavlth,expbandint,BandWav); 
NormalTheory=sum(expIntInterpol)/(sum(theorIntNoScale)); 
theorIntScale=theorIntNoScale*NormalTheory; 
%%IV.5 Now calculate the value of the differenece between theory and exp and then 
do the iteration. 
SquareDiff=sum((theorIntScale-expIntInterpol).^2); 
LabelYmax=4/4.5*max(theorIntScale); 
stepforlabel=max(theorIntScale)/4*0.2; 
plot(expbandwavlth,expbandint,'+g',BandWav,theorIntScale,'r'); 
%plot(BandWav,expIntInterpol,'*g',BandWav,theorIntScale,'r') 
xlabel('wavelength(angstrom)'); 
ylabel('intensity(a.u.)'); 
title(['Theoretical and experimental rovibronic band of 0-0 of SPS of N2']); 
h=legend('Experimental','Theoretical',2); 
text(3327,LabelYmax,['Filename:',file],'FontSize',10); 
text(3327,LabelYmax-stepforlabel,['Baseline=',num2str(baseline)]); 
text(3327,LabelYmax-stepforlabel*2,['Wavelength 
Adjustment=',num2str(wavadjustment),'A']); 
text(3327,LabelYmax-stepforlabel*3,['Spectral Width=',num2str(w),'A']); 
text(3327,LabelYmax-stepforlabel*4,['Residue of 
Fitting=',num2str(SquareDiff*1000)]); 
text(3327,LabelYmax-stepforlabel*5,['Neutral Temperature=',num2str(Tg),'^{o}K']); 
saveas(gcf,outputfile) 
SquareDiff*1000 
 

fit_N2_10.m 
%Introduction: This program is designed to fit the measured N2  unresolved 
%rovibronic band with theoretical curve and hence gives the rotational 
%temperature. 
%   Calculates a fit spectrum versus the spectrum desrcibed by spectrum and wavel.  
Params are fit parameters as follows: 
%       params(1) = T; The gas temperature for modelling N2 spectrum 
%       params(2) = I_00; The peak intensity of the N2 (1,0) line 
%       params(3) = Wavelength shift, representing slight inaccuracies in calibration 
%       Params(4) = Baseline Associated with the experiments. 
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%       Params(5) = Wavelength between two pixels, can not be totally  
function [SSE, new_spectrum] = fit_N2_10(params,data); 
params([1:2 4:5]) = abs(params([1:2 4:5]));  % Disallow negative fit values 
sizetemp=length(data); 
arrowtemp=(1:1:sizetemp)'; 
expwavlth=arrowtemp*params(5)+2764.4041-params(3); 
bandWavlthMin=3140;    % The minimum value of the series band.  
bandWavlthMax=3168;    % The maximum value of the series band.  
bandindice=find(expwavlth>=(bandWavlthMin-1) & 
expwavlth<=(bandWavlthMax+1));% Include a little bit more on each side for later 
interpolating correctness 
wavel=expwavlth(bandindice); 
data1=data(bandindice);    % Only choose the part that is related to the series. 
data1=data1-params(4);  %Figure out the baseline for the series. 
w=1.9575;   % Width of the peak.Unit is Angstrome. 
Tg=params(1); 
vprime=1; 
vdoubleprime=0; 
%plot(expbandwavlth,expbandint); 
%xlabel('wavelength(angstrom)');ylabel('intensity(a.u.)'); 
%title(['Experimental Intensity VS. wavelength for band ', vprime ,'to']); 
%hold on; 
%stop 
%clear expintArall bandindice  expintArN2all expintall sizetemp arrowtemp 
expwavlth;  
% Part III. Calculate theoretical rovibronic peak shape. Put the iteration 
% process starting from here. 
%%III.1 Calculate theoretical wavelength and intensity of P branch 
%%% First gives the constant and parameter control 
YpqC=[89136.88 1.82473 6.6e-6 
     2047.178 -1.8683e-2 3e-7 
     -28.4450 -2.275e-3 0.0 
     2.08833 7.33e-4 0.0;  
     -5.35e-1 -1.5e-4 0.0;  
     0.0 0.0 0.0]; 
YpqB=[59619.2 1.6374 5.9e-6 
    1733.391 -1.791e-2 1.3e-7;  
    -14.1221 -7.647e-5 0.0;  
    -5.688e-2 0.0 0.0;  
    3.612e-3 0.0 0.0 
    -1.109e-4 0.0 0.0]; 
%%%All these data are known to some order. References are posted in the lab 
%%%notebook and all the unit here are cm^(-1) as it shown in the ref. 
na=1; %Air refracory index, ref. CRC Handbook. 
invna=1/na; 
h=6.6260755e-34; %Planck Constant 
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c=2.99792458e8; % Light speed constant. 
k=1.38065e-23   ; % Boltzman constant 
Bv=1.79671*h*100*c; % Rotational constant for higher energy level. Originally in 
unit cm^-1. 
Jmax=80; 
    %Below for is used to do the iteration process for better fitting than 
    %just manually control the temperature and the constant. 
%%%Now starts from P branch. 
JprimeP=(1:1:Jmax+1)'; 
JdoublePrimeP=(2:1:Jmax+2)'; 
%PartialFactorJP=Bv/(k*TgMatr(j)^2)*JprimeP.*(JprimeP+1)-1/TgMatr(j); 
lambdaP=zeros(Jmax+1,1); 
peakintP=zeros(Jmax+1,1); 
vprimeMatrix=[1, (vprime+0.5), (vprime+0.5)^2, 
(vprime+0.5)^3,(vprime+0.5)^4,(vprime+0.5)^5]; 
vdoublePrimeMatrix=[1, (vdoubleprime+0.5), (vdoubleprime+0.5)^2, 
(vdoubleprime+0.5)^3,(vdoubleprime+0.5)^4,(vdoubleprime+0.5)^5]; 
for i=1:1:Jmax+1 
    JprimePtemp=[1,(JprimeP(i)*(JprimeP(i)+1)),(JprimeP(i)*(JprimeP(i)+1))^2]'; 
JdoublePrimePtemp=[1,(JdoublePrimeP(i)*(JdoublePrimeP(i)+1)),(JdoublePrimeP(i)
*(JdoublePrimeP(i)+1))^2]'; 
    JprimePsum=vprimeMatrix*YpqC*JprimePtemp; 
    JdoublePrimePsum=vdoublePrimeMatrix*YpqB*JdoublePrimePtemp; 
    lambdaP(i)=invna/(JprimePsum-JdoublePrimePsum)*1e8; 
    % At first unit was cm and now turns to Angstrome.  
    % Up to here, the wavelength of the i'->(i+1)'' P branch is calculated. 
    % Let us calculate the Peak maximum intensity first. 
    SjP=6*(JprimeP(i)+1)-10/(JprimeP(i)+1); 
    %SjP=6*(JprimeP(i)+1); 
    %peakintP(i)=SjP*exp(-Bv*JprimeP(i)*(JprimeP(i)+1)/(k*Tg))/(lambdaP(i)^4);  
    EJP=h*100*c*vprimeMatrix*YpqC(1:6,2:3)*JprimePtemp(2:3); 
    peakintP(i)=SjP*exp(-EJP/(k*Tg))/(lambdaP(i)^4);  
    %Constant is not added here, which will be calculated to normalize all 
    %intensity to experimental one later. 
end 
%PartPeakIntTP=peakintP.*PartialFactorJP; % this is the partial P over Partial T at 
these peaks. 
%Notice finally this value will be nomalized by total intensityt hemse 
%plot(lambdaP,peakintP*6,'ob'); 
%stop 
clear JprimePsum JdoublePrimePtemp JprimePtemp JdoublePrimePsum SjP JprimeP 
JdoublePrimeP; 
%%III.2 Calculate theoretical wavelength and peak intensity of Q branch 
JprimeQ=(1:1:Jmax+1)'; 
JdoublePrimeQ=(1:1:Jmax+1)'; 
%PartialFactorJQ=Bv/(k*TgMatr(j)^2)*JprimeQ.*(JprimeQ+1)-1/TgMatr(j); 
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lambdaQ=zeros(Jmax+1,1); 
peakintQ=zeros(Jmax+1,1); 
for i=1:Jmax+1 
    JprimeQtemp=[1,(JprimeQ(i)*(JprimeQ(i)+1)),(JprimeQ(i)*(JprimeQ(i)+1))^2]'; 
JdoublePrimeQtemp=[1,(JdoublePrimeQ(i)*(JdoublePrimeQ(i)+1)),(JdoublePrimeQ(
i)*(JdoublePrimeQ(i)+1))^2]'; 
    JprimeQsum=vprimeMatrix*YpqC*JprimeQtemp; 
    JdoublePrimeQsum=vdoublePrimeMatrix*YpqB*JdoublePrimeQtemp; 
    lambdaQ(i)=invna/(JprimeQsum-JdoublePrimeQsum)*1e8; 
    % At first unit was cm and here turns to Angstrome.  
    % Up to here, the wavelength of the i'->i'' Q branch is calculated. 
    % Let us calculate the Peak maximum intensity first. 
    SjQ=10/(JprimeQ(i))+10/(JprimeQ(i)+1); 
    %SjQ=0; 
    %peakintQ(i)=SjQ*exp(-Bv*JprimeQ(i)*(JprimeQ(i)+1)/(k*Tg))/(lambdaQ(i)^4);  
    EJQ=h*100*c*vprimeMatrix*YpqC(1:6,2:3)*JprimeQtemp(2:3); 
    peakintQ(i)=SjQ*exp(-EJQ/(k*Tg))/(lambdaQ(i)^4);  
    %Constant is not added here, which will be calculated to normalize all 
    %intensity to experimental one later. 
end 
%PartPeakIntTQ=peakintQ.*PartialFactorJQ; 
%plot(lambdaQ,peakintQ,'*g'); 
%stop 
clear JprimeQsum JdoublePrimeQtemp JprimeQtemp JdoublePrimeQsum SjQ 
JprimeQ JdoublePrimeQ; 
%%III.3 Calculate theoretical wavelength and peak intensity of R branch 
JprimeR=(2:1:Jmax+2)'; 
JdoublePrimeR=(1:1:Jmax+1)'; 
%PartialFactorJR=Bv/(k*TgMatr(j)^2)*JprimeR.*(JprimeR+1)-1/TgMatr(j); 
lambdaR=zeros(Jmax+1,1); 
peakintR=zeros(Jmax+1,1); 
for i=1:Jmax+1 
    JprimeRtemp=[1,(JprimeR(i)*(JprimeR(i)+1)),(JprimeR(i)*(JprimeR(i)+1))^2]'; 
JdoublePrimeRtemp=[1,(JdoublePrimeR(i)*(JdoublePrimeR(i)+1)),(JdoublePrimeR(i
)*(JdoublePrimeR(i)+1))^2]'; 
    JprimeRsum=vprimeMatrix*YpqC*JprimeRtemp; 
    JdoublePrimeRsum=vdoublePrimeMatrix*YpqB*JdoublePrimeRtemp; 
    lambdaR(i)=invna/(JprimeRsum-JdoublePrimeRsum)*1e8; 
    % At first the wavelength unit was cm and here turns to Angstrome.  
    % Up to here, the wavelength of the i'->(i-1)'' R branch is calculated. 
    % Let us calculate the Peak maximum intensity first. 
    SjR=6*JprimeR(i)-10/JprimeR(i); 
    %SjR=6*JprimeR(i); 
    %peakintR(i)=SjR*exp(-Bv*JprimeR(i)*(JprimeR(i)+1)/(k*Tg))/(lambdaR(i)^4);  
    EJR=h*100*c*vprimeMatrix*YpqC(1:6,2:3)*JprimeRtemp(2:3); 
    peakintR(i)=SjR*exp(-EJR/(k*Tg))/(lambdaR(i)^4);  
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    %Constant is not added here, which will be calculated to normalize all 
    %intensity to experimental one later. 
end 
%PartPeakIntTR=peakintR.*PartialFactorJR; 
%plot(lambdaR,peakintR,'oy'); 
%stop 
%clear JprimeRsum JdoublePrimeRtemp JprimeRtemp JdoublePrimeRsum SjR 
JprimeR JdoublePrimeR; 
%% III.4. Put all the P, Q, R peaks together and align them together. 
PeakWavTemp=[lambdaP;lambdaQ;lambdaR]; 
PeakIntTemp=[peakintP;peakintQ;peakintR]; 
%PartPeakIntTtemp=[PartPeakIntTP;PartPeakIntTQ;PartPeakIntTR]; 
[PeakWav,Indice]=sort(PeakWavTemp,1); 
PeakInt=params(2)*PeakIntTemp(Indice); % Here we include the parameter for peak 
intensity fitting as well. 
%IV. Put Gaussian line shape on theoretical peaks. 
new_spectrum=zeros(length(wavel),1); 
for i=1:1:length(PeakWav) 
    GaussPeak=1/(w*sqrt(pi/2))*exp(-2*(wavel-PeakWav(i)).^2/w^2); 
    new_spectrum=new_spectrum+PeakInt(i)*GaussPeak; 
end 
new_spectrum=new_spectrum*sum(data1)/sum(new_spectrum); %Normalize the 
data.     
SSE = 0; 
for k = 1:length(data1) 
    SSE = SSE+(new_spectrum(k)-data1(k))^2; 
end 
params(1) 
global FinalWav FinalExpCurv FinalTheCurv; 
FinalWav=wavel; 
FinalExpCurv=data1; 
FinalTheCurv=new_spectrum; 
 

Bo_C2_dVN1_Fit_calib.m 
%Introduction: This program is designed to fit the measured C2 unresolved 
%rovibronic band with theoretical curve and hence gives the rotational 
%temperature and vibrational temperature.  
% Actually both C2 dV=-1 swan bands and CO  
%Author: Bo Bai and Brett Cruden. 
% SSE = fit_c2_01(params,wavel,spectrum,AtomicWavelengths); 
%   Same as fit_c2T but uses single rotational temperatures for different vib. 
transitions 
%   Calculates a fit spectrum versus the spectrum desrcibed by spectrum and wavel.  
Params are fit parameters as follows: 
%       params(1) = T; The gas temperature for modelling CH spectrum 
%       params(2) = I_00; The peak intensity of the C2 (0,0) line 
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%       params(3) = Tvib, vibrational temp 
%       params(4) = Wavelength shift, representing slight inaccuracies in calibration 
%       Params(5) = Baseline Associated with the experiments. 
%       params(6) = I_F2; The peak intensity of the F2 
%       params(7) = T_F2; Rot. Temp. of F2 
%       params(8) = I_CO; The peak intensity of the CO(0'-3") Angstrom line 
%       params(9) = T_Co; The rotational temperatuer of CO. 
%       params(10:n) = I_Atomic; in order of atomic line wavelength parameter 
%   wavel is a vector of wavelengths over which fit is performed 
%   spectrum is the corresponding spectrum to be fit 
%   wavel is a vector of wavelengths over which fit is performed 
%   spectrum is the corresponding spectrum to be fit 
%   Returns the sum of squared errors from the fit 
%   How to use with fitting routine: 
%       newpars = fminsearch('fit_c2',params,[],wavel,spectrum); 
%function [SSE, new_spectrum] = fit_n2_rig(params,wavel,data,vibmode,atomic); 
%Content: 
%Part I.   Read data and show it in the figure. 
%Part II.  Select special vibrational band. 
%Part III. Calculate the theoretical Peak Position and intensity without instrumental 
function. 
%Part IV.  Put the line shape onto the data and form the theoretical peak shape  
%Part I. Read data and show it in the figure. 
file='2004041905';   % The file name of the fitted curve. 
Directory='E:\RingDischarge\Data\JarrelAsh\RawData\'; 
OutputDirectory='E:\RingDisPhaseII\AnalysisII\AnalysisTools\TgMeas\C2FitCurv\'; 
outputsuffix='C2dVN1.fig'; 
specfile=[Directory,file];               % The reading file with full directory path. 
outputfile=[OutputDirectory,file,outputsuffix]; % The output file with full directory 
path. 
expspec=load(specfile,'-ascii'); % This matrix will be a single row matrix of line 
intensity. 
%plot(expspec); 
%stop 
sizetemp=length(expspec); 
arrowtemp=(1:1:sizetemp)'; 
expwavlth=arrowtemp*0.63695+5191.9913; 
%plot(expwavlth,expintall); 
%xlabel('wavelength(angstrom)');ylabel('intensity(a.u.)'); 
%title('Intensity VS. wavelength after Ar spectrum substracted'); 
%stop 
%Part II. Select Special Vibrational Band 
bandWavlthMin=5300;    % The minimum value of the series band. 3140 for 
\delta\mu=-1 series.  
bandWavlthMax=5650;    % The maximum value of the series band. 3165 for 
\deltaq\mu=-1 series. 
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bandindice=find(expwavlth>=(bandWavlthMin-1) & 
expwavlth<=(bandWavlthMax+1));% Include a little bit more on each side for later 
interpolating correctness 
expbandwavlth=expwavlth(bandindice); 
expbandint=expspec(bandindice);    % Only choose the part that is related to the 
series. 
baseline=min(expbandint); 
expbandint=expbandint-baseline;  %Figure out the baseline for the series. 
%plot(expbandwavlth,expbandint); 
%xlabel('wavelength(angstrom)');ylabel('intensity(a.u.)'); 
%title(['Experimental Intensity VS. wavelength for band SPS of C2 with 
\Delta_{\nu}=-1']); 
%stop 
%I_0=max(expbandint); % The peak intensity of 0'-->0" peak. 
params=[5433.2,1.0,8000,0.0,0.0]; 
newpars = fminsearch('fit_c2_01_calib',params,[],expbandwavlth,expbandint); 
global FinalWav FinalExpCurv FinalTheCurv; 
%%% Plot out the results now. 
LabelYmax=4/4.5*max(FinalTheCurv); 
stepforlabel=max(FinalTheCurv)/4*0.2; 
plot(FinalWav,FinalExpCurv,'b',FinalWav,FinalTheCurv,'r'); 
title('Theoretical and experimental rovibronic band for Swan Bands of C2 '); 
xlabel('wavelength(angstrom)');ylabel('intensity(a.u.)'); 
h=legend('Experimental','Theoretical',2); 
text(min(FinalWav)+1,LabelYmax,['File:',num2str(file)],'FontSize',10); 
text(min(FinalWav)+1,LabelYmax-
stepforlabel*1,['T_{rot}=',num2str(newpars(1)),'^{o}K']); 
text(min(FinalWav)+1,LabelYmax-
stepforlabel*2,['T_{vib}=',num2str(newpars(3)),'^{o}K']); 
text(min(FinalWav)+1,LabelYmax-stepforlabel*3,['Wavelength 
Adjustment=',num2str(newpars(4)),'A']); 
saveas(gcf,outputfile) 
 

fit_c2_01_calib.m 
% Fit File 
% SSE = fit_c2_01(params,wavel,spectrum,AtomicWavelengths); 
%   Same as fit_c2T but uses single rotational temperatures for different vib. 
transitions 
%   Calculates a fit spectrum versus the spectrum desrcibed by spectrum and wavel.  
Params are fit parameters as follows: 
%       params(1) = T; The gas temperature for modelling CH spectrum 
%       params(2) = I_00; The peak intensity of the C2 (0,0) line 
%       params(3) = Tvib, vibrational temp 
%       params(4) = Wavelength shift, representing slight inaccuracies in calibration 
%       Params(5) = Baseline Associated with the experiments. 
%       params(6) = I_F2; The peak intensity of the F2 
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%       params(7) = T_F2; Rot. Temp. of F2 
%       params(8) = I_CO; The peak intensity of the CO(0'-3") Angstrom line 
%       params(9) = T_Co; The rotational temperatuer of CO. 
%       params(10:n) = I_Atomic; in order of atomic line wavelength parameter 
%   wavel is a vector of wavelengths over which fit is performed 
%   spectrum is the corresponding spectrum to be fit 
%   Returns the sum of squared errors from the fit 
function [SSE, new_spectrum] = fit_c2_01_calib(params,wavel,data1,atomic); 
test = 0;   % Set to 1 to check that maxJ is ok 
params([1:3 6:length(params)]) = abs(params([1:3 6:length(params)]));  % Disallow 
negative fit values 
a = 25.64193;   % These values of a and W for PI array 
W = 1.84058; 
h = 6.626e-34;  % J-s 
c = 2.998e10;   % cm/s 
kB = 1.381e-23;   % J/K 
Tvib = params(3); 
q12 = 6.219/4.938;     % Relative band strengths from Danylewych and Nicholls 
(1974) 
q23 = 5.6/4.938;     % Note agreement w/ Johnson and Tawde over that of King. 
q34 = 1.0;           %Is this right? 
v1 = 21132.13932-19378.46141; 
v2 = 22848.3908-19378.46141; 
v3 = 24524.2080-19378.46141; 
L0 = 5635.5;         % The position of band head of 0'-1" transition 
L1 = 5585.5;         % The position of the band head of 1'-2"  
L2 = 5540.7;         % the position of the band head of 2'-3"  
L3 = 5496.9;               % The position of the band head of 3'-4" 
wavel=wavel-params(4); 
data1=data1-params(5);  %Figure out the baseline for the series. 
%plot(wavel,data1); 
%stop; 
spectr = C2_Lines_ab(params(1),'c2_01.mat',test); % This fn is more rigorous and 
includes satellite bands 
spectrum = zeros(size(wavel)); 
for k = 1:size(spectr,1) 
    spectrum = spectrum+max(0,spectr(k,2)*(a-(2*(spectr(k,1)-wavel)/W).^2)./(a+(a-
2)*(2*(spectr(k,1)-wavel)/W).^2)); 
end 
new_spectrum = params(2)*spectrum/max(spectrum); 
I0 = sum(spectr(:,2))*params(2)/max(spectrum); 
%fprintf('01 line %e , %e\n',max(spectr(:,1)),max(spectr(:,2))); 
spectr = C2_Lines_ab(params(1),'c2_12.mat',test); % This fn is more rigorous and 
includes satellite bands 
spectrum = zeros(size(wavel)); 
for k = 1:size(spectr,1) 
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    spectrum = spectrum+max(0,spectr(k,2)*(a-(2*(spectr(k,1)-wavel)/W).^2)./(a+(a-
2)*(2*(spectr(k,1)-wavel)/W).^2)); 
end 
I1 = I0*q12*(L0/L1)^4*exp(-h*c*v1/kB/Tvib); 
new_spectrum = new_spectrum+I1*spectrum/sum(spectr(:,2)); 
%I1 = sum(spectr(:,2))*params(3)/max(spectrum); 
%Tvib = -h*c*1753.68/k/log(I1/I0/0.436*(5165/5129)^-4) 
%fprintf('12 line %e , %e\n',max(spectr(:,1)),max(spectr(:,2))); 
spectr = C2_Lines_ab(params(1),'c2_23.mat',test); % This fn is more rigorous and 
includes satellite bands 
spectrum = zeros(size(wavel)); 
for k = 1:size(spectr,1) 
    spectrum = spectrum+max(0,spectr(k,2)*(a-(2*(spectr(k,1)-wavel)/W).^2)./(a+(a-
2)*(2*(spectr(k,1)-wavel)/W).^2)); 
end 
I2 = I0*q23*(L0/L2)^4*exp(-h*c*v2/kB/Tvib); 
new_spectrum = new_spectrum+I2*spectrum/sum(spectr(:,2)); 
%fprintf('23 line %e , %e\n',max(spectr(:,1)),max(spectr(:,2))); 
spectr = C2_Lines_ab(params(1),'c2_34.mat',test); % This fn is more rigorous and 
includes satellite bands for 3 to 4 transition 
spectrum = zeros(size(wavel)); 
for k = 1:size(spectr,1) 
    spectrum = spectrum+max(0,spectr(k,2)*(a-(2*(spectr(k,1)-wavel)/W).^2)./(a+(a-
2)*(2*(spectr(k,1)-wavel)/W).^2)); 
end 
I3 = I0*q34*(L0/L3)^4*exp(-h*c*v3/kB/Tvib); 
new_spectrum = new_spectrum+I3*spectrum/sum(spectr(:,2)); 
%fprintf('34 line %e , %e\n',max(spectr(:,1)),max(spectr(:,2))); 
%stop 
%if(length(params)>5)  % If we should specify F2 parameters to include it we should 
do it here. 
%     spectr = F2_Lines_05(params(7)); 
%     spectrum = zeros(size(wavel));  
%     for k = 1:size(spectr,1) 
%         spectrum = spectrum+max(0,spectr(k,2)*(a-(2*(spectr(k,1)-
wavel)/W).^2)./(a+(a-2)*(2*(spectr(k,1)-wavel)/W).^2)); 
%     end 
%     new_spectrum = new_spectrum+params(6)*spectrum/max(spectrum); 
%     I_F2 = params(6)*sum(spectrum)/max(spectrum); 
%end 
%if(length(params)>7)  % If we specidfy CO parameters, please include it here. 
%    spectr = CO_Lines_03(params(9),test); 
%    spectrum = zeros(size(wavel)); 
%    for k = 1:size(spectr,1) 
%        spectrum = spectrum+max(0,spectr(k,2)*(a-(2*(spectr(k,1)-
wavel)/W).^2)./(a+(a-2)*(2*(spectr(k,1)-wavel)/W).^2)); 
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%    end 
%    new_spectrum = new_spectrum+params(10)*spectrum/max(spectrum); 
%    I_CO = params(10)*sum(spectrum)/max(spectrum); 
%end 
%if (exist('atomic') & length(atomic) > 0) % If we specify the atomic wavelength, 
specifiy it here. 
%    for k = 1:length(atomic) 
%        new_spectrum = new_spectrum+max(0,params(6+k)*(a-(2*(atomic(k)-
wavel)/W).^2)./(a+(a-2)*(2*(atomic(k)-wavel)/W).^2)); 
%    end 
%end 
SSE = 0; 
for k = 1:length(data1) 
    SSE = SSE+(new_spectrum(k)-data1(k))^2; 
end 
%params(1) 
global FinalWav FinalExpCurv FinalTheCurv; 
FinalWav=wavel; 
FinalExpCurv=data1; 
FinalTheCurv=new_spectrum; 
% Vib Temp 
% 
%   I = R^2*v^4*N 
% 
%   I1/I0 = 0.436*(5165/5129)^4*exp(-Ev/kTvib) 
%   Ev' = 1753.68 cm^-1 
%   Ev" = 1618.02 cm^-1 
% 
%   Tvib = -h*c*Ev'/k/ln(I1/I0/0.436*(5165/5129)^-4) 
 

F2_Lines_05.m 
% F2_Lines_05 
% Porter, 1968  
% Presently, code is rough.  Does not have nuclear spin factors, or other intensity 
alternation factors included... 
% Only input is temperature, T 
 
function spectr = F2_Lines_05(T); 
 
h = 6.626e-34;  % J-s 
c = 2.998e10;   % cm/s 
k = 1.381e-23;   % J/K 
 
v0 = 15300 ;  % Not reported, this is a guess 
B1 = 0.808; 
B2 = 0.985; 
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D1 = 0; % D-values not given 
D2 = 0;  
 
maxJ = 100; 
 
lineno = 1; 
maxI = zeros(maxJ); 
for J = 0:maxJ % This J corresponds to J" 
    F2 = B2*J*(J+1)-D2*J^2*(J+1)^2; 
    if (J == 0) 
        FQ = B1*J*(J+1)-D1*J^2*(J+1)^2; 
    else 
        FP = FQ; 
        FQ = FR; 
        spectr(lineno,1) = v0+FP - F2;     
        spectr(lineno,2) = J*(J+1)/4/J*exp(-FP*h*c/k/T); 
        maxI(J) = spectr(lineno,2); 
        spectr(lineno+1,1) = v0 + FQ - F2; 
        spectr(lineno+1,2) = J*(J+1)*(2*J+1)/4/J/(J+1)*exp(-FQ*h*c/k/T); 
        maxI(J+1) = max(maxI(J+1),spectr(lineno+1,2)); 
        lineno = lineno + 2; 
    end 
    FR = B1*(J+1)*(J+2)-D1*(J+1)^2*(J+2)^2; 
    spectr(lineno,1) = v0 + FR - F2; 
    spectr(lineno,2) = J*(J+1)/4/(J+1)*exp(-FR*h*c/k/T); 
    maxI(J+1) = max(maxI(J+1),spectr(lineno,2)); 
    lineno = lineno + 1; 
end 
 
%plot(0:maxJ,maxI) 
%pause 
 
spectr(:,1) = 1e8./spectr(:,1)/1.000278;  % Correct for refr. index of air. 
 

iseven.m 
function bool = iseven(x) 
 
bool = (mod(x,2) == 0); 
 

Bo_C2_dV0_Fit_Calib.m 
%Introduction: This program is designed to fit the measured C2 unresolved 
%rovibronic band with theoretical curve and hence gives the rotational 
%temperature and vibrational temperature.  
 
% Actually both C2 dV=0 swan bands and CO  
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%Author: Bo Bai and Brett Cruden. 
 
% Fit File 
% 
%   SSE = fit_c2(params,wavel,spectrum,AtomicWavelengths); 
% 
 
%   Calculates a fit spectrum versus the spectrum desrcibed by spectrum and wavel.  
Params are fit parameters as follows: 
%       params(1) = T; The gas temperature for modelling CH spectrum 
%       params(2) = I_00; The peak intensity of the C2 (0,0) line 
%       params(3) = Tvib, vibrational temp 
%       params(4) = Wavelength shift, representing slight inaccuracies in calibration 
%       Params(5) = Baseline Associated with the experiments. 
%       params(6) = I_CO; The peak intensity of the CO (0,2) Angstrom line 
%       params(7) = T_CO; Rot. Temp. of CO 
%       params(8:n) = I_Atomic; in order of atomic line wavelength parameter 
% 
%   wavel is a vector of wavelengths over which fit is performed 
%   spectrum is the corresponding spectrum to be fit 
% 
%   Returns the sum of squared errors from the fit 
% 
%   How to use with fitting routine: 
%       newpars = fminsearch('fit_c2',params,[],wavel,spectrum); 
 
 
%function [SSE, new_spectrum] = fit_n2_rig(params,wavel,data,vibmode,atomic); 
 
 
%Content: 
%Part I.   Read data and show it in the figure. 
%Part II.  Select special vibrational band. 
%Part III. Calculate the theoretical Peak Position and intensity without instrumental 
function. 
%Part IV.  Put the line shape onto the data and form the theoretical peak shape  
 
 
%Part I. Read data and show it in the figure. 
filestring=[2004101207:1:2004101214]; 
for i=1:length(filestring) 
file=num2str(filestring(i));   % The file name of the fitted curve. 
Directory='E:\RingDisPhaseII\DataII\JarrelAsh\'; 
OutputDirectory='E:\RingDisPhaseII\AnalysisII\AnalysisTools\TgMeas\C2FitCurv\'; 
outputsuffix='_C2dV0_Calb.fig'; 
specfile=[Directory,file];               % The reading file with full directory path. 
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outputfile=[OutputDirectory,file,outputsuffix]; % The output file with full directory 
path. 
 
expspec=load(specfile,'-ascii'); % This matrix will be a single row matrix of line 
intensity. 
 
sizetemp=length(expspec); 
arrowtemp=(1:1:sizetemp)'; 
expwavlth=arrowtemp*0.6574+4979.9313; 
 
%Part II. Select Special Vibrational Band 
bandWavlthMin=5000;    % The minimum value of the series band. 3140 for 
\delta\mu=-1 series.  
bandWavlthMax=5200;    % The maximum value of the series band. 3165 for 
\deltaq\mu=-1 series. 
bandindice=find(expwavlth>=(bandWavlthMin-1) & 
expwavlth<=(bandWavlthMax+1));% Include a little bit more on each side for later 
interpolating correctness 
expbandwavlth=expwavlth(bandindice); 
expbandint=expspec(bandindice);    % Only choose the part that is related to the 
series. 
baseline=min(expbandint); 
expbandint=expbandint-baseline;  %Figure out the baseline for the series. 
 
%plot(expbandwavlth,expbandint); 
%xlabel('wavelength(angstrom)');ylabel('intensity(a.u.)'); 
%title(['Experimental Intensity VS. wavelength for band SPS of C2 with 
\Delta_{\nu}=0']); 
%hold on; 
%stop 
 
%clear expintArall bandindice  expspec expintall sizetemp arrowtemp expwavlth;  
 
params=[5600,0.455,16500,0.001,0.03]; 
newpars = fminsearch('fit_c2_calib',params,[],expbandwavlth,expbandint); 
global FinalWav FinalExpCurv FinalTheCurv; 
 
 
%%% Plot out the results now. 
LabelYmax=4/4.5*max(FinalTheCurv); 
stepforlabel=max(FinalTheCurv)/4*0.2; 
plot(FinalWav,FinalExpCurv,'b',FinalWav,FinalTheCurv,'r'); 
title('Theoretical fitting of measured rovibrational Swan Bands of C2 with 
\Delta_{\nu}=0 '); 
xlabel('wavelength(angstrom)');ylabel('intensity(a.u.)'); 
h=legend('Experimental','Theoretical',2); 
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text(min(FinalWav)+1,LabelYmax-stepforlabel*2,['File:',file],'FontSize',10); 
text(min(FinalWav)+1,LabelYmax-
stepforlabel*4,['T_{rot}=',num2str(newpars(1)),'^{o}K']); 
text(min(FinalWav)+1,LabelYmax-
stepforlabel*6,['T_{vib}=',num2str(newpars(3)),'^{o}K']); 
text(min(FinalWav)+1,LabelYmax-stepforlabel*8,['Wavelength 
Adjustment=',num2str(newpars(4)),'A']); 
saveas(gcf,outputfile) 
end 
 
 

C.2 Surface Kinetics Modeling Code 

Si_Cl_Ari_Cli.JAC 
# This file consists of the model that is used to explain and predict the interaction 
between Cl neutral,  
# Cl ion, Ar ion and Silicon surface. Three species will be included in the translating 
mixed layer: Si, 
# Cl, and V which represents the concentration of vacancy in the layer.        
 
# Author: Bo Bai, MIT. 
# Last Time Updated: 09/20/2005. 
 
DECLARE 
 
  TYPE 
    # identifier     # default         # lower            # upper 
    Concentration =     1.0     :       -1E99       :      1E99     UNIT = "concentration" 
    Reaction_Rate =     0.0     :       -1E99       :      1E99     UNIT = "concentration/ion" 
     
END 
 
 
MODEL Si_Cl_Ari_Cli 
 
PARAMETER 
# Sticking Coefficient Parameter of neutrals as described below. 
  S_Cl_on_Si     AS REAL 
  S_Cl2_on_Si           AS REAL 
 
# Sticking coefficient parameter of ions as described below. Set to unity without 
surface charging. 
  S_Cl_i   AS REAL 
  S_Cl2_i               AS REAL 
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# Sputtering yield coefficinet as described below.  
  Y_Si_by_Ar_i          AS REAL 
  Y_Si_by_Cl_i          AS REAL 
  Y_Cl_by_Ar_i          AS REAL 
  Y_Cl_by_Cl_i          AS REAL 
  Y_Si_by_Cl2_i         AS REAL 
  Y_Cl_by_Cl2_i         AS REAL 
  
# Rate for vacancy creation due to ion bombardment. 
  B_V_Ar_i              AS REAL 
  B_V_Cl_i              AS REAL 
  B_V_Cl2_i             AS REAL 
 
# Ion Enhanced reaction coefficient as decribed below. 
  B_SiCl2  AS REAL 
  B_SiCl4  AS REAL 
  B_Cl2       AS REAL 
  B_V2    AS REAL 
 
# Densification reactions: 
  B_d_V_by_Ar, B_d_V_by_Cl, B_d_V_by_Cl2   AS REAL  
# Surface recombination coefficient as described below. 
   
# Thermal reaction coefficient 
m_Cl                   AS REAL 
f    AS REAL   !Parameter for ion incorporation adjustment 

 
# Neutral composition from the plamsa impinging the surface. All normalized by total 
ion flux. 
  G_Cl_Frac  AS REAL  
  G_Cl2_Frac            AS REAL 
 
# Ion composition from the plasma impinging the surface. All normalized by total ion 
flux. 
  G_Cl_i  AS REAL 
  G_Ar_i  AS REAL 
  G_Cl2_i               AS REAL 
 
# The ratio between total neutral to total ion. 
  N2I                   AS REAL 
   
VARIABLE 
  
# Surface Concentration variables 
  X_Si          AS Concentration    #Surface Concentration of Silicon    
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  X_Cl          AS Concentration    #Surface Concentration of Chlorine 
  X_V           AS Concentration    #Surface Concentration of Vacancy 
 
# Real incoming fluxes     
  G_Cl  AS Concentration  
  G_Cl2         AS Concentration 
 
# Nearest Neighbor Probabilities. 
  J_Si_Si        AS Concentration 
  J_Si_Cl        AS Concentration 
  J_Si_V         AS Concentration 
  J_Cl_Cl        AS Concentration 
  J_Cl_V          AS Concentration 
 
# Reactions rates for adsorptions of neutral and ions 
  R_A_V_by_Ar_i, R_A_V_by_Cl_i, R_A_V_by_Cl2_i, R_A_V, R_A_Cl_i, 
R_A_Cl2_i, R_A_Cl_on_Si, R_A_Cl2_on_Si           AS Reaction_Rate    
                         
#Physical Sputtering Reaction rate 
  R_S_Si_by_Ar_i, R_S_Si_by_Cl_i, R_S_Cl_by_Ar_i, R_S_Cl_by_Cl_i, 
R_S_Si_by_Cl2_i, R_S_Cl_by_Cl2_i     AS Reaction_Rate 
# Ion enhanced chemical reaction rates. 
  R_E_SiCl2, R_E_SiCl4, R_E_Cl2, R_E_V2, R_E_V, R_E_thermal    AS 
Reaction_Rate    
# Densitfication reaction: 
  R_d_V_by_Ar, R_d_V_by_Cl, R_d_V_by_Cl2                        AS Reaction_Rate              
#RY1 is the etch yield of siO2 from substrate to layer, RY_AD, RY_E represents 
added and etched from the tranlating mixed layer. 
  R_Yield, R_A_tot, R_E_tot                 AS Reaction_Rate   
 
SET 
 
EQUATION 
 
 # Real neutral flux. 
  G_Cl    = G_Cl_Frac * N2I; 
  G_Cl2   = G_Cl2_Frac * N2I; 
 
  # Effective bond concentration calculations; 
  J_Si_Si = (4*X_Si*4*X_Si)/(2*(4*X_Si+1*X_Cl+1*X_V)); 
  J_Si_Cl = (4*X_Si*1*X_Cl)/(4*X_Si+1*X_Cl+1*X_V); 
  J_Si_V  = (4*X_Si*1*X_V)/(4*X_Si+1*X_Cl+1*X_V); 
  J_Cl_Cl = (1*X_Cl*1*X_Cl)/(2*(4*X_Si+1*X_Cl+1*X_V)); 
  J_Cl_V   = (1*X_Cl*1*X_V)/(2*(4*X_Si+1*X_Cl+1*X_V)); 
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# Reactions related to adsorption. 
  R_A_Cl_i      = S_Cl_i * G_Cl_i*f;   
  R_A_Cl2_i     = S_Cl2_i * G_Cl2_i*f;                    # Adsorption of Cl2 ions. 
  R_A_Cl_on_Si  = S_Cl_on_Si * J_Si_V *G_Cl;             # Adsorption of Cl on 
silicon. 
  R_A_Cl2_on_Si = S_Cl2_on_Si * G_Cl2*(J_Si_V)^2;       #Adsorption of Cl2 on 
silicon. 
 
#Reactions for internal bond breaking to make vacancies. 
  R_A_V_by_Ar_i = B_V_Ar_i * G_Ar_i ; # Reaction rate to produce vacance by Ar 
bombardment to cause purely bond breaking. 
  R_A_V_by_Cl_i = B_V_Cl_i * G_Cl_i ; # Reaction rate to produce vancies by Cl 
bombardment to cause purely bond breaking. 
  R_A_V_by_Cl2_i = B_V_Cl2_i * G_Cl2_i; #Reaction rate to produce dangling 
bonds by Cl2 ion bombardment. 
 
# Physical sputtering reactions of silicon atoms 
  R_S_Si_by_Ar_i = Y_Si_by_Ar_i * X_Si * G_Ar_i ;       #Physical sputtering of 
silicon by Argon ions  
  R_S_Cl_by_Ar_i = Y_Cl_by_Ar_i * X_Cl * G_Ar_i ;       #Physical sputtering of 
chlorine by Argon ions  
  R_S_Si_by_Cl_i = Y_Si_by_Cl_i * X_Si * G_Cl_i ;       #Physical sputtering of 
silicon by chlorine ions  
  R_S_Cl_by_Cl_i = Y_Cl_by_Cl_i * X_Cl * G_Cl_i ;       #Physical sputtering of 
chlorine by chlorine ions 
  R_S_Si_by_Cl2_i= Y_Si_by_Cl2_i* X_Si * G_Cl2_i;       #Physical Sputtering of 
silicon by chlorine molecule ion. 
  R_S_Cl_by_Cl2_i= Y_Cl_by_Cl2_i* X_Cl * G_Cl2_i;       #Physical Sputtering of 
Chlorine by chlorine molecuel ion. 
 
 
 
 
# Ion enhanced chemical etching reactions. 
  R_E_SiCl2 = B_SiCl2 * (J_Si_Cl)^2;                      # Reaction to produce SiF2 
product. 
  R_E_SiCl4 = B_SiCl4 * (J_Si_Cl)^4;                      # Reaction to produce SiF4 
product. 
  R_E_Cl2   = B_Cl2   * J_Cl_Cl    ;                      # Reaction to produce Cl2 product. 
#  R_E_V2    = B_V2    * J_V_V      ;                      # Reaction to produce V2 (Null) 
product. 
   
# Densification Reactions: 
  R_d_V_by_Ar = B_d_V_by_Ar * X_V * G_AR_i;           #Densification reaction. 
  R_d_V_by_Cl = B_d_V_by_Cl * X_V * G_Cl_i; 
  R_d_V_by_Cl2 = B_d_V_by_Cl2 * X_V * G_Cl2_i; 
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# Thermal and annihilation reaction 
  R_E_thermal = m_Cl * X_Si * G_Cl ;                      # Thermal reactions, SiO2 total 
removed. 
  R_an_V    = B_Si_V * (J_Si_V)^2 + B_Cl_V * (J_Cl_V)^2;  # Dangling Bond 
annihilation rate.  
 
  #The change of dangling bonds.  
  R_E_V = R_A_Cl_on_Si + 2*R_A_Cl2_on_Si+ 2*R_E_V2 + 
1*J_Si_Cl*R_S_Cl_by_Cl2_i  ;                      
  R_A_V = 4*R_S_Si_by_Ar_i*J_Si_Si + 1*J_Si_Cl*R_S_Cl_by_Ar_i + 
3*R_S_Si_by_Cl_i*J_Si_Si + 2*R_S_Si_by_Cl2_i*J_Si_Si + 2*R_E_SiCl2*J_Si_Si 
+ 2*R_E_Cl2*J_Si_Cl^2 + R_A_V_by_Ar_i + R_A_V_by_Cl_i + R_A_V_by_Cl2_i; 
 
  # Now calculate the total number of added or removed atoms to decide deposition or 
etching. 
  R_E_tot = R_S_Si_by_Ar_i + R_S_Cl_by_Ar_i + R_S_Si_by_Cl_i 
+R_S_Cl_by_Cl_i + R_S_Si_by_Cl2_i + R_S_Cl_by_Cl2_i + 3*R_E_SiCl2 + 
2*R_E_Cl2 + 5*R_E_SiCl4 + R_E_thermal ; 
  R_A_tot = R_A_Cl_i + R_A_Cl_on_Si + 2*R_A_Cl2_i + 2*R_A_Cl2_on_Si; 
 
 # Use calculated total added and removed atoms to judge whether etching or 
deposition happens.   
  IF (R_E_tot>R_A_tot) THEN 
    R_Yield = R_E_tot - R_A_tot ;                                             # This is the condition 
for etching to happen. 
    $X_Si = R_Yield - R_S_Si_by_Ar_i - R_S_Si_by_Cl_i - R_S_Si_by_Cl2_i - 
R_E_SiCl2 - R_E_SiCl4 - R_E_thermal ; # Mass conservation for Silicon 
    $X_Cl = R_A_Cl_i + 2*R_A_Cl2_i + R_A_Cl_on_Si + 2*R_A_Cl2_on_Si - 
R_S_Cl_by_Ar_i - R_S_Cl_by_Cl_i - R_S_Cl_by_Cl2_i - 2*R_E_SiCl2 - 
4*R_E_SiCl4 - 2*R_E_Cl2 ; # Mass conservation for Chlorine. 
    $X_V = R_A_V - R_E_V ;             #Mass conservation for dangling bonds. 
  
 ELSE  
    R_Yield = R_E_tot - R_A_tot;                     # This is the condition for deposition to 
happen. CF is the species. 
    $X_Si = R_Yield*X_Si/(X_Si+X_Cl)- R_S_Si_by_Ar_i - R_S_Si_by_Cl_i - 
R_S_Si_by_Cl2_i - R_E_SiCl2 - R_E_SiCl4 - R_E_thermal ; # Mass conservation 
for Silicon          
    $X_Cl =  R_Yield*X_Cl/(X_Si+X_Cl) + R_A_Cl_i + 2*R_A_Cl2_i + 
R_A_Cl_on_Si + 2*R_A_Cl2_on_Si - R_S_Cl_by_Ar_i - R_S_Cl_by_Cl_i - 
R_S_Cl_by_Cl2_i - 2*R_E_SiCl2 - 4*R_E_SiCl4 - 2*R_E_Cl2 ; # Mass 
conservation for Chlorine. 
    $X_V = R_A_V - R_E_V ;             #Mass conservation for dangling bonds. 
  END  # End of the if equation block.  
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END # end of model block 
 
 

Single_Cond_Calc.JAC 
# This file is used for a single conditional calculation of the model. 
SIMULATION SingleCondCalc 
 
OPTIONS 
  DYNPRINTLEVEL := 1 ;  
  DYNATOLERANCE := 1.0e-5 ; 
  DYNRTOLERANCE := 1.0e-5 ; 
  NORMALIZED_SENS := TRUE ; 
  CSVOUTPUT := TRUE; 
 
 PARAMETER 
   Energy AS REAL 
 
UNIT   
  SingleCalc AS Si_Cl_Ari_Cli 
 
#REPORT     SingleCalc.X_Si,SingleCalc.X_Cl,SingleCalc.X_V,SingleCalc.R_Yield 
 
#SENSITIVITY    
#      SingleCalc.S_Cl_on_Si   := 2.841e-001; 
#      SingleCalc.B_SiCl2     := 2.82e+001 ; 
#     SingleCalc.B_Cl2      := 0.0;  
#     SingleCalc.B_SiCl4    := 0.0; 
#      SingleCalc.B_V2    := 10.0;  
         
SET 
 
      Energy :=100; 
 
  WITHIN SingleCalc DO 
  # The incoming flux condition 
  N2I           :=  500.0;       # The total Neutral to ion flux ratio. 
  G_Cl_Frac :=  0.0 ;      # The parameter represents the percentage of F in the 
total neutral flux.  
  G_Cl2_Frac    :=  1.0 ;       # The fraction of Cl2 neutral. 
 
  G_Cl_i := 0.0 ; 
  G_Ar_i        := 0.0 ; 
  G_Cl2_i       := 1.0 ; 
 
# Sticking Coefficient Parameter of neutrals as described below. 
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  S_Cl_on_Si    := IF(0.0507*SQRT(Energy) - 0.2754>0.0) THEN 
0.0507*SQRT(Energy) - 0.2754 ELSE 0.0 END ; #For Ar ions 
#   S_Cl_on_Si    := IF(0.0553*SQRT(Energy) - 0.1988>0.0) THEN 
0.0553*SQRT(Energy) - 0.1988 ELSE 0.0 END ; # For Cl ions 
#  S_Cl2_on_Si   := 2.37E-02 * S_Cl_on_Si;           # As decided from the 
experiments. 
   S_Cl2_on_Si   :=0.02;  
 
# Sticking coefficient parameter of ions as described below. Set to unity without 
surface charging. 
  S_Cl_i        := 1.0 ; 
  S_Cl2_i       := 1.0 ; 
 
  f               :=    IF (SQRT(Energy)>5.611611487) THEN 1.0 ELSE 0.0 END ; 
 
# Sputtering yield coefficinet as described below.  
  Y_Si_by_Ar_i  := IF (0.035247571*(SQRT(Energy)-5.799622504)>0) THEN 
0.035247571*(SQRT(Energy)-5.799622504) ELSE 0.0 END; 
  Y_Si_by_Cl_i  := IF (0.035519009*(SQRT(Energy)-5.611611487)>0) THEN 
0.035519009*(SQRT(Energy)-5.611611487) ELSE 0.0 END ; 
  Y_Cl_by_Ar_i  := IF (0.045016112*(SQRT(Energy)-5.426511442)>0) THEN 
0.045016112*(SQRT(Energy)-5.426511442) ELSE 0.0 END; 
  Y_Cl_by_Cl_i  := IF (0.045112403*(SQRT(Energy)-5.255520907)>0) THEN 
0.045112403*(SQRT(Energy)-5.255520907) ELSE 0.0 END; 
  Y_Si_by_Cl2_i  := IF (0.042855421*(SQRT(Energy)-6.851619242)>0) THEN 
0.042855421*(SQRT(Energy)-6.851619242) ELSE 0.0 END ; 
  Y_Cl_by_Cl2_i  := IF (0.055154386*(SQRT(Energy)-6.392881927)>0) THEN 
0.055154386*(SQRT(Energy)-6.392881927) ELSE 0.0 END; 
 
# Rate for vacancy creation due to ion bombardment. 
  B_V_Ar_i      := 0.0 ; 
  B_V_Cl_i      := 0.0 ; 
#  B_V_Cl2_i := 0.0 ; 
  B_V_Cl2_i     := IF(Energy>19.8) THEN 0.01*(SQRT(Energy)-4.7) ELSE 0.0 END; 
 
 
# Ion Enhanced reaction coefficient as decribed below. 
#  B_SiCl2 :=IF(4.6334*SQRT(Energy)-19.717>0.0) THEN 4.6334*SQRT(Energy)-
19.717 ELSE 0.0 END ; #For Ar ions 
#   B_SiCl2      :=IF(7.0746*SQRT(Energy)-33.167>0.0) THEN 
7.0746*SQRT(Energy)-33.167 ELSE 0.0 END ; #For Cl ions. 
  B_SiCl2       := 1.292634e+001; 
  B_SiCl4 := 0.0 ; 
  B_Cl2      := IF(SQRT(Energy)-1.94>0.0) THEN 4.93*(SQRT(Energy)-1.94) ELSE 
0.0 END; 
  B_V2   := 10.5 ; 
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# Surface recombination coefficient as described below. 
   
# Thermal reaction coefficient 
  m_Cl          := 0.0 ;  
 END  
 
 
PRESET 
  WITHIN SingleCalc DO 
    # identifier       # default # lower # upper 
    X_Si :=     1.0   :  -1e-10  : 1.0 ; 
    X_Cl :=     0.0   :  -1e-10  : 1.0 ; 
    X_V  :=     0.0   :  -1e-10  : 1.0 ;   
  END 
 
INITIAL 
  WITHIN SingleCalc DO 
    X_Si = 1.0 ; 
    X_Cl = 0.0 ; 
    X_V = 0.0 ; 
  END 
 
  SCHEDULE  
   SEQUENCE  
      CONTINUE FOR 20.0 
      DISPLAY SingleCalc.X_Si END 
      DISPLAY SingleCalc.X_Cl END 
      DISPLAY SingleCalc.X_V  END 
      DISPLAY SingleCalc.R_Yield END 
    END #sequence  
 
END # end the SIMULATION block        
 

Si_Cl_Ari_Cli_est.JAC 
# This file consists of the model that is used to explain and predict the interaction 
between Cl neutral,  
# Cl ion, Ar ion and Silicon surface. Three species will be included in the translating 
mixed layer: Si, 
# Cl, and V which represents the concentration of vacancy in the layer.        
 
# Author: Bo Bai, MIT. 
# Last Time Updated: 12/13/2004. 
 
DECLARE 
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  TYPE 
    # identifier     # default         # lower            # upper 
    Concentration =     1.0     :       -1E99       :      1E99     UNIT = "concentration" 
    Reaction_Rate =     0.0     :       -1E99       :      1E99     UNIT = "concentration/ion" 
     
END 
 
 
MODEL Si_Cl_est 
 
PARAMETER 
  # First Section: Parameter used for parameter fitting. 
  ind_var AS ARRAY (25) of REAL   # ind_var is the square root of argon energy 
  dep_var AS ARRAY (25) of REAL   # Depedendable varaib is the sputtering yield        
 
# Sticking Coefficient Parameter of neutrals as described below. 
  S_Cl_on_Si     AS REAL 
  S_Cl2_on_Si           AS REAL 
 
# Sticking coefficient parameter of ions as described below. Set to unity without 
surface charging. 
  S_Cl_i   AS REAL 
  S_Cl2_i               AS REAL 
   
# Sputtering yield coefficinet as described below.  
  Y_Si_by_Ar_i          AS REAL 
  Y_Si_by_Cl_i          AS REAL 
  Y_Cl_by_Ar_i          AS REAL 
  Y_Cl_by_Cl_i          AS REAL 
  Y_Si_by_Cl2_i         AS REAL 
  Y_Cl_by_Cl2_i         AS REAL 
  
# Rate for vacancy creation due to ion bombardment. 
  B_V_Ar_i              AS REAL 
  B_V_Cl_i              AS REAL 
  B_V_Cl2_i             AS REAL 
 
# Ion Enhanced reaction coefficient as decribed below. 
  B_SiCl2  AS REAL 
  B_SiCl4  AS REAL 
  B_Cl2       AS REAL 
  B_V2    AS REAL 
 
# Surface recombination coefficient as described below. 
   
# Thermal reaction coefficient 
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  m_Cl                   AS REAL 
 
# Neutral composition from the plamsa impinging the surface. All normalized by total 
ion flux. 
  G_Cl_Frac  AS REAL  
  G_Cl2_Frac            AS REAL 
 
# Ion composition from the plasma impinging the surface. All normalized by total ion 
flux. 
  G_Cl_i  AS REAL 
  G_Ar_i  AS REAL 
  G_Cl2_i               AS REAL 
 
# The ratio between total neutral to total ion. 
#  N2I                   AS REAL 
   
VARIABLE 
   N2I           AS Reaction_Rate  
  
# Surface Concentration variables 
  X_Si          AS Concentration    #Surface Concentration of Silicon    
  X_Cl          AS Concentration    #Surface Concentration of Chlorine 
  X_V           AS Concentration    #Surface Concentration of Vacancy 
 
# Real incoming fluxes     
  G_Cl  AS Concentration  
  G_Cl2         AS Concentration 
 
# Nearest Neighbor Probabilities. 
  J_Si_Si        AS Concentration 
  J_Si_Cl        AS Concentration 
  J_Si_V         AS Concentration 
  J_Cl_Cl        AS Concentration 
  J_V_V          AS Concentration 
 
# Reactions rates for adsorptions of neutral and ions 
  R_A_V_by_Ar_i, R_A_V_by_Cl_i, R_A_V_by_Cl2_i, R_A_V, R_A_Cl_i, 
R_A_Cl2_i, R_A_Cl_on_Si, R_A_Cl2_on_Si           AS Reaction_Rate    
                         
#Physical Sputtering Reaction rate 
  R_S_Si_by_Ar_i, R_S_Si_by_Cl_i, R_S_Cl_by_Ar_i, R_S_Cl_by_Cl_i, 
R_S_Si_by_Cl2_i, R_S_Cl_by_Cl2_i     AS Reaction_Rate 
 
# Ion enhanced chemical reaction rates. 
  R_E_SiCl2, R_E_SiCl4, R_E_Cl2, R_E_V2, R_E_V, R_E_thermal    AS 
Reaction_Rate    
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#RY1 is the etch yield of siO2 from substrate to layer, RY_AD, RY_E represents 
added and etched from the tranlating mixed layer. 
  R_Yield, R_A_tot, R_E_tot                 AS Reaction_Rate   
 
SET 
 
EQUATION 
 
 # Real neutral flux. 
  G_Cl    = G_Cl_Frac * N2I; 
  G_Cl2   = G_Cl2_Frac * N2I; 
 
  # Effective bond concentration calculations; 
  J_Si_Si = (4*X_Si*4*X_Si)/(2*(4*X_Si+1*X_Cl+1*X_V)); 
  J_Si_Cl = (4*X_Si*1*X_Cl)/(4*X_Si+1*X_Cl+1*X_V); 
  J_Si_V  = (4*X_Si*1*X_V)/(4*X_Si+1*X_Cl+1*X_V); 
  J_Cl_Cl = (1*X_Cl*1*X_Cl)/(2*(4*X_Si+1*X_Cl+1*X_V)); 
  J_V_V   = (1*X_V*1*X_V)/(2*(4*X_Si+1*X_Cl+1*X_V)); 
 
 
# Reactions related to adsorption. 
  R_A_Cl_i      = S_Cl_i * G_Cl_i;   
  R_A_Cl2_i     = S_Cl2_i * G_Cl2_i; # Adsorption of Cl2 ions. 
  R_A_Cl_on_Si  = S_Cl_on_Si * J_Si_V *G_Cl; # Adsorption of Cl on silicon. 
  R_A_Cl2_on_Si = S_Cl2_on_Si * G_Cl2*(J_Si_V)^2; #Adsorption of Cl2 on 
silicon. 
 
#Reactions for internal bond breaking to make vacancies. 
  R_A_V_by_Ar_i = B_V_Ar_i * G_Ar_i ; # Reaction rate to produce vacance by Ar 
bombardment to cause purely bond breaking. 
  R_A_V_by_Cl_i = B_V_Cl_i * G_Cl_i ; # Reaction rate to produce vancies by Cl 
bombardment to cause purely bond breaking. 
  R_A_V_by_Cl2_i = B_V_Cl2_i * G_Cl2_i; #Reaction rate to produce dangling 
bonds by Cl2 ion bombardment. 
 
# Physical sputtering reactions of silicon atoms 
  R_S_Si_by_Ar_i = Y_Si_by_Ar_i * X_Si * G_Ar_i ;       #Physical sputtering of 
silicon by Argon ions  
  R_S_Cl_by_Ar_i = Y_Cl_by_Ar_i * X_Cl * G_Ar_i ;       #Physical sputtering of 
chlorine by Argon ions  
  R_S_Si_by_Cl_i = Y_Si_by_Cl_i * X_Si * G_Cl_i ;       #Physical sputtering of 
silicon by chlorine ions  
  R_S_Cl_by_Cl_i = Y_Cl_by_Cl_i * X_Cl * G_Cl_i ;       #Physical sputtering of 
chlorine by chlorine ions 
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  R_S_Si_by_Cl2_i= Y_Si_by_Cl2_i* X_Si * G_Cl2_i;       #Physical Sputtering of 
silicon by chlorine molecule ion. 
  R_S_Cl_by_Cl2_i= Y_Cl_by_Cl2_i* X_Cl * G_Cl2_i;       #Physical Sputtering of 
Chlorine by chlorine molecuel ion. 
 
 
# Ion enhanced chemical etching reactions. 
  R_E_SiCl2 = B_SiCl2 * (J_Si_Cl)^2;                      # Reaction to produce SiF2 
product. 
  R_E_SiCl4 = B_SiCl4 * (J_Si_Cl)^4;                      # Reaction to produce SiF4 
product. 
  R_E_Cl2   = B_Cl2   * J_Cl_Cl    ;                      # Reaction to produce Cl2 product. 
  R_E_V2    = B_V2    * J_V_V      ;                      # Reaction to produce V2 (Null) 
product. 
   
 
  R_E_thermal = m_Cl * X_Si * G_Cl ;                      # Thermal reactions, SiO2 total 
removed. 
 
  #The change of dangling bonds.  
  R_E_V = R_A_Cl_on_Si + 2*R_A_Cl2_on_Si+ 2*R_E_V2 + 
1*J_Si_Cl*R_S_Cl_by_Cl2_i  ;                      
  R_A_V = 4*R_S_Si_by_Ar_i*J_Si_Si + 1*J_Si_Cl*R_S_Cl_by_Ar_i + 
3*R_S_Si_by_Cl_i*J_Si_Si + 2*R_S_Si_by_Cl2_i*J_Si_Si + 2*R_E_SiCl2*J_Si_Si 
+ 2*R_E_Cl2*J_Si_Cl^2 + R_A_V_by_Ar_i + R_A_V_by_Cl_i + R_A_V_by_Cl2_i; 
 
  # Now calculate the total number of added or removed atoms to decide deposition or 
etching. 
  R_E_tot = R_S_Si_by_Ar_i + R_S_Cl_by_Ar_i + R_S_Si_by_Cl_i 
+R_S_Cl_by_Cl_i + R_S_Si_by_Cl2_i + R_S_Cl_by_Cl2_i + 3*R_E_SiCl2 + 
2*R_E_Cl2 + 5*R_E_SiCl4 + R_E_thermal ; 
  R_A_tot = R_A_Cl_i + R_A_Cl_on_Si + 2*R_A_Cl2_i + 2*R_A_Cl2_on_Si; 
 
 # Use calculated total added and removed atoms to judge whether etching or 
deposition happens.   
  IF (R_E_tot>R_A_tot) THEN 
    R_Yield = R_E_tot - R_A_tot ;                                             # This is the condition 
for etching to happen. 
    $X_Si = R_Yield - R_S_Si_by_Ar_i - R_S_Si_by_Cl_i - R_S_Si_by_Cl2_i - 
R_E_SiCl2 - R_E_SiCl4 - R_E_thermal ; # Mass conservation for Silicon 
    $X_Cl = R_A_Cl_i + 2*R_A_Cl2_i + R_A_Cl_on_Si + 2*R_A_Cl2_on_Si - 
R_S_Cl_by_Ar_i - R_S_Cl_by_Cl_i - R_S_Cl_by_Cl2_i - 2*R_E_SiCl2 - 
4*R_E_SiCl4 - 2*R_E_Cl2 ; # Mass conservation for Chlorine. 
    $X_V = R_A_V - R_E_V ;             #Mass conservation for dangling bonds. 
  
 ELSE  
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    R_Yield = R_E_tot - R_A_tot;                     # This is the condition for deposition to 
happen. CF is the species. 
    $X_Si = R_Yield*X_Si/(X_Si+X_Cl)- R_S_Si_by_Ar_i - R_S_Si_by_Cl_i - 
R_S_Si_by_Cl2_i - R_E_SiCl2 - R_E_SiCl4 - R_E_thermal ; # Mass conservation 
for Silicon          
    $X_Cl =  R_Yield*X_Cl/(X_Si+X_Cl) + R_A_Cl_i + 2*R_A_Cl2_i + 
R_A_Cl_on_Si + 2*R_A_Cl2_on_Si - R_S_Cl_by_Ar_i - R_S_Cl_by_Cl_i - 
R_S_Cl_by_Cl2_i - 2*R_E_SiCl2 - 4*R_E_SiCl4 - 2*R_E_Cl2 ; # Mass 
conservation for Chlorine. 
    $X_V = R_A_V - R_E_V ;             #Mass conservation for dangling bonds. 
  END  # End of the if equation block.  
 
END # end of model block 
 
 

F_Ari_ParaFit.JAC 
 
ESTIMATION Si_Cl_Ar_Est # identifier for future reference 
  OPTIONS 
    ESTIMATION_TOLERANCE := 1.0e-10; 
    DYNRTOLERANCE := 1.0e-10 ; 
    DYNAMIC_PRINT_LEVEL := 0 ; 
    ESTIMATION_PRINT_LEVEL := 1;  
    CSVOUTPUT := TRUE ; 
 
 PARAMETER 
  Energy      AS REAL      
 
  UNIT 
    Si_Cl_est AS Si_Cl_est  
 
 
 UNCERTAIN 
 
   WITHIN Si_Cl_est DO            
#      S_Cl_on_Si   :=0.19: 0.0  : 1; 
       S_Cl2_on_Si  := 0.001 : 0.0 : 1; 
       B_SiCl2     := 8.8:0.0:1000; 
#      B_Cl2      := 20.1 : 0.0 : 150; 
#      B_SiCl4    := 0.6 :0.0:8000000; 
#      B_V2    :=  10.0 : 0.0 : 100000000; 
 
   END # within Si_Cl_est 
          
  SET 
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  Energy :=100; 
 
     WITHIN Si_Cl_est DO            
################################################################ 
  #Experimental Results from Jane about Cl/Ar+  
#  
ind_var:=[24.8629,54.1133,89.2139,115.539,133.09,179.89,201.828,228.154,263.254
,285.192,314.442,337.843,362.706,390.494,422.669,453.382,504.57,526.508,552.834
,593.784,637.66,682.998,726.874,766.362,789.762]; #35eV  
#  
dep_var:=[0.126316,0.242105,0.336842,0.378947,0.421053,0.505263,0.536842,0.53
6842,0.578947,0.610526,0.642105,0.652632,0.694737,0.694737,0.726316,0.736842,
0.768421,0.789474,0.789474,0.789474,0.810526,0.821053,0.831579,0.842105,0.863
158];   #35eV   
 
#   
ind_var:=[2.92505,10.2377,14.6252,26.3254,36.5631,48.2633,64.351,83.3638,103.83
9,121.389,147.715,174.04,206.216,229.616,253.016,283.729,324.68,377.331,434.369
,488.483,549.909,595.247,640.585,700.548,792.687]; #60eV  
#   
dep_var:=[0.136842,0.315789,0.505263,0.631579,0.747368,0.905263,1.03158,1.168
42,1.31579,1.43158,1.47368,1.57895,1.62105,1.67368,1.72632,1.75789,1.8,1.84211,
1.86316,1.92632,1.93684,1.94737,1.97895,1.97895,2.01053];   #60eV   
 
#  
ind_var:=[5.85009,13.1627,23.4004,29.2505,43.8757,52.6508,64.351,83.3638,103.83
9,128.702,160.878,182.815,219.378,257.404,292.505,336.38,387.569,434.369,482.63
3,535.283,582.084,628.885,674.223,728.336,794.15]; #100eV  
#  
dep_var:=[0.715789,0.989474,1.21053,1.49474,1.75789,1.93684,2.12632,2.32632,2.
50526,2.65263,2.82105,2.89474,2.98947,3.06316,3.10526,3.18947,3.21053,3.24211,
3.29474,3.32632,3.34737,3.35789,3.36842,3.38947,3.42105];  #100eV 
################################################################## 
  #Experimental resutls from Jane about Cl/Cl+ 
#  
ind_var :=[0,3.68886,6.58587,9.00005,15.7597,22.5194,27.8306,38.453,49.5582,60.6
634,88.6679,102.187,116.189,129.226,143.228,158.196,190.546,209.377,227.242,26
2.971,287.596,324.291,343.122,379.817,397.682]; #35eV 
#  
dep_var :=[0.15919,0.271071,0.34033,0.40959,0.50016,0.574747,0.638679,0.707938
,0.766542,0.825147,0.873095,0.910389,0.9317,0.95301,0.984976,0.979648,1.00096,
1.01694,1.02227,1.03292,1.03825,1.04358,1.05956,1.06489,1.06489]; #35eV 
 
#  
ind_var :=[0,2.24036,7.06871,9.96572,15.2769,18.6568,23.4851,28.7963,36.0388,42.



 380 

7985,51.0067,63.5604,76.597,91.5649,122.949,146.125,169.784,191.512,240.278,26
6.834,293.39,313.669,359.538,374.989,393.82]; #50eV 
#  
dep_var :=[0.281726,0.420245,0.558764,0.750559,0.873095,1.00629,1.13415,1.2460
3,1.36324,1.46446,1.56569,1.66159,1.75749,1.85871,1.97592,2.01854,2.0878,2.1197
7,2.16239,2.20501,2.22099,2.22099,2.25296,2.25296,2.26894]; #50eV 
 
#  
ind_var :=[0,4.1717,6.58587,8.51721,13.8284,17.6911,22.0366,29.2791,34.1075,45.6
955,52.4552,63.0776,85.7708,99.2902,122.949,137.917,168.819,186.201,222.413,24
0.278,275.525,292.907,334.431,354.71,393.337]; #75eV 
#  
dep_var :=[0.40959,0.601385,0.825147,0.984976,1.14481,1.4325,1.58167,1.84806,1.
91199,2.15706,2.29025,2.41811,2.66851,2.76441,2.90293,2.96153,3.06276,3.10538,
3.16931,3.20661,3.25988,3.28119,3.31849,3.3398,3.36111]; #75eV 
 
################################################################# 
   #Experimental results from Jane about Cl2/Ar+ 
 ind_var := 
[0,15.0483,23.3295,41.0751,67.102,101.41,140.451,180.674,225.629,269.402,310.80
8,362.862,405.451,456.322,487.081,529.671,568.711,611.3,665.72,710.676,743.801,
797.038,838.444,877.484,909.426]; #For Energy 100eV  
 dep_var := 
[0.137641,0.250571,0.356858,0.449859,0.562789,0.615932,0.669076,0.708933,0.73
5505,0.755434,0.775363,0.788649,0.795291,0.808577,0.81522,0.821863,0.828506,0.
841792,0.841792,0.841792,0.828506,0.828506,0.841792,0.855078,0.848435]; #For 
energy 100eV 
################################################################# 
 
  G_Cl_Frac :=  0.0 ;      # The parameter represents the percentage of F in the 
total neutral flux.  
  G_Cl2_Frac    :=  1.0 ;       # The fraction of Cl2 neutral. 
 
  G_Cl_i := 0.0 ; 
  G_Ar_i        := 1.0 ; 
  G_Cl2_i       := 0.0 ; 
 
# Sticking Coefficient Parameter of neutrals as described below. 
  S_Cl_on_Si    := IF(0.0507*SQRT(Energy) - 0.2754>0.0) THEN 
0.0507*SQRT(Energy) - 0.2754 ELSE 0.0 END ; #For Ar ions 
#   S_Cl_on_Si    := IF(0.0553*SQRT(Energy) - 0.1988>0.0) THEN 
0.0553*SQRT(Energy) - 0.1988 ELSE 0.0 END ; # For Cl ions 
  S_Cl2_on_Si   := 2.37E-02 * S_Cl_on_Si;           # As decided from the experiments. 
 
# Sticking coefficient parameter of ions as described below. Set to unity without 
surface charging. 
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  S_Cl_i        := 1.0 ; 
  S_Cl2_i       := 1.0 ; 
 
# Sputtering yield coefficinet as described below.  
  Y_Si_by_Ar_i  := IF (0.035247571*(SQRT(Energy)-5.799622504)>0) THEN 
0.035247571*(SQRT(Energy)-5.799622504) ELSE 0.0 END; 
  Y_Si_by_Cl_i  := IF (0.035519009*(SQRT(Energy)-5.611611487)>0) THEN 
0.035519009*(SQRT(Energy)-5.611611487) ELSE 0.0 END ; 
  Y_Cl_by_Ar_i  := IF (0.045016112*(SQRT(Energy)-5.426511442)>0) THEN 
0.045016112*(SQRT(Energy)-5.426511442) ELSE 0.0 END; 
  Y_Cl_by_Cl_i  := IF (0.045112403*(SQRT(Energy)-5.255520907)>0) THEN 
0.045112403*(SQRT(Energy)-5.255520907) ELSE 0.0 END; 
  Y_Si_by_Cl2_i  := IF (0.042855421*(SQRT(Energy)-6.851619242)>0) THEN 
0.042855421*(SQRT(Energy)-6.851619242) ELSE 0.0 END ; 
  Y_Cl_by_Cl2_i  := IF (0.055154386*(SQRT(Energy)-6.392881927)>0) THEN 
0.055154386*(SQRT(Energy)-6.392881927) ELSE 0.0 END; 
 
# Rate for vacancy creation due to ion bombardment. 
  B_V_Ar_i      := 0.0 ; 
  B_V_Cl_i      := 0.0 ; 
  B_V_Cl2_i     := 0.0 ; 
 
# Ion Enhanced reaction coefficient as decribed below. 
  B_SiCl2 :=IF(4.6334*SQRT(Energy)-19.717>0.0) THEN 4.6334*SQRT(Energy)-
19.717 ELSE 0.0 END ; #For Ar ions 
#   B_SiCl2      :=IF(7.0746*SQRT(Energy)-33.167>0.0) THEN 
7.0746*SQRT(Energy)-33.167 ELSE 0.0 END ; #For Cl ions. 
  B_SiCl4 := 0.0 ; 
  B_Cl2      := IF(SQRT(Energy)-1.94>0.0) THEN 4.93*(SQRT(Energy)-1.94) ELSE 
0.0 END; 
  B_V2   := 10.5 ; 
 
# Surface recombination coefficient as described below. 
   
# Thermal reaction coefficient 
  m_Cl          := 0.0 ;  
END # within structure 
  
 objective WEIGHTED_LEAST_SQUARES 
 
EXPERIMENT exp1 
  DATA  
    Si_Cl_est.R_Yield[20]:=Si_Cl_est.dep_var(1):1.0;   
  INPUT  
    Si_Cl_est.N2I := Si_Cl_est.ind_var(1); 
  INITIAL 
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    WITHIN Si_Cl_est DO 
    X_Si = 1.00 ; 
    X_Cl = 0.0 ; 
    X_V = 0.0 ; 
    END # within structure 
  SCHEDULE 
      CONTINUE FOR 20  
 
 
 
EXPERIMENT exp2 
  DATA  
    Si_Cl_est.R_Yield[20]:=Si_Cl_est.dep_var(2):1.0;   
  INPUT  
    Si_Cl_est.N2I := Si_Cl_est.ind_var(2); 
  INITIAL 
    WITHIN Si_Cl_est DO 
    X_Si = 1.00 ; 
    X_Cl = 0.0 ; 
    X_V = 0.0 ; 
    END # within structure 
  SCHEDULE 
      CONTINUE FOR 20  
 
 
EXPERIMENT exp3 
  DATA  
    Si_Cl_est.R_Yield[20]:=Si_Cl_est.dep_var(3):1.0;   
  INPUT  
    Si_Cl_est.N2I := Si_Cl_est.ind_var(3); 
  INITIAL 
    WITHIN Si_Cl_est DO 
    X_Si = 1.00 ; 
    X_Cl = 0.0 ; 
    X_V = 0.0 ; 
    END # within structure 
  SCHEDULE 
      CONTINUE FOR 20  
 
 
EXPERIMENT exp4 
  DATA  
    Si_Cl_est.R_Yield[20]:=Si_Cl_est.dep_var(4):1.0;   
  INPUT  
    Si_Cl_est.N2I := Si_Cl_est.ind_var(4); 
  INITIAL 
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    WITHIN Si_Cl_est DO 
    X_Si = 1.00 ; 
    X_Cl = 0.0 ; 
    X_V = 0.0 ; 
    END # within structure 
  SCHEDULE 
      CONTINUE FOR 20  
 
 
 
EXPERIMENT exp5 
  DATA  
    Si_Cl_est.R_Yield[20]:=Si_Cl_est.dep_var(5):1.0;   
  INPUT  
    Si_Cl_est.N2I := Si_Cl_est.ind_var(5); 
  INITIAL 
    WITHIN Si_Cl_est DO 
    X_Si = 1.00 ; 
    X_Cl = 0.0 ; 
    X_V = 0.0 ; 
    END # within structure 
  SCHEDULE 
      CONTINUE FOR 20  
 
 
EXPERIMENT exp6 
  DATA  
    Si_Cl_est.R_Yield[20]:=Si_Cl_est.dep_var(6):1.0;   
  INPUT  
    Si_Cl_est.N2I := Si_Cl_est.ind_var(6); 
  INITIAL 
    WITHIN Si_Cl_est DO 
    X_Si = 1.00 ; 
    X_Cl = 0.0 ; 
    X_V = 0.0 ; 
    END # within structure 
  SCHEDULE 
      CONTINUE FOR 20  
 
EXPERIMENT exp7 
  DATA  
    Si_Cl_est.R_Yield[20]:=Si_Cl_est.dep_var(7):1.0;  
  INPUT  
    Si_Cl_est.N2I := Si_Cl_est.ind_var(7); 
  INITIAL 
    WITHIN Si_Cl_est DO 
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    X_Si = 1.00 ; 
    X_Cl = 0.0 ; 
    X_V = 0.0 ; 
    END # within structure 
  SCHEDULE 
      CONTINUE FOR 20  
 
 
EXPERIMENT exp8 
  DATA  
    Si_Cl_est.R_Yield[20]:=Si_Cl_est.dep_var(8):1.0;   
  INPUT  
    Si_Cl_est.N2I := Si_Cl_est.ind_var(8); 
  INITIAL 
    WITHIN Si_Cl_est DO 
    X_Si = 1.00 ; 
    X_Cl = 0.0 ; 
    X_V = 0.0 ; 
    END # within structure 
  SCHEDULE 
      CONTINUE FOR 20  
 
EXPERIMENT exp9 
  DATA  
    Si_Cl_est.R_Yield[20]:=Si_Cl_est.dep_var(9):1.0;   
  INPUT  
    Si_Cl_est.N2I := Si_Cl_est.ind_var(9); 
  INITIAL 
    WITHIN Si_Cl_est DO 
    X_Si = 1.00 ; 
    X_Cl = 0.0 ; 
    X_V = 0.0 ; 
    END # within structure 
  SCHEDULE 
      CONTINUE FOR 20  
 
 
EXPERIMENT exp10 
  DATA  
    Si_Cl_est.R_Yield[20]:=Si_Cl_est.dep_var(10):1.0;   
  INPUT  
    Si_Cl_est.N2I := Si_Cl_est.ind_var(10); 
  INITIAL 
    WITHIN Si_Cl_est DO 
    X_Si = 1.00 ; 
    X_Cl = 0.0 ; 
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    X_V = 0.0 ; 
    END # within structure 
  SCHEDULE 
      CONTINUE FOR 20  
 
EXPERIMENT exp11 
  DATA  
    Si_Cl_est.R_Yield[20]:=Si_Cl_est.dep_var(11):1.0;   
  INPUT  
    Si_Cl_est.N2I := Si_Cl_est.ind_var(11); 
  INITIAL 
    WITHIN Si_Cl_est DO 
    X_Si = 1.00 ; 
    X_Cl = 0.0 ; 
    X_V = 0.0 ; 
    END # within structure 
  SCHEDULE 
      CONTINUE FOR 20  
 
EXPERIMENT exp12 
  DATA  
    Si_Cl_est.R_Yield[20]:=Si_Cl_est.dep_var(12):1.0;   
  INPUT  
    Si_Cl_est.N2I := Si_Cl_est.ind_var(12); 
  INITIAL 
    WITHIN Si_Cl_est DO 
    X_Si = 1.00 ; 
    X_Cl = 0.0 ; 
    X_V = 0.0 ; 
    END # within structure 
  SCHEDULE 
      CONTINUE FOR 20  
 
EXPERIMENT exp13 
  DATA  
    Si_Cl_est.R_Yield[20]:=Si_Cl_est.dep_var(13):1.0;   
  INPUT  
    Si_Cl_est.N2I := Si_Cl_est.ind_var(13); 
  INITIAL 
    WITHIN Si_Cl_est DO 
    X_Si = 1.00 ; 
    X_Cl = 0.0 ; 
    X_V = 0.0 ; 
    END # within structure 
  SCHEDULE 
      CONTINUE FOR 20  
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EXPERIMENT exp14 
  DATA  
    Si_Cl_est.R_Yield[20]:=Si_Cl_est.dep_var(14):1.0;   
  INPUT  
    Si_Cl_est.N2I := Si_Cl_est.ind_var(14); 
  INITIAL 
    WITHIN Si_Cl_est DO 
    X_Si = 1.00 ; 
    X_Cl = 0.0 ; 
    X_V = 0.0 ; 
    END # within structure 
  SCHEDULE 
      CONTINUE FOR 20  
 
EXPERIMENT exp15 
  DATA  
    Si_Cl_est.R_Yield[20]:=Si_Cl_est.dep_var(15):1.0;   
  INPUT  
    Si_Cl_est.N2I := Si_Cl_est.ind_var(15); 
  INITIAL 
    WITHIN Si_Cl_est DO 
    X_Si = 1.00 ; 
    X_Cl = 0.0 ; 
    X_V = 0.0 ; 
    END # within structure 
  SCHEDULE 
      CONTINUE FOR 20  
 
 
EXPERIMENT exp16 
  DATA  
    Si_Cl_est.R_Yield[20]:=Si_Cl_est.dep_var(16):1.0;   
  INPUT  
    Si_Cl_est.N2I := Si_Cl_est.ind_var(16); 
  INITIAL 
    WITHIN Si_Cl_est DO 
    X_Si = 1.00 ; 
    X_Cl = 0.0 ; 
    X_V = 0.0 ; 
    END # within structure 
  SCHEDULE 
      CONTINUE FOR 20  
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EXPERIMENT exp17 
  DATA  
    Si_Cl_est.R_Yield[20]:=Si_Cl_est.dep_var(17):1.0;   
  INPUT  
    Si_Cl_est.N2I := Si_Cl_est.ind_var(17); 
  INITIAL 
    WITHIN Si_Cl_est DO 
    X_Si = 1.00 ; 
    X_Cl = 0.0 ; 
    X_V = 0.0 ; 
    END # within structure 
  SCHEDULE 
      CONTINUE FOR 20  
 
 
EXPERIMENT exp18 
  DATA  
    Si_Cl_est.R_Yield[20]:=Si_Cl_est.dep_var(18):1.0;   
  INPUT  
    Si_Cl_est.N2I := Si_Cl_est.ind_var(18); 
  INITIAL 
    WITHIN Si_Cl_est DO 
    X_Si = 1.00 ; 
    X_Cl = 0.0 ; 
    X_V = 0.0 ; 
    END # within structure 
  SCHEDULE 
      CONTINUE FOR 20  
 
 
EXPERIMENT exp19 
  DATA  
    Si_Cl_est.R_Yield[20]:=Si_Cl_est.dep_var(19):1.0;   
  INPUT  
    Si_Cl_est.N2I := Si_Cl_est.ind_var(19); 
  INITIAL 
    WITHIN Si_Cl_est DO 
    X_Si = 1.00 ; 
    X_Cl = 0.0 ; 
    X_V = 0.0 ; 
    END # within structure 
  SCHEDULE 
      CONTINUE FOR 20  
 
 
EXPERIMENT exp20 
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  DATA  
    Si_Cl_est.R_Yield[20]:=Si_Cl_est.dep_var(20):1.0;   
  INPUT  
    Si_Cl_est.N2I := Si_Cl_est.ind_var(20); 
  INITIAL 
    WITHIN Si_Cl_est DO 
    X_Si = 1.00 ; 
    X_Cl = 0.0 ; 
    X_V = 0.0 ; 
    END # within structure 
  SCHEDULE 
      CONTINUE FOR 20  
 
 
EXPERIMENT exp21 
  DATA  
    Si_Cl_est.R_Yield[20]:=Si_Cl_est.dep_var(21):1.0;   
  INPUT  
    Si_Cl_est.N2I := Si_Cl_est.ind_var(21); 
  INITIAL 
    WITHIN Si_Cl_est DO 
    X_Si = 1.00 ; 
    X_Cl = 0.0 ; 
    X_V = 0.0 ; 
    END # within structure 
  SCHEDULE 
      CONTINUE FOR 20  
 
 
EXPERIMENT exp22 
  DATA  
    Si_Cl_est.R_Yield[20]:=Si_Cl_est.dep_var(22):1.0;   
  INPUT  
    Si_Cl_est.N2I := Si_Cl_est.ind_var(22); 
  INITIAL 
    WITHIN Si_Cl_est DO 
    X_Si = 1.00 ; 
    X_Cl = 0.0 ; 
    X_V = 0.0 ; 
    END # within structure 
  SCHEDULE 
      CONTINUE FOR 20  
 
EXPERIMENT exp23 
  DATA  
    Si_Cl_est.R_Yield[20]:=Si_Cl_est.dep_var(23):1.0;   
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  INPUT  
    Si_Cl_est.N2I := Si_Cl_est.ind_var(23); 
  INITIAL 
    WITHIN Si_Cl_est DO 
    X_Si = 1.00 ; 
    X_Cl = 0.0 ; 
    X_V = 0.0 ; 
    END # within structure 
  SCHEDULE 
      CONTINUE FOR 20  
 
 
EXPERIMENT exp24 
  DATA  
    Si_Cl_est.R_Yield[20]:=Si_Cl_est.dep_var(24):1.0;   
  INPUT  
    Si_Cl_est.N2I := Si_Cl_est.ind_var(24); 
  INITIAL 
    WITHIN Si_Cl_est DO 
    X_Si = 1.00 ; 
    X_Cl = 0.0 ; 
    X_V = 0.0 ; 
    END # within structure 
  SCHEDULE 
      CONTINUE FOR 20  
 
 
EXPERIMENT exp25 
  DATA  
    Si_Cl_est.R_Yield[20]:=Si_Cl_est.dep_var(25):1.0;   
  INPUT  
    Si_Cl_est.N2I := Si_Cl_est.ind_var(25); 
  INITIAL 
    WITHIN Si_Cl_est DO 
    X_Si = 1.00 ; 
    X_Cl = 0.0 ; 
    X_V = 0.0 ; 
    END # within structure 
  SCHEDULE 
      CONTINUE FOR 20  
 
 
 
END # estimation 
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Si_Cl2_HBr.JAC 
# This file consists of the model that is used to explain and predict the interaction 
between  Cl2+HBr plasmas 
# and silicon. 
 
# Author: Bo Bai, MIT. 
# Last Time Updated: 3/25/2005. 
 
DECLARE 
 
  TYPE 
    # identifier     # default         # lower            # upper 
    Concentration =     1.0     :       -1E99       :      1E99     UNIT = "concentration" 
    Reaction_Rate =     0.0     :       -1E99       :      1E99     UNIT = "concentration/ion" 
     
END 
 
 
MODEL Si_Cl2_HBr 
 
PARAMETER 
# Sticking Coefficient Parameter of neutrals as described below. 
  S_Cl_on_Si, S_Cl2_on_Si, S_Br_on_Si, S_Br2_on_Si, S_ClBr_on_Si AS REAL 
  S_H_on_Si, S_HBr_on_Si, S_HCl_on_Si AS REAL 
 
# Sticking coefficient parameter of ions as described below. Set to unity without 
surface charging. 
  S_Cl_i, S_Cl2_i, S_Br_i, S_Br2_i, S_ClBr_i               AS REAL 
  S_H_i, S_HCl_i, S_HBr_i                                  AS REAL 
 
# Sputtering yield coefficinet as described below.  
  Y_Si_by_Cl_i, Y_Si_by_Cl2_i, Y_Si_by_Br_i, Y_Si_by_Br2_i, Y_Si_by_H_i, 
Y_Si_by_HBr_i, Y_Si_by_HCl_i, Y_Si_by_ClBr_i         AS REAL 
  Y_Cl_by_Cl_i, Y_Cl_by_Cl2_i, Y_Cl_by_Br_i, Y_Cl_by_Br2_i, Y_Cl_by_H_i, 
Y_Cl_by_HBr_i, Y_Cl_by_HCl_i, Y_Cl_by_ClBr_i         AS REAL 
  Y_Br_by_Cl_i, Y_Br_by_Cl2_i, Y_Br_by_Br_i, Y_Br_by_Br2_i, Y_Br_by_H_i, 
Y_Br_by_HBr_i, Y_Br_by_HCl_i, Y_Br_by_ClBr_i         AS REAL 
  Y_H_by_Cl_i, Y_H_by_Cl2_i, Y_H_by_Br_i, Y_H_by_Br2_i, Y_H_by_H_i, 
Y_H_by_HBr_i, Y_H_by_HCl_i, Y_H_by_ClBr_i         AS REAL 
 
  
# Rate for vacancy creation due to ion bombardment. 
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   B_V_Cl_i, B_V_Cl2_i, B_V_Br_i, B_V_Br2_i, B_V_H_i, 
B_V_HCl_i,B_V_HBr_i, B_V_ClBr_i             AS REAL 
 
# Ion Enhanced reaction coefficient as decribed below. 
  B_SiCl2, B_SiCl4, B_SiBr2, B_SiBr4, B_SiH2, B_SiH4 AS REAL 
  B_Cl2, B_Br2, B_H2, B_HCl, B_HBr, B_ClBr       AS REAL 
  B_SiClBr, B_SiCl2Br2, B_SiHBr, B_SiHCl, B_SiHBr3, B_SiHCl3, B_SiH2Br2, 
B_SiH2Cl2 AS REAL 
  B_V2    AS REAL 
  
# Thermal reaction coefficient 
  m_Cl, m_Br, m_H                  AS REAL 
 
# Neutral composition from the plamsa impinging the surface. All normalized by total 
ion flux. 
  G_Cl_Frac, G_Cl2_Frac, G_Br_Frac, G_Br2_Frac, G_HCl_Frac, G_HBr_Frac, 
G_ClBr_Frac, G_H_Frac            AS REAL 
 
# Ion composition from the plasma impinging the surface. All normalized by total ion 
flux. 
  G_Cl_i, G_Cl2_i, G_Br_i, G_Br2_i, G_HCl_i, G_HBr_i, G_ClBr_i, G_H_i               
AS REAL 
 
# The ratio between total neutral to total ion. 
  N2I                   AS REAL 
   
VARIABLE 
  
# Surface Concentration variables 
  X_Si, X_Cl, X_Br, X_H, X_V           AS Concentration    #Surface Concentrations. 
 
# Real incoming fluxes     
  G_Cl, G_Cl2, G_Br, G_Br2, G_HCl, G_HBr, G_ClBr, G_H  AS 
Concentration  
 
 
# Nearest Neighbor Probabilities. 
  J_Si_Si, J_Si_Cl, J_Si_Br, J_Si_H, J_Si_V        AS Concentration 
  J_Cl_Cl, J_Cl_Br, J_Cl_H, J_Cl_V         AS Concentration 
  J_Br_Br, J_Br_H, J_Br_V        AS Concentration 
  J_H_H, J_H_V          AS Concentration 
  J_V_V          AS Concentration 
 
# Reactions rates for adsorptions of neutral and ions 



 392 

   R_A_V_by_Cl_i, R_A_V_by_Cl2_i, R_A_V_by_Br_i, R_A_V_by_Br2_i, 
R_A_V_by_HCl_i, R_A_V_by_HBr_i, R_A_V_by_ClBr_i, R_A_V_by_H_i   AS 
Reaction_Rate 
   R_A_Cl_i, R_A_Cl2_i, R_A_Br_i, R_A_Br2_i, R_A_HCl_i, R_A_HBr_i, 
R_A_ClBr_i, R_A_H_i      AS Reaction_Rate 
   R_A_Cl_on_Si, R_A_Cl2_on_Si, R_A_Br_on_Si, R_A_Br2_on_Si, 
R_A_HCl_on_Si, R_A_HBr_on_Si, R_A_ClBr_on_Si, R_A_H_on_Si           AS 
Reaction_Rate    
 
#  Total addition rate. 
   R_A_Cl, R_A_Br, R_A_H AS Reaction_Rate  
#   R_A_V_ion, R_A_V_spu, R_A_V_che,  
   R_A_V AS Reaction_Rate                     
 
#Physical Sputtering Reaction rate 
  R_S_Si_by_Cl_i, R_S_Si_by_Cl2_i, R_S_Si_by_Br_i, R_S_Si_by_Br2_i, 
R_S_Si_by_HCl_i, R_S_Si_by_HBr_i, R_S_Si_by_ClBr_i, R_S_Si_by_H_i     AS 
Reaction_Rate 
  R_S_Cl_by_Cl_i, R_S_Cl_by_Cl2_i, R_S_Cl_by_Br_i, R_S_Cl_by_Br2_i, 
R_S_Cl_by_HCl_i, R_S_Cl_by_HBr_i, R_S_Cl_by_ClBr_i, R_S_Cl_by_H_i     AS 
Reaction_Rate 
  R_S_Br_by_Cl_i, R_S_Br_by_Cl2_i, R_S_Br_by_Br_i, R_S_Br_by_Br2_i, 
R_S_Br_by_HCl_i, R_S_Br_by_HBr_i, R_S_Br_by_ClBr_i, R_S_Br_by_H_i     AS 
Reaction_Rate 
  R_S_H_by_Cl_i, R_S_H_by_Cl2_i, R_S_H_by_Br_i, R_S_H_by_Br2_i, 
R_S_H_by_HCl_i, R_S_H_by_HBr_i, R_S_H_by_ClBr_i, R_S_H_by_H_i     AS 
Reaction_Rate 
 
# Ion enhanced chemical reaction rates. 
  R_E_SiCl2, R_E_SiCl4, R_E_SiBr2, R_E_SiBr4, R_E_SiH2, R_E_SiH4  AS 
Reaction_Rate 
  R_E_Cl2, R_E_Br2, R_E_H2, R_E_HCl, R_E_HBr, R_E_ClBr AS Reaction_Rate 
  R_E_SiClBr, R_E_SiCl2Br2,  R_E_SiHCL, R_E_SiHBr, R_E_SiHBr3, 
R_E_SiHCl3, R_E_SiH2Br2, R_E_SiH2Cl2 AS Reaction_Rate 
  R_E_SiCl4_thermal, R_E_SiBr4_thermal, R_E_SiH4_thermal, 
  R_E_V2     AS Reaction_Rate 
 
# Total removal rate. 
  R_S_Si, R_S_Cl, R_S_Br, R_S_H                 AS Reaction_Rate 
  R_E_Si_che, R_E_Cl_che, R_E_Br_che, R_E_H_che AS Reaction_Rate   
  R_E_Si, R_E_Cl, R_E_Br, R_E_H                 AS Reaction_Rate  
#  R_E_V_ads, R_E_V_spu,  
  R_E_V                   AS Reaction_Rate          
  R_A_tot, R_E_tot                              AS Reaction_Rate   
  R_Yield                                       AS Reaction_Rate 
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SET 
 
EQUATION 
 
 # Real neutral flux. 
  G_Cl    = G_Cl_Frac * N2I; 
  G_Cl2   = G_Cl2_Frac * N2I; 
  G_Br    = G_Br_Frac * N2I; 
  G_Br2   = G_Br2_Frac * N2I; 
  G_HCl   = G_HCl_Frac * N2I; 
  G_HBr   = G_HBr_Frac * N2I; 
  G_ClBr  = G_ClBr_Frac * N2I; 
  G_H     = G_H_Frac * N2I; 
 
  # Effective bond concentration calculations; 
  J_Si_Si = (4*X_Si*4*X_Si)/(2*(4*X_Si+1*X_Cl+1*X_Br+1*X_H+1*X_V)); 
  J_Si_Cl = (4*X_Si*1*X_Cl)/(4*X_Si+1*X_Cl+1*X_Br+1*X_H+1*X_V); 
  J_Si_Br = (4*X_Si*1*X_Br)/(4*X_Si+1*X_Cl+1*X_Br+1*X_H+1*X_V); 
  J_Si_H  = (4*X_Si*1*X_H)/(4*X_Si+1*X_Cl+1*X_Br+1*X_H+1*X_V); 
  J_Si_V  = (4*X_Si*1*X_V)/(4*X_Si+1*X_Cl+1*X_Br+1*X_H+1*X_V); 
 
  J_Cl_Cl = (1*X_Cl*1*X_Cl)/(2*(4*X_Si+1*X_Cl+1*X_Br+1*X_H+1*X_V)); 
  J_Cl_Br = (1*X_Cl*1*X_Br)/(4*X_Si+1*X_Cl+1*X_Br+1*X_H+1*X_V); 
  J_Cl_H  = (1*X_Cl*1*X_H)/(4*X_Si+1*X_Cl+1*X_Br+1*X_H+1*X_V); 
  J_Cl_V  = (1*X_Cl*1*X_V)/(4*X_Si+1*X_Cl+1*X_Br+1*X_H+1*X_V); 
 
  J_Br_Br = (1*X_Br*1*X_Br)/(2*(4*X_Si+1*X_Cl+1*X_Br+1*X_H+1*X_V)); 
  J_Br_H  = (1*X_Br*1*X_H)/(4*X_Si+1*X_Cl+1*X_Br+1*X_H+1*X_V); 
  J_Br_V  = (1*X_Br*1*X_V)/(4*X_Si+1*X_Cl+1*X_Br+1*X_H+1*X_V); 
 
  J_H_H   = (1*X_H*1*X_H)/(2*(4*X_Si+1*X_Cl+1*X_Br+1*X_H+1*X_V)); 
  J_H_V   = (1*X_H*1*X_H)/(4*X_Si+1*X_Cl+1*X_Br+1*X_H+1*X_V); 
 
  J_V_V   = (1*X_V*1*X_V)/(2*(4*X_Si+1*X_Cl+1*X_Br+1*X_H+1*X_V)); 
 
 
# Neutral adsorption reactions: 
  R_A_Cl_on_Si  = S_Cl_on_Si  *G_Cl * J_Si_V; # Adsorption of Cl on silicon. 
  R_A_Cl2_on_Si = S_Cl2_on_Si * G_Cl2 * (J_Si_V)^2; #Adsorption of Cl2 on 
silicon. 
  R_A_Br_on_Si  = S_Br_on_Si  * G_Br * J_Si_V;  
  R_A_Br2_on_Si = S_Br2_on_Si * G_Br2 * (J_Si_V)^2;  
  R_A_H_on_Si   = S_H_on_Si  * G_H * J_Si_V;  
  R_A_HCl_on_Si = S_HCl_on_Si  *G_HCl * (J_Si_V)^2;  
  R_A_HBr_on_Si = S_HBr_on_Si  *G_HBr * (J_Si_V)^2;  
  R_A_ClBr_on_Si= S_ClBr_on_Si  *G_ClBr * (J_Si_V)^2;  
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# Ion incorporation reactions: 
  R_A_Cl_i      = S_Cl_i * G_Cl_i;   
  R_A_Cl2_i     = S_Cl2_i * G_Cl2_i; 
  R_A_Br_i      = S_Br_i * G_Br_i;   
  R_A_Br2_i     = S_Br2_i * G_Br2_i; 
  R_A_HCl_i     = S_HCl_i * G_HCl_i;  
  R_A_HBr_i     = S_HBr_i * G_HBr_i;  
  R_A_ClBr_i    = S_ClBr_i * G_ClBr_i; 
  R_A_H_i       = S_H_i * G_H_i;  
  
#Reactions for internal bond breaking to make vacancies. 
  R_A_V_by_Cl_i  = B_V_Cl_i * G_Cl_i ;  
  R_A_V_by_Cl2_i = B_V_Cl2_i * G_Cl2_i;  
  R_A_V_by_Br_i  = B_V_Br_i * G_Br_i ;  
  R_A_V_by_Br2_i = B_V_Br2_i * G_Br2_i; 
  R_A_V_by_HCl_i = B_V_HCl_i * G_HCl_i ;  
  R_A_V_by_HBr_i = B_V_HBr_i * G_HBr_i ; 
  R_A_V_by_ClBr_i= B_V_ClBr_i * G_ClBr_i ; 
  R_A_V_by_H_i   = B_V_H_i * G_H_i ; 
 
# Total addition or removal of each species due to neutral adsorption and ion 
incorporation. 
  R_A_Cl = 1*R_A_Cl_on_Si + 2*R_A_Cl2_on_Si + 1*R_A_HCl_on_Si + 
1*R_A_ClBr_on_Si + 1*R_A_Cl_i + 2*R_A_Cl2_i + 1*R_A_HCl_i + 
1*R_A_ClBr_i; 
  R_A_Br = 1*R_A_Br_on_Si + 2*R_A_Br2_on_Si + 1*R_A_HBr_on_Si + 
1*R_A_ClBr_on_Si + 1*R_A_Br_i + 2*R_A_Br2_i + 1*R_A_HBr_i + 
1*R_A_ClBr_i ; 
  R_A_H  = 1*R_A_H_on_Si +  1*R_A_HCl_on_Si + 1*R_A_HBr_on_Si + 
1*R_A_H_i  + 1*R_A_HCl_i + 1*R_A_HBr_i ; 
 
#  R_A_V_ion   = R_A_V_by_Cl_i + R_A_V_by_Cl2_i+ R_A_V_by_Br_i + 
R_A_V_by_Br2_i + R_A_V_by_HCl_i + R_A_V_by_HBr_i + R_A_V_by_ClBr_i + 
R_A_V_by_H_i; 
#  R_E_V_ads   = 1*R_A_Cl_on_Si + 2*R_A_Cl2_on_Si+ 1*R_A_Br_on_Si + 
2*R_A_Br2_on_Si + 1*R_A_H_on_Si + 2*R_A_HCl_on_Si + 2*R_A_HBr_on_Si 
+ 2*R_A_ClBr_on_Si; 
 
# Physical sputtering reactions of silicon atoms       
  R_S_Si_by_Cl_i = Y_Si_by_Cl_i * X_Si * G_Cl_i ;          
  R_S_Si_by_Cl2_i= Y_Si_by_Cl2_i* X_Si * G_Cl2_i;          
  R_S_Si_by_Br_i = Y_Si_by_Br_i * X_Si * G_Br_i ;          
  R_S_Si_by_Br2_i= Y_Si_by_Br2_i* X_Si * G_Br2_i;  
  R_S_Si_by_HCl_i= Y_Si_by_HCl_i* X_Si * G_HCl_i;  
  R_S_Si_by_HBr_i= Y_Si_by_HBr_i* X_Si * G_HBr_i;  



 395 

  R_S_Si_by_ClBr_i= Y_Si_by_ClBr_i* X_Si * G_ClBr_i; 
  R_S_Si_by_H_i= Y_Si_by_H_i* X_Si * G_H_i;   
 
  R_S_Cl_by_Cl_i = Y_Cl_by_Cl_i * X_Cl * G_Cl_i ;          
  R_S_Cl_by_Cl2_i= Y_Cl_by_Cl2_i* X_Cl * G_Cl2_i;          
  R_S_Cl_by_Br_i = Y_Cl_by_Br_i * X_Cl * G_Br_i ;          
  R_S_Cl_by_Br2_i= Y_Cl_by_Br2_i* X_Cl * G_Br2_i;  
  R_S_Cl_by_HCl_i= Y_Cl_by_HCl_i* X_Cl * G_HCl_i;  
  R_S_Cl_by_HBr_i= Y_Cl_by_HBr_i* X_Cl * G_HBr_i;  
  R_S_Cl_by_ClBr_i= Y_Cl_by_ClBr_i* X_Cl * G_ClBr_i; 
  R_S_Cl_by_H_i= Y_Cl_by_H_i* X_Cl * G_H_i;  
 
  R_S_Br_by_Cl_i = Y_Br_by_Cl_i * X_Br * G_Cl_i ;          
  R_S_Br_by_Cl2_i= Y_Br_by_Cl2_i* X_Br * G_Cl2_i;          
  R_S_Br_by_Br_i = Y_Br_by_Br_i * X_Br * G_Br_i ;          
  R_S_Br_by_Br2_i= Y_Br_by_Br2_i* X_Br * G_Br2_i;  
  R_S_Br_by_HCl_i= Y_Br_by_HCl_i* X_Br * G_HCl_i;  
  R_S_Br_by_HBr_i= Y_Br_by_HBr_i* X_Br * G_HBr_i;  
  R_S_Br_by_ClBr_i= Y_Br_by_ClBr_i* X_Br * G_ClBr_i; 
  R_S_Br_by_H_i= Y_Br_by_H_i* X_Br * G_H_i;  
 
  R_S_H_by_Cl_i = Y_H_by_Cl_i * X_H * G_Cl_i ;          
  R_S_H_by_Cl2_i= Y_H_by_Cl2_i* X_H * G_Cl2_i;          
  R_S_H_by_Br_i = Y_H_by_Br_i * X_H * G_Br_i ;          
  R_S_H_by_Br2_i= Y_H_by_Br2_i* X_H * G_Br2_i;  
  R_S_H_by_HCl_i= Y_H_by_HCl_i* X_H * G_HCl_i;  
  R_S_H_by_HBr_i= Y_H_by_HBr_i* X_H * G_HBr_i;  
  R_S_H_by_ClBr_i= Y_H_by_ClBr_i* X_H * G_ClBr_i; 
  R_S_H_by_H_i= Y_H_by_H_i* X_H * G_H_i;  
 
# Removal or addition flux related to sputtering reaction. 
  R_S_Si =  R_S_Si_by_Cl_i + R_S_Si_by_Cl2_i + R_S_Si_by_Br_i + 
R_S_Si_by_Br2_i + R_S_Si_by_HCl_i + R_S_Si_by_HBr_i + R_S_Si_by_ClBr_i + 
R_S_Si_by_H_i;    
  R_S_Cl =  R_S_Cl_by_Cl_i + R_S_Cl_by_Cl2_i + R_S_Cl_by_Br_i + 
R_S_Cl_by_Br2_i + R_S_Cl_by_HCl_i + R_S_Cl_by_HBr_i + R_S_Cl_by_ClBr_i 
+ R_S_Cl_by_H_i;    
  R_S_Br =  R_S_Br_by_Cl_i + R_S_Br_by_Cl2_i + R_S_Br_by_Br_i + 
R_S_Br_by_Br2_i + R_S_Br_by_HCl_i + R_S_Br_by_HBr_i + R_S_Br_by_ClBr_i 
+ R_S_Br_by_H_i;    
  R_S_H  =  R_S_H_by_Cl_i + R_S_H_by_Cl2_i + R_S_H_by_Br_i + 
R_S_H_by_Br2_i + R_S_H_by_HCl_i + R_S_H_by_HBr_i + R_S_H_by_ClBr_i + 
R_S_H_by_H_i;    
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#  R_A_V_spu = 3*R_S_Si_by_Cl_i + 2*R_S_Si_by_Cl2_i + 3*R_S_Si_by_Br_i + 
2*R_S_Si_by_Br2_i + 2*R_S_Si_by_HCl_i + 2*R_S_Si_by_HBr_i + 
2*R_S_Si_by_ClBr_i + 3*R_S_Si_by_H_i; 
#  R_E_V_spu = R_S_Cl_by_Cl2_i + R_S_Cl_by_Br2_i + R_S_Cl_by_HCl_i + 
R_S_Cl_by_HBr_i + R_S_Cl_by_ClBr_i + R_S_Br_by_Cl2_i + R_S_Br_by_Br2_i 
+ R_S_Br_by_HCl_i + R_S_Br_by_HBr_i + R_S_Br_by_ClBr_i + 
R_S_H_by_Cl2_i + R_S_H_by_Br2_i + R_S_H_by_HCl_i + R_S_H_by_HBr_i + 
R_S_H_by_ClBr_i; 
 
# Thermal reactions. 
  R_E_SiCl4_thermal = m_Cl * X_Si * G_Cl ;   #Notice we assume that the thermal 
reaction doesn't need any surface incorporation.                   
  R_E_SiBr4_thermal = m_Br * X_Si * G_Br ;  
  R_E_SiH4_thermal = m_H * X_Si * G_H ;  
 
# Ion enhanced chemical etching reactions. 
  R_E_SiCl2 = B_SiCl2 * (J_Si_Cl)^2;                       
  R_E_SiCl4 = B_SiCl4 * (J_Si_Cl)^4;   
  R_E_SiBr2 = B_SiBr2 * (J_Si_Br)^2;                       
  R_E_SiBr4 = B_SiBr4 * (J_Si_Br)^4; 
  R_E_SiH2  = B_SiH2 * (J_Si_H)^2;                       
  R_E_SiH4  = B_SiH4 * (J_Si_H)^4; 
                    
  R_E_Cl2   = B_Cl2   * J_Cl_Cl    ;  
  R_E_Br2   = B_Br2   * J_Br_Br    ; 
  R_E_H2    = B_H2   * J_H_H    ; 
  R_E_HCl   = B_HCl   * J_Cl_H    ; 
  R_E_HBr   = B_HBr   * J_Br_H    ; 
  R_E_ClBr  = B_ClBr   * J_Cl_Br    ; 
  
  R_E_SiClBr = B_SiClBr * J_Si_Cl * J_Si_Br ; 
  R_E_SiCl2Br2 = B_SiCl2Br2 * (J_Si_Cl)^2 * (J_Si_Br)^2 ; 
  R_E_SiHCl = B_SiHCl * J_Si_H * J_Si_Cl ; 
  R_E_SiHBr = B_SiHBr * J_Si_H * J_Si_Br ; 
  R_E_SiHCl3 = B_SiHCl3 * J_Si_H * (J_Si_Cl)^3 ; 
  R_E_SiHBr3 = B_SiHBr3 * J_Si_H * (J_Si_Br)^3 ; 
  R_E_SiH2Cl2 = B_SiH2Cl2 * (J_Si_H)^2 * (J_Si_Cl)^2 ; 
  R_E_SiH2Br2 = B_SiH2Br2 * (J_Si_H)^2 * (J_Si_Br)^2 ; 
                     
  R_E_V2    = B_V2    * J_V_V      ;                       
 
  # addition and removal flux related to above chemcial reactions: 
  R_E_Si_che = R_E_SiCl4_thermal + R_E_SiBr4_thermal + R_E_SiH4_thermal + 
R_E_SiCl2 + R_E_SiCl4 + R_E_SiBr2 + R_E_SiBr4 + R_E_SiH2 + R_E_SiH4 + 
R_E_SiClBr + R_E_SiCl2Br2 + R_E_SiHCl + R_E_SiHBr + R_E_SiHCl3 + 
R_E_SiHBr3 + R_E_SiH2Cl2 + R_E_SiH2Br2; 
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  R_E_Cl_che = 2*R_E_SiCl2 + 4*R_E_SiCl4 + 2*R_E_Cl2 + R_E_HCl + 
R_E_ClBr + R_E_SiClBr + 2*R_E_SiCl2Br2 + R_E_SiHCl + 3*R_E_SiHCl3 + 
2*R_E_SiH2Cl2; 
  R_E_Br_che = 2*R_E_SiBr2 + 4*R_E_SiBr4 + 2*R_E_Br2 + R_E_HBr + 
R_E_ClBr + R_E_SiClBr + 2*R_E_SiCl2Br2 + R_E_SiHBr + 3*R_E_SiHBr3 + 
2*R_E_SiH2Br2; 
  R_E_H_che  = 2*R_E_SiH2 + 4*R_E_SiH4 + 2*R_E_H2 + R_E_HCl + R_E_HBr 
+ R_E_SiHCl +  R_E_SiHBr + R_E_SiHCl3 + R_E_SiHBr3 + 2*R_E_SiH2Cl2 + 
2*R_E_SiH2Br2; 
 
#  R_A_V_che  = 2*B_SiCl2 + 2*R_E_SiBr2 + 2*B_SiH2 + 2*R_E_Cl2 + 
2*R_E_Br2 + 2*R_E_H2 + 2*R_E_HCl + 2*R_E_HBr + 2*R_E_ClBr + 
2*R_E_SiClBr + 2*R_E_SiHCl+ 2*R_E_SiHBr;   
 
  # Total removal flux of each species. 
  R_E_Si = R_S_Si + R_E_Si_che; 
  R_E_Cl = R_S_Cl + R_E_Cl_che; 
  R_E_Br = R_S_Br + R_E_Br_che; 
  R_E_H  = R_S_H  + R_E_H_che; 
#  R_E_V  = R_E_V_ads + R_E_V_spu + R_E_V2;                      
#  R_A_V  = R_A_V_ion + R_A_V_spu + R_A_V_che; 
  R_E_V   = 1*R_A_Cl_on_Si + 2*R_A_Cl2_on_Si+ 1*R_A_Br_on_Si + 
2*R_A_Br2_on_Si + 1*R_A_H_on_Si + 2*R_A_HCl_on_Si + 2*R_A_HBr_on_Si 
+ 2*R_A_ClBr_on_Si; 
  R_A_V   = R_A_V_by_Cl_i + R_A_V_by_Cl2_i+ R_A_V_by_Br_i + 
R_A_V_by_Br2_i + R_A_V_by_HCl_i + R_A_V_by_HBr_i + R_A_V_by_ClBr_i + 
R_A_V_by_H_i; 
 
  # Now calculate the total number of added or removed atoms to decide deposition or 
etching. 
  R_E_tot = R_E_Si + R_E_Cl + R_E_Br + R_E_H; 
  R_A_tot = R_A_Cl + R_A_Br + R_A_H; 
  R_Yield = R_E_tot - R_A_tot ; 
 
 # Use calculated total added and removed atoms to judge whether etching or 
deposition happens.   
  IF (R_Yield > 0) THEN 
    $X_Si = R_Yield - R_E_Si; # Mass conservation for Silicon 
    $X_Cl = R_A_Cl - R_E_Cl ; 
    $X_Br = R_A_Br - R_E_Cl ;  
    $X_H  = R_A_H - R_E_H ; 
    $X_V  = R_A_V - R_E_V;             #Mass conservation for dangling bonds. 
  
 ELSE  
    $X_Si = R_Yield*X_Si/(X_Si+X_Cl+X_Br+X_H) - R_E_Si ;   
    $X_Cl = R_Yield*X_Cl/(X_Si+X_Cl+X_Br+X_H) + R_A_Cl - R_E_Cl ; 
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    $X_Br = R_Yield*X_Br/(X_Si+X_Cl+X_Br+X_H) + R_A_Br - R_E_Br ; 
    $X_H  = R_Yield*X_H/(X_Si+X_Cl+X_Br+X_H)  + R_A_H  - R_E_H ; 
    $X_V =  R_A_V - R_E_V ;             #Mass conservation for dangling bonds. 
  END  # End of the if equation block.  
 
END  
 
 

SingleCondCalc.JAC               
# This file is used for a single conditional calculation of the model. 
SIMULATION SingleCondCalc 
 
OPTIONS 
  DYNPRINTLEVEL := 1 ;  
  DYNATOLERANCE := 1.0e-5 ; 
  DYNRTOLERANCE := 1.0e-5 ; 
  NORMALIZED_SENS := TRUE ; 
  CSVOUTPUT := False; 
 
 PARAMETER 
   Energy AS REAL 
 
UNIT   
  SingleCalc AS Si_Cl2_HBr 
 
#REPORT     SingleCalc.X_Si,SingleCalc.X_Cl,SingleCalc.X_V,SingleCalc.R_Yield 
 
#SENSITIVITY    
#      SingleCalc.S_Cl_on_Si   := 2.841e-001; 
#      SingleCalc.B_SiCl2     := 2.82e+001 ; 
#     SingleCalc.B_Cl2      := 0.0;  
#     SingleCalc.B_SiCl4    := 0.0; 
#      SingleCalc.B_V2    := 10.0;  
         
SET 
 
      Energy :=100; 
 
  WITHIN SingleCalc DO 
  # The incoming flux condition 
  N2I         :=  500.0;       # The total Neutral to ion flux ratio. 
 
  G_Cl_Frac   :=  1.0; 
  G_Cl2_Frac  :=  0.0; 
  G_Br_Frac   :=  0.0; 
  G_Br2_Frac  :=  0.0; 
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  G_HCl_Frac  :=  0.0; 
  G_HBr_Frac  :=  0.0; 
  G_ClBr_Frac :=  0.0; 
  G_H_Frac    :=  0.0;    
 
 
  G_Cl_i      :=  1.0;  
  G_Cl2_i     :=  0.0; 
  G_Br_i      :=  0.0; 
  G_Br2_i     :=  0.0; 
  G_HCl_i     :=  0.0; 
  G_HBr_i     :=  0.0; 
  G_ClBr_i    :=  0.0; 
  G_H_i       :=  0.0; 
 
# Sticking Coefficient Parameter of neutrals as described below. 
  S_Cl_on_Si  := IF(SQRT(Energy) > 4.45) THEN 0.0661*(SQRT(Energy) - 4.45) 
ELSE 0.0 END ; 
  S_Cl2_on_Si := IF(SQRT(Energy) > 4.45) THEN 0.0193*(SQRT(Energy) - 4.45) 
ELSE 0.0 END ; 
  S_Br_on_Si  := IF(SQRT(Energy) > 4.45) THEN 0.033*(SQRT(Energy) - 4.45)  
ELSE 0.0 END ; 
  S_Br2_on_Si := IF(SQRT(Energy) > 4.45) THEN 0.005*(SQRT(Energy) - 4.45)  
ELSE 0.0 END ; 
  S_HCl_on_Si := IF(SQRT(Energy) > 0.0) THEN 0.0*(SQRT(Energy) - 0.0) ELSE 
0.0 END ;  
  S_HBr_on_Si := IF(SQRT(Energy) > 0.0) THEN 0.0*(SQRT(Energy) - 0.0) ELSE 
0.0 END ; 
  S_ClBr_on_Si:= IF(SQRT(Energy) > 0.0) THEN 0.0*(SQRT(Energy) - 0.0) ELSE 
0.0 END ; 
  S_H_on_Si   := IF(SQRT(Energy) > 0.0) THEN 0.0*(SQRT(Energy) - 0.0) ELSE 
0.0 END ; 
 
# Sticking coefficient parameter of ions as described below. Set to unity without 
surface charging. 
  S_Cl_i    := 1.0 ;  
  S_Cl2_i   := 1.0 ;  
  S_Br_i    := 1.0 ;  
  S_Br2_i   := 1.0 ;  
  S_HCl_i   := 1.0 ; 
  S_HBr_i   := 1.0 ;     
  S_ClBr_i  := 1.0 ;            
  S_H_i     := 1.0 ; 
  
# Sputtering yield coefficinet as described below.   
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  Y_Si_by_Cl_i     := IF(SQRT(Energy) > 5.611611487) THEN 
0.035519009*(SQRT(Energy) - 5.611611487) ELSE 0.0 END ; 
  Y_Si_by_Cl2_i    := IF(SQRT(Energy) > 6.851619242) THEN 
0.042855421*(SQRT(Energy) - 6.851619242) ELSE 0.0 END ; 
  Y_Si_by_Br_i     := IF(SQRT(Energy) > 7.093679738) THEN 
0.04109198*(SQRT(Energy) - 7.093679738)  ELSE 0.0 END ; 
  Y_Si_by_Br2_i    := IF(SQRT(Energy) > 8.716590547) THEN 
0.045438939*(SQRT(Energy) - 8.716590547) ELSE 0.0 END ; 
  Y_Si_by_H_i      := IF(SQRT(Energy) > 5.573309129) THEN 5.35326E-
05*(SQRT(Energy) - 5.573309129) ELSE 0.0 END ; 
  Y_Si_by_HBr_i    := IF(SQRT(Energy) > 7.119719466) THEN 
0.041671541*(SQRT(Energy) - 7.119719466) ELSE 0.0 END ; 
  Y_Si_by_HCl_i    := IF(SQRT(Energy) > 5.655551825) THEN 
0.036679805*(SQRT(Energy) - 5.655551825) ELSE 0.0 END ; 
  Y_Si_by_ClBr_i   := IF(SQRT(Energy) > 7.908769803) THEN 
0.044581915*(SQRT(Energy) - 7.908769803) ELSE 0.0 END ; 
 
  Y_Cl_by_Cl_i     := IF(SQRT(Energy) > 5.255520907) THEN 
0.045112403*(SQRT(Energy) - 5.255520907) ELSE 0.0 END ; 
  Y_Cl_by_Cl2_i    := IF(SQRT(Energy) > 6.392881927) THEN 
0.055154386*(SQRT(Energy) - 6.392881927) ELSE 0.0 END ; 
  Y_Cl_by_Br_i     := IF(SQRT(Energy) > 6.616590588) THEN 
0.053257283*(SQRT(Energy) - 6.616590588) ELSE 0.0 END ; 
  Y_Cl_by_Br2_i    := IF(SQRT(Energy) > 8.121793378) THEN 
0.059579441*(SQRT(Energy) - 8.121793378) ELSE 0.0 END ; 
  Y_Cl_by_H_i      := IF(SQRT(Energy) > 6.159276728) THEN 
0.002157655*(SQRT(Energy) - 6.159276728) ELSE 0.0 END ; 
  Y_Cl_by_HBr_i    := IF(SQRT(Energy) > 6.640674676) THEN 
0.05397465*(SQRT(Energy) - 6.640674676)  ELSE 0.0 END ; 
  Y_Cl_by_HCl_i    := IF(SQRT(Energy) > 5.29541185)  THEN 
0.04652884*(SQRT(Energy) - 5.29541185)   ELSE 0.0 END ; 
  Y_Cl_by_ClBr_i   := IF(SQRT(Energy) > 7.371722534) THEN 
0.058073456*(SQRT(Energy) - 7.371722534) ELSE 0.0 END ; 
 
  Y_Br_by_Cl_i     := IF(SQRT(Energy) > 4.310496183) THEN 
0.089803072*(SQRT(Energy) - 4.310496183) ELSE 0.0 END ; 
  Y_Br_by_Cl2_i    := IF(SQRT(Energy) > 5.091275547) THEN 
0.115748904*(SQRT(Energy) - 5.091275547) ELSE 0.0 END ; 
  Y_Br_by_Br_i     := IF(SQRT(Energy) > 5.255520907) THEN 
0.113843182*(SQRT(Energy) - 5.255520907) ELSE 0.0 END ; 
  Y_Br_by_Br2_i    := IF(SQRT(Energy) > 6.39520452)  THEN 
0.134453514*(SQRT(Energy) - 6.39520452)  ELSE 0.0 END ; 
  Y_Br_by_H_i      := IF(SQRT(Energy) > 8.959077462) THEN 
0.01194877*(SQRT(Energy) - 8.959077462)  ELSE 0.0 END ; 
  Y_Br_by_HBr_i    := IF(SQRT(Energy) > 5.273322701) THEN 
0.115316815*(SQRT(Energy) - 5.273322701) ELSE 0.0 END ; 
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  Y_Br_by_HCl_i    := IF(SQRT(Energy) > 4.335333203) THEN 
0.092495133*(SQRT(Energy) - 4.335333203) ELSE 0.0 END ; 
  Y_Br_by_ClBr_i   := IF(SQRT(Energy) > 5.821814135) THEN 
0.127550537*(SQRT(Energy) - 5.821814135) ELSE 0.0 END ; 
 
  Y_H_by_Cl_i      := IF(SQRT(Energy) > 0.0) THEN 0.0*(SQRT(Energy) - 0.0) 
ELSE 0.0 END ; 
  Y_H_by_Cl2_i     := IF(SQRT(Energy) > 0.0) THEN 0.0*(SQRT(Energy) - 0.0) 
ELSE 0.0 END ; 
  Y_H_by_Br_i      := IF(SQRT(Energy) > 0.0) THEN 0.0*(SQRT(Energy) - 0.0) 
ELSE 0.0 END ; 
  Y_H_by_Br2_i     := IF(SQRT(Energy) > 0.0) THEN 0.0*(SQRT(Energy) - 0.0) 
ELSE 0.0 END ; 
  Y_H_by_H_i       := IF(SQRT(Energy) > 0.0) THEN 0.0*(SQRT(Energy) - 0.0) 
ELSE 0.0 END ; 
  Y_H_by_HBr_i     := IF(SQRT(Energy) > 0.0) THEN 0.0*(SQRT(Energy) - 0.0) 
ELSE 0.0 END ; 
  Y_H_by_HCl_i     := IF(SQRT(Energy) > 0.0) THEN 0.0*(SQRT(Energy) - 0.0) 
ELSE 0.0 END ; 
  Y_H_by_ClBr_i    := IF(SQRT(Energy) > 0.0) THEN 0.0*(SQRT(Energy) - 0.0) 
ELSE 0.0 END ;     
 
# Rate for vacancy creation due to ion bombardment. 
  B_V_Cl_i     := 0.0 ; 
  B_V_Cl2_i    := 0.0 ; 
  B_V_Br_i     := 0.0 ; 
  B_V_Br2_i    := 0.0 ; 
  B_V_H_i      := 0.0 ; 
  B_V_HCl_i    := 0.0 ; 
  B_V_HBr_i    := 0.0 ; 
  B_V_ClBr_i   := 0.0 ;             
 
# Ion Enhanced reaction coefficient as decribed below. 
  B_SiCl2   := IF(SQRT(Energy) > 1.0) THEN 3.4*(SQRT(Energy) - 1.0) ELSE 0.0 
END ;     
  B_SiCl4   := 0.0 ; 
  B_SiBr2   := IF(SQRT(Energy) > 7.2) THEN 5.0*(SQRT(Energy) - 7.2) ELSE 0.0 
END ;     
  B_SiBr4   := 0.0 ; 
  B_SiH2    := IF(SQRT(Energy) > 0.0) THEN 0.0*(SQRT(Energy) - 0.0) ELSE 0.0 
END ;     
  B_SiH4    := 0.0 ; 
  B_Cl2     := IF(SQRT(Energy) > 1.94) THEN 4.93*(SQRT(Energy) - 1.94) ELSE 
0.0 END ;     
  B_Br2     := IF(SQRT(Energy) > 6.00) THEN 9.93*(SQRT(Energy) - 6.0)  ELSE 
0.0 END ;     
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  B_H2      := IF(SQRT(Energy) > 0.0) THEN 0.0*(SQRT(Energy) - 0.0) ELSE 0.0 
END ;     
  B_HCl     := IF(SQRT(Energy) > 0.0) THEN 0.0*(SQRT(Energy) - 0.0) ELSE 0.0 
END ;     
  B_HBr     := IF(SQRT(Energy) > 0.0) THEN 0.0*(SQRT(Energy) - 0.0) ELSE 0.0 
END ;     
  B_ClBr    := IF(SQRT(Energy) > 0.0) THEN 0.0*(SQRT(Energy) - 0.0) ELSE 0.0 
END ;            
  B_SiClBr  := IF(SQRT(Energy) > 0.0) THEN 0.0*(SQRT(Energy) - 0.0) ELSE 0.0 
END ;     
  B_SiCl2Br2  := 0.0 ; 
  B_SiHBr     := IF(SQRT(Energy) > 0.0) THEN 0.0*(SQRT(Energy) - 0.0) ELSE 0.0 
END ;     
  B_SiHCl     := IF(SQRT(Energy) > 0.0) THEN 0.0*(SQRT(Energy) - 0.0) ELSE 0.0 
END ;     
  B_SiHBr3    := 0.0 ; 
  B_SiHCl3    := 0.0 ; 
  B_SiH2Br2   := 0.0 ; 
  B_SiH2Cl2   := 0.0 ;  
  B_V2        := 10.5 ;     
 
# Thermal reaction coefficient 
  m_Cl          := 0.0 ; 
  m_Br          := 0.0 ; 
  m_H           := 0.0 ; 
 END  
 
 
PRESET 
  WITHIN SingleCalc DO 
    # identifier       # default # lower # upper 
    X_Si :=     1.0   :  -1e-10  : 1.0 ; 
    X_Cl :=     0.0   :  -1e-10  : 1.0 ; 
    X_Br :=     0.0   :  -1e-10  : 1.0 ; 
    X_H  :=     0.0   :  -1e-10  : 1.0 ; 
    X_V  :=     0.0   :  -1e-10  : 1.0 ;   
  END 
 
INITIAL 
  WITHIN SingleCalc DO 
    X_Si = 1.0 ; 
    X_Cl = 0.0 ; 
    X_Br = 0.0 ; 
    X_H  = 0.0 ; 
    X_V  = 0.0 ; 
  END 
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  SCHEDULE  
   SEQUENCE  
      CONTINUE FOR 20.0 
      DISPLAY SingleCalc.X_Si END 
      DISPLAY SingleCalc.X_Cl END 
      DISPLAY SingleCalc.X_Br END 
      DISPlAY SingleCalc.X_H  END 
      DISPLAY SingleCalc.X_V  END 
      DISPLAY SingleCalc.R_Yield END 
    END #sequence  
 
END # end the SIMULATION block        
       
 

C.3 Plasma Model Code 

Ar_Plasma.inp 
NOFT 
XSDF 1.0E-15 
REAC AR 1.0 
!HTRN MATERIAL1 1.89E-4 300 
XEST AR 1.0 
XEST AR+ 4.0E-4 
XEST AR* 2.0E-2 
XEST E    3.0E-3 
 
ENGE   ! Solve Electron Energy Equation 
ENRG   ! Solve Gas Energy Equation 
STST   ! Steady State Solver 
ETMP 3.0E4   ! Electron Temperature (K) 
HTRN 0.0006 313.15   ! Heat Transfer Correlation 
(cal/cm2-K-sec, K) 
PRES 0.00263158   ! Pressure (atm) 
PWRW 500.0   ! Plasma Power Deposition (watts) 
SCCM 500.0   ! Volumetric Flow Rate in SCCM (standard-
cm3/min@298.15K) 
TEIN 300.0   ! Inlet Electron Temperature (K) 
TEMP 1000.0   ! Temperature (K) 
TINL 300.0   ! Inlet Temperature (K) 
TSRF 333.15   ! Surface Temperature (K) 
VOL 353.0   ! Volume (cm3) 
AREA 565.0   ! Internal Surface Area (cm2) 
AREAQ 565.0   ! External Surface Area (cm2) 
XEST AR 1.0   ! Initial Gas Fraction (mole fraction) 
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CNTN 
END 
 
PWRW 1000 
CNTN 
END 
 
PWRW 2000 
CNTN 
END 
 
PWRW 3000 
CNTN 
END 
 
PWRW 4000 
CNTN 
END 
 
PWRW 6000 
CNTN 
END 
 
PWRW 8000 
END 
END 

 
 
Ar_Chem.inp 

 
ELEMENTS E AR  END 
SPECIES E AR AR+ AR* END 
 
THERMO 
AR*                71091AR  1    0    0    0G   300.000 
10000.000 1000.00    0 1 
 0.25002515E+01 0.00000000E+00 0.00000000E+00 
0.00000000E+00 0.00000000E+00    2 
-0.74220392E+03 0.43685803E+01 0.25002515E+01 
0.00000000E+00 0.00000000E+00    3 
 0.00000000E+00 0.00000000E+00-0.74220386E+03 
0.43685799E+01                   4 
END 
 
REACTIONS MOLECULES KELVINS 
 
!Ionization reactions: 
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E + AR => 2E + AR+    7.07E-11 0.610 187120.0 !Ref. 
Meeks 1998    
 TDEP/E/     !From ground states. 
E + AR* => 2E + AR+ 1.25E-07 0.050 60254.0 !Ref 
Meeks 1998 
 TDEP/E/     !From the metastable 
states. 
 
!Metastable States formation 
E + AR => E + AR* 1.17E-08 0.047 138560.0 
 TDEP/E/      
  
!Recombination reactions. 
!E + AR+ => AR    
  
!The excitation reactions. 
E + AR => E + AR        6.271E-9       0.0       327000.0    
TDEP/E/           ! Exictation to 3d'_3/2 state.  
EXCI/14.3/ 
DUP 
 
E + AR => E + AR        3.52E-9        0.0       346000.0 
TDEP/E/           ! Excitation to 3d_3/2 state. 
EXCI/14.15/ 
DUP 
 
E + AR => E + AR        9.237E-10      0.0       359999.0 
TDEP/E/           ! Excitation to 5S_3/2 state. 
EXCI/14.1/ 
DUP 
 
E + AR => E + AR        2.501E-10      0.0       365000.0 
TDEP/E/           ! Excitation to 5S_1/2 state. 
EXCI/14.3/ 
DUP 
 
END 

 
 
ArSurf.inp 

MATERIAL WALL 
!SITE/CERAMICS/ SDEN/2.25E-9/ 
! AL2O3(S) 
!END 
 
REACTIONS MWOFF MOLECULES KELVIN 
AR+ + E => AR  1.0 0.0 0.0 
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 FORD/E 0/ 
 BOHM 
AR* => AR 1.0 0.0 0.0 
 FORD/E 0/ 
 STICK 
END 

 
NF3ARPlasma.inp 

REAC     NF3      0.167 
REAC     AR       0.833 
REAC     O2       0.0 
 
 
ENGE 
 
NOFT 
!TION 2000. 
 
!   elastic collision x-section for electrons and species 
k  
XSEK NF3 1.0e-15 
!   default value for x-section if not given for a 
species 
XSDF 1.0e-15 
 
XEST AR 0.2999 
XEST AR+ 5e-5 
XEST AR* 5e-5 
XEST F- 5.e-5 
XEST E   8.5e-5 
XEST O- 1.e-5 
XEST O3- 1.e-7 
XEST O2- 1.e-7 
XEST NO2- 1.e-6 
XEST NO3- 1.e-6 
! 
XEST N+  1.e-6 
XEST N2+ 1.e-6 
XEST F+   1.e-6 
XEST F2+  1.e-6 
XEST NF+ 2.e-5 
XEST NF2+ 5.e-5 
XEST NF3+ 2.e-5 
XEST N2+ 2.e-5 
XEST F2+ 2.e-5 
XEST NO+ 1.e-5 
XEST FO+ 1.e-6 
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XEST NO2+ 1.e-7 
XEST N2O+ 1.e-7 
XEST O+   1.e-6 
XEST O2+  1.e-6 
! 
XEST N  1.e-4 
XEST N2 1.e-4 
XEST N3  1.e-6 
XEST NF3 0.05 
XEST NF2 0.01 
XEST NF  0.05 
XEST N2F2 1.e-5 
XEST N2F4 1.e-6 
XEST F2 1.e-4 
XEST F  0.5863886 
XEST O2 0.001 
XEST O  0.001 
XEST NO 0.001 
XEST NO3 1.e-6 
XEST NFO2 1.e-6 
XEST F2O  1.e-6 
XEST F2O2 1.e-6 
XEST NFO3 1.e-6 
 
!  amount of printing to be done  
PRNT  1 
!  relative and absolute error tolerances for the 
solution 
RTOL 1.e-3 
ATOL 1.0E-15 
!  number of time steps and value of time step 
TIME  10   1.E-6 
TIM2 100   3.E-8 
!  lower bounds for the compositional solution variables 
SFLR  -1.0E-4 
!  parameters for the calculation of numerical 
differences 
ABSL  1.0E-15 
RELT  1.e-3 
 
ENGE   ! Solve Electron Energy Equation 
ENRG   ! Solve Gas Energy Equation 
STST   ! Steady State Solver 
ETMP 3.48135E4   ! Electron Temperature (K) 
HTRN 0.0004 313.15   ! Heat Transfer Correlation 
(cal/cm2-K-sec, K) 
PRES 0.00526316   ! Pressure (atm) 
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PWRW 3500.0   ! Plasma Power Deposition (watts) 
SCCM 4000.0   ! Volumetric Flow Rate in SCCM (standard-
cm3/min@298.15K) 
TEIN 300.0   ! Inlet Electron Temperature (K) 
TEMP 3000.0   ! Temperature (K) 
TINL 300.0   ! Inlet Temperature (K) 
TSRF 333.15   ! Surface Temperature (K) 
VOL 353.4   ! Volume (cm3) 
AREA 565.0   ! Internal Surface Area (cm2) 
AREAQ 565.0   ! External Surface Area (cm2) 
CNTN 
END 
 
SCCM 4100 
REAC     NF3      0.163 
REAC     AR       0.813 
REAC     O2       0.024 
CNTN 
END 
 
SCCM 4200 
REAC     NF3      0.159 
REAC     AR       0.794 
REAC     O2       0.048 
CNTN 
END 
 
SCCM 4300 
REAC     NF3      0.155 
REAC     AR       0.775 
REAC     O2       0.070 
CNTN 
END 
 
SCCM 4400 
REAC     NF3      0.152 
REAC     AR       0.758 
REAC     O2       0.091 
CNTN 
END 
 
SCCM 4500 
REAC     NF3      0.148 
REAC     AR       0.741 
REAC     O2       0.111 
CNTN 
END 
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SCCM 4600 
REAC     NF3      0.145 
REAC     AR       0.725 
REAC     O2       0.130 
CNTN 
END 
 
SCCM 4700 
REAC     NF3      0.142 
REAC     AR       0.709 
REAC     O2       0.149 
CNTN 
END 
 
SCCM 4800 
REAC     NF3      0.139 
REAC     AR       0.694 
REAC     O2       0.167 
CNTN 
END 
 
SCCM 4900 
REAC     NF3      0.136 
REAC     AR       0.680 
REAC     O2       0.184 
CNTN 
END 
 
SCCM 5000 
REAC     NF3      0.133 
REAC     AR       0.667 
REAC     O2       0.200 
CNTN 
END 
 
SCCM 5250 
REAC     NF3      0.127 
REAC     AR       0.635 
REAC     O2       0.238 
CNTN 
END 
 
SCCM 5500 
REAC     NF3      0.121 
REAC     AR       0.606 
REAC     O2       0.273 
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CNTN 
END 
 
SCCM  5750 
REAC     NF3      0.116 
REAC     AR       0.580 
REAC     O2       0.304 
CNTN 
END 
 
SCCM 6000 
REAC     NF3      0.111 
REAC     AR       0.556 
REAC     O2       0.333 
CNTN 
END 
 
SCCM 6500 
REAC     NF3      0.103 
REAC     AR       0.513 
REAC     O2       0.385 
CNTN 
END 
 
SCCM 7000 
REAC     NF3      0.095 
REAC     AR       0.476 
REAC     O2       0.429 
 
END 

 

 
 

NF3ArChem.inp 
! Reactions sets for NF3+Ar+O2 Plasmas. 
! For references, see ECS Symposium proceedings, Spring 
1995, Vol 95-4., 
! Meeks, Larson, Shon & Vosen. 
! 
ELEMENTS E N F O AR END 
SPECIES 
E 
N N2 NO NO2 NO3 N2O N3 NF3 NF2 NF N2F2 N2F4 NFO2 
O O2 O3 O* O** O2* O2** 
F2 FO FO2 F2O F2O2 NFO NFO3 
N+ N2+ NO+ NO2+ N2O+ O+ O2+ F+ F2+ NF+ NF2+ NF3+ FO+ 
O- O3- O2- NO2- NO3- F-  
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F 
!SIF4 
AR AR+ AR* 
END 
THERMO ALL 
300.000  1000.000  5000.000 
E                 120186E   1               G  0300.00   
5000.00  1000.00      1 
 0.02500000E+02 0.00000000E+00 0.00000000E+00 
0.00000000E+00 0.00000000E+00    2 
-0.07453749E+04-0.01173403E+03 0.02500000E+02 
0.00000000E+00 0.00000000E+00    3 
 0.00000000E+00 0.00000000E+00-0.07453750E+04-
0.01173403E+03                   4 
F                 121286F   1               G  0300.00   
5000.00  1000.00      1 
 0.02687459E+02-0.02010358E-02 0.08597957E-06-
0.01644974E-09 0.01166160E-13    2 
 0.08722883E+05 0.03882212E+02 0.02913905E+02-
0.07336339E-02 0.05571015E-05    3 
-0.02666871E-08 0.08643255E-12 0.08651201E+05 
0.02677115E+02                   4 
F2                121286F   2               G  0300.00   
5000.00  1000.00      1 
 0.04018308E+02 0.06221479E-02-0.02420845E-05 
0.04742076E-09-0.03418141E-13    2 
-0.01300713E+05 0.01126327E+02 0.02940287E+02 
0.03491492E-01-0.02458208E-04    3 
 0.01837073E-08 0.02850917E-11-0.01010430E+05 
0.06694194E+02                   4 
NO                121286N   1O   1          G  0300.00   
5000.00  1000.00      1 
 0.03245435E+02 0.01269138E-01-0.05015890E-05 
0.09169283E-09-0.06275419E-13    2 
 0.09800840E+05 0.06417294E+02 0.03376542E+02 
0.01253063E-01-0.03302751E-04    3 
 0.05217810E-07-0.02446263E-10 0.09817961E+05 
0.05829590E+02                   4 
NO2               121286N   1O   2          G  0300.00   
5000.00  1000.00      1 
 0.04682859E+02 0.02462429E-01-0.01042259E-04 
0.01976902E-08-0.01391717E-12    2 
 0.02261292E+05 0.09885985E+01 0.02670600E+02 
0.07838501E-01-0.08063865E-04    3 
 0.06161715E-07-0.02320150E-10 0.02896291E+05 
0.01161207E+03                   4 
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NO3               121286N   1O   3          G  0300.00   
5000.00  1000.00      1 
 0.07120307E+02 0.03246228E-01-0.01431613E-04 
0.02797053E-08-0.02013008E-12    2 
 0.05864479E+05-0.01213730E+03 0.01221076E+02 
0.01878797E+00-0.01344321E-03    3 
 0.01274601E-07 0.01354060E-10 0.07473144E+05 
0.01840203E+03                   4 
O                 120186O   1               G  0300.00   
5000.00  1000.00      1 
 0.02542060E+02-0.02755062E-03-0.03102803E-07 
0.04551067E-10-0.04368052E-14    2 
 0.02923080E+06 0.04920308E+02 0.02946429E+02-
0.01638166E-01 0.02421032E-04    3 
-0.01602843E-07 0.03890696E-11 0.02914764E+06 
0.02963995E+02                   4 
O2                121386O   2               G  0300.00   
5000.00  1000.00      1 
 0.03697578E+02 0.06135197E-02-0.01258842E-05 
0.01775281E-09-0.01136435E-13    2 
-0.01233930E+05 0.03189166E+02 0.03212936E+02 
0.01127486E-01-0.05756150E-05    3 
 0.01313877E-07-0.08768554E-11-0.01005249E+05 
0.06034738E+02                   4 
O3                121286O   3               G  0300.00   
5000.00  1000.00      1 
 0.05429371E+02 0.01820380E-01-0.07705607E-05 
0.01499293E-08-0.01075563E-12    2 
 0.01523527E+06-0.03266387E+02 0.02462609E+02 
0.09582781E-01-0.07087359E-04    3 
 0.01363368E-07 0.02969647E-11 0.01606152E+06 
0.01214187E+03                   4 
O*                 11095O   1               G   300.000  
4000.000 1000.00    0 1 
 0.25417261E+01-0.21348484E-04-0.87773486E-08 
0.62551904E-11-0.60311652E-15    2 
 0.74677156E+05 0.49205680E+01 0.27859468E+01-
0.56679733E-03-0.24792405E-07    3 
 0.69774148E-09-0.37484775E-12 0.74612969E+05 
0.36500726E+01                   4 
O**                11095O   1               G   300.000  
4000.000 1000.00    0 1 
 0.25417261E+01-0.21348484E-04-0.87773486E-08 
0.62551904E-11-0.60311652E-15    2 
 0.12615391E+06 0.49205680E+01 0.27859468E+01-
0.56679733E-03-0.24792405E-07    3 
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 0.69774148E-09-0.37484775E-12 0.12608971E+06 
0.36500726E+01                   4 
O2*                11095O   2               G   300.000  
4000.000 1000.00    0 1 
 0.37781641E+01 0.45583278E-03-0.20650798E-07-
0.11383156E-10 0.17400702E-14    2 
 0.21391234E+05 0.27472954E+01 0.32877948E+01 
0.65685855E-03 0.41479746E-06    3 
 0.47611226E-09-0.63186240E-12 0.21640785E+05 
0.57117977E+01                   4 
O2**               11095O   2               G   300.000  
4000.000 1000.00    0 1 
 0.37781641E+01 0.45583278E-03-0.20650798E-07-
0.11383156E-10 0.17400702E-14    2 
 0.36463254E+05 0.27472954E+01 0.32877948E+01 
0.65685855E-03 0.41479746E-06    3 
 0.47611226E-09-0.63186240E-12 0.36712805E+05 
0.57117977E+01                   4 
N2F2               42489F   2N   2          G  0300.00   
3000.00  1000.00      1 
 0.07255211E+02 0.02274410E-01-0.02793346E-05-
0.02203844E-08 0.05359234E-12    2 
 0.06360353E+05-0.01094248E+03 0.03127143E+02 
0.01057134E+00-0.09746112E-05    3 
-0.07208357E-07 0.03567978E-10 0.07615831E+05 
0.01107465E+03                   4 
NFO3              121286F   1N   1O   3     G  0300.00   
5000.00  1000.00      1 
 0.09176275E+02 0.04219072E-01-0.01835576E-04 
0.03553718E-08-0.02541078E-12    2 
-0.02118639E+05-0.01934397E+03 0.02985786E+02 
0.02094642E+00-0.01652733E-03    3 
 0.04318770E-07 0.01660784E-11-0.04237215E+04 
0.01266793E+03                   4 
FO                121286F   1O   1          G  0300.00   
5000.00  1000.00      1 
 0.03913735E+02 0.07210714E-02-0.02796614E-05 
0.05337821E-09-0.03720184E-13    2 
 0.01180141E+06 0.03346368E+02 0.02879578E+02 
0.03399121E-01-0.02572855E-04    3 
 0.07422381E-08-0.04328053E-12 0.01209663E+06 
0.08738887E+02                   4 
F2O                62394O   1F   2    0    0G   300.000  
4000.000 1000.00    0 1 
 0.60217309E+01 0.71475725E-03-0.97378134E-07-
0.34959056E-10 0.74683395E-14    2 
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 0.22052676E+03-0.56771479E+01 0.33387480E+01 
0.58879559E-02-0.51963400E-06    3 
-0.39781107E-08 0.18826607E-11 0.10684116E+04 
0.87397604E+01                   4 
FO2               121286F   1O   2          G  0300.00   
5000.00  1000.00      1 
 0.05678971E+02 0.01442455E-01-0.06229546E-05 
0.01199612E-08-0.08543416E-13    2 
-0.03861836E+04-0.01941812E+02 0.03872542E+02 
0.06409974E-01-0.05517785E-04    3 
 0.02232771E-07-0.03876157E-11 0.01157076E+04 
0.07406950E+02                   4 
N                 120186N   1               G  0300.00   
5000.00  1000.00      1 
 0.02450268E+02 0.01066146E-02-0.07465337E-06 
0.01879652E-09-0.01025984E-13    2 
 0.05611604E+06 0.04448758E+02 0.02503071E+02-
0.02180018E-03 0.05420529E-06    3 
-0.05647560E-09 0.02099904E-12 0.05609890E+06 
0.04167566E+02                   4 
N2                121286N   2               G  0300.00   
5000.00  1000.00      1 
 0.02926640E+02 0.01487977E-01-0.05684761E-05 
0.01009704E-08-0.06753351E-13    2 
-0.09227977E+04 0.05980528E+02 0.03298677E+02 
0.01408240E-01-0.03963222E-04    3 
 0.05641515E-07-0.02444855E-10-0.01020900E+05 
0.03950372E+02                   4 
N2O               121286N   2O   1          G  0300.00   
5000.00  1000.00      1 
 0.04718977E+02 0.02873714E-01-0.01197496E-04 
0.02250552E-08-0.01575337E-12    2 
 0.08165811E+05-0.01657250E+02 0.02543058E+02 
0.09492193E-01-0.09792775E-04    3 
 0.06263845E-07-0.01901826E-10 0.08765100E+05 
0.09511222E+02                   4 
N2O+              121286N   2O   1E  -1     G  0300.00   
5000.00  1000.00      1 
 0.05398516E+02 0.02249478E-01-0.09577057E-05 
0.01823193E-08-0.01284422E-12    2 
 0.01584851E+07-0.03733146E+02 0.03187228E+02 
0.08350714E-01-0.07894549E-04    3 
 0.04597445E-07-0.01381075E-10 0.01591279E+07 
0.07779426E+02                   4 
N2O4              121286N   2O   4          G  0300.00   
5000.00  1000.00      1 
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 0.01048220E+03 0.05972272E-01-0.02564044E-04 
0.04916885E-08-0.03490969E-12    2 
-0.02849989E+05-0.02612289E+03 0.03624593E+02 
0.02474708E+00-0.02172875E-03    3 
 0.09927104E-07-0.02222817E-10-0.09128241E+04 
0.09457174E+02                   4 
N3                121286N   3               G  0300.00   
5000.00  1000.00      1 
 0.05208505E+02 0.02444507E-01-0.01038941E-04 
0.01977417E-08-0.01395644E-12    2 
 0.04796178E+06-0.03612756E+02 0.02882219E+02 
0.08930338E-01-0.08539038E-04    3 
 0.05045585E-07-0.01521248E-10 0.04863468E+06 
0.08481757E+02                   4 
NF                121286N   1F   1          G  0300.00   
5000.00  1000.00      1 
 0.03862177E+02 0.07551806E-02-0.03044943E-05 
0.05874447E-09-0.04187479E-13    2 
 0.02867243E+06 0.03457233E+02 0.02871947E+02 
0.03312193E-01-0.02691159E-04    3 
 0.01121951E-07-0.02475131E-11 0.02896257E+06 
0.08640247E+02                   4 
NF3                62394N   1F   3    0    0G   300.000  
4000.000 1000.00    0 1 
 0.82191658E+01 0.12927436E-02-0.16520647E-06-
0.68563703E-10 0.14209565E-13    2 
-0.17080596E+05-0.17275919E+02 0.29812291E+01 
0.11605310E-01-0.97407462E-06    3 
-0.84367731E-08 0.41166593E-11-0.15457758E+05 
0.10762127E+02                   4 
NF2                62394N   1F   2    0    0G   300.000  
4000.000 1000.00    0 1 
 0.59553924E+01 0.75965584E-03-0.10166460E-06-
0.37810439E-10 0.80034466E-14    2 
 0.18727911E+04-0.49131246E+01 0.31983922E+01 
0.59982142E-02-0.45932120E-06    3 
-0.40101686E-08 0.18564607E-11 0.27531292E+04 
0.99338350E+01                   4 
N2F4              L12/86N   2F   4    0    0G   298.150  
5000.000 1000.00      1 
 1.29150660E+01 3.50813620E-03-1.55468900E-06 
3.04562180E-10-2.19523540E-14    2 
-7.20081890E+03-3.77108998E+01 9.87812940E-01 
5.00295240E-02-7.36767080E-05    3 
 5.25234550E-08-1.47129610E-11-4.61010860E+03 
2.04857192E+01-2.64600820E+03    4 
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NFO               121286N   1F   1O   1     G  0300.00   
5000.00  1000.00      1 
 0.05174520E+02 0.01938472E-01-0.08222701E-05 
0.01564291E-08-0.01104497E-12    2 
-0.09670935E+05-0.05352461E+01 0.03352307E+02 
0.07229966E-01-0.06951137E-04    3 
 0.03828526E-07-0.01023558E-10-0.09167035E+05 
0.08854189E+02                   4 
NFO2              121286N   1F   1O   2     G  0300.00   
5000.00  1000.00      1 
 0.06816857E+02 0.03462640E-01-0.01492216E-04 
0.02869665E-08-0.02041857E-12    2 
-0.01560262E+06-0.09320129E+02 0.02447529E+02 
0.01544110E+00-0.01300595E-03    3 
 0.04856383E-07-0.06852266E-11-0.01439400E+06 
0.01328360E+03                   4 
NO+               121286N   1O   1E  -1     G  0300.00   
5000.00  1000.00      1 
 0.02914889E+02 0.01499335E-01-0.05727972E-05 
0.01017777E-08-0.06825390E-13    2 
 0.01181869E+07 0.06844346E+02 0.03297349E+02 
0.01422890E-01-0.04007441E-04    3 
 0.05670551E-07-0.02446972E-10 0.01180834E+07 
0.04749948E+02                   4 
NO2-              121286N   1O   2E   1     G  0300.00   
5000.00  1000.00      1 
 0.05043114E+02 0.02166428E-01-0.09455454E-05 
0.01816314E-08-0.01238394E-12    2 
-0.02621554E+06-0.01445905E+02 0.02448586E+02 
0.08982507E-01-0.07853431E-04    3 
 0.03927277E-07-0.01071694E-10-0.02545097E+06 
0.01213060E+03                   4 
O+                121286O   1E  -1          G  0300.00   
5000.00  1000.00      1 
 0.02501869E+02-0.06107262E-04 0.07324307E-07-
0.03438353E-10 0.05506408E-14    2 
 0.01879553E+07 0.04372827E+02 0.02499273E+02 
0.05820598E-04-0.01120922E-06    3 
 0.08232109E-10-0.01916378E-13 0.01879557E+07 
0.04384826E+02                   4 
O-                 90589O   1E   1          G  0300.00   
5000.00  1000.00      1 
 0.02559581E+02-0.07147888E-03 0.03301804E-06-
0.06660944E-10 0.04900727E-14    2 
 0.01148935E+06 0.04426187E+02 0.02747263E+02-
0.05724860E-02 0.02712548E-05    3 
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 0.02691512E-08-0.02002357E-11 0.01144395E+06 
0.03469852E+02                   4 
O2-               121286O   2E   1          G  0300.00   
5000.00  1000.00      1 
 0.03883013E+02 0.07407872E-02-0.02961776E-05 
0.05724305E-09-0.04086548E-13    2 
-0.07121644E+05 0.02658212E+02 0.02872292E+02 
0.03359716E-01-0.02664886E-04    3 
 0.09807524E-08-0.01670957E-11-0.06829094E+05 
0.07938373E+02                   4 
F2O2               62394O   2F   2    0    0G   300.000  
4000.000 1000.00    0 1 
 0.84977112E+01 0.13520310E-02-0.22209362E-06-
0.81411225E-10 0.18144444E-13    2 
 0.39865574E+04-0.17510046E+02 0.38821616E+01 
0.10168421E-01-0.76464210E-06    3 
-0.69832851E-08 0.32617253E-11 0.54515137E+04 
0.73176517E+01                   4 
F+                J 6/82F   1E  -1    0    0G   298.150  
6000.000 1000.00      1 
 2.68834861E+00-1.76182961E-04 6.06940639E-08-
8.91530067E-12 5.47552167E-16    2 
 2.11744095E+05 4.27480838E+00 3.08421084E+00-
9.00062139E-04-1.64599174E-07    3 
 1.10121336E-09-5.56270920E-13 2.11619101E+05 
2.14597653E+00 2.12499113E+05    4 
F-                J 6/82F   1E   1    0    0G   298.150  
6000.000 1000.00      1 
 2.50000000E+00 0.00000000E+00 0.00000000E+00 
0.00000000E+00 0.00000000E+00    2 
-3.14241522E+04 3.26488285E+00 2.50000000E+00 
0.00000000E+00 0.00000000E+00    3 
 0.00000000E+00 0.00000000E+00-3.14241522E+04 
3.26488285E+00-3.06787772E+04    4 
NOF3              TPIS78N   1O   1F   3    0G   298.150  
5000.000 1000.00      1 
 9.81602980E+00 3.54622150E-03-1.55212690E-06 
3.01635030E-10-2.16229090E-14    2 
-2.60181200E+04-2.45950113E+01 1.57858830E-01 
4.18848250E-02-6.27310050E-05    3 
 4.61904830E-08-1.34120260E-11-2.39304230E+04 
2.24234237E+01-2.24910790E+04    4 
N+                L 7/88N   1E  -1    0    0G   298.150  
6000.000 1000.00      1 
 2.51112967E+00 3.46441751E-06-1.59426938E-08 
7.24865663E-12-6.44501426E-16    2 
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 2.25624340E+05 4.92767661E+00 2.80269445E+00-
1.44758911E-03 2.77118380E-06    3 
-2.40187352E-09 7.80839931E-13 2.25575244E+05 
3.57877835E+00 2.26366632E+05    4 
N-                L 7/88N   1E   1    0    0G   298.150  
6000.000 1000.00      1 
 2.50897099E+00-9.58412751E-06 3.85210062E-09-
6.68935998E-13 4.20991172E-17    2 
 5.62083017E+04 4.94953202E+00 2.62723403E+00-
5.93445018E-04 1.12028916E-06    3 
-9.62585603E-10 3.11119557E-13 5.61880871E+04 
4.40111176E+00 5.69531625E+04    4 
N2+               TPIS89N   2E  -1    0    0G   298.150  
6000.000 1000.00      1 
 3.58661363E+00 2.53071949E-04 1.84778214E-07-
4.55257223E-11 3.26818029E-15    2 
 1.80390994E+05 3.09584150E+00 3.77540711E+00-
2.06459157E-03 4.75752301E-06    3 
-3.15664228E-09 6.70509973E-13 1.80481115E+05 
2.69322186E+00 1.81551099E+05    4 
N2-               J 9/77N   2E   1    0    0G   298.150  
5000.000 1000.00      1 
 3.11567530E+00 1.45886880E-03-6.01731480E-07 
1.13484230E-10-7.96585180E-15    2 
 1.68590580E+04 6.38985600E+00 3.88268480E+00-
3.19244460E-03 8.52278380E-06    3 
-7.34037460E-09 2.20568150E-12 1.67969350E+04 
3.11180520E+00 1.78744680E+04    4 
O2+               TPIS89O   2E  -1    0    0G   298.150  
6000.000 1000.00      1 
 3.31675922E+00 1.11522244E-03-3.83492556E-07 
5.72784687E-11-2.77648381E-15    2 
 1.39876823E+05 5.44726476E+00 4.61017167E+00-
6.35951952E-03 1.42425624E-05    3 
-1.20997923E-08 3.70956878E-12 1.39742229E+05-
2.01326874E-01 1.40937762E+05    4 
NO3-              TPIS89N   1O   3E   1    0G   298.150  
6000.000 1000.00      1 
 6.88404739E+00 3.16062982E-03-1.23048782E-06 
2.09257989E-10-1.29795471E-14    2 
-4.00548152E+04-1.17087097E+01 1.21258521E+00 
1.71545193E-02-1.05270457E-05    3 
-1.16074097E-09 2.33114998E-12-3.84077713E+04 
1.79933865E+01-3.73779731E+04    4 
NO2+               41895N   1O   2E  -1     G  0300.00   
5000.00  1000.00      1 
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 0.04682859E+02 0.02462429E-01-0.01042259E-04 
0.01976902E-08-0.01391717E-12    2 
 1.16377448E+05 0.09885985E+01 0.02670600E+02 
0.07838501E-01-0.08063865E-04    3 
 0.06161715E-07-0.02320150E-10 1.17012447E+05 
0.01161207E+03                   4 
F2+                90994N   0F   2E  -1    0G   300.000  
4000.000 1400.00    0 1 
 0.40871696E+01 0.28773994E-03-0.42124171E-07-
0.10744347E-10 0.24084770E-14    2 
 0.38982081E+06 0.19017669E+01 0.30832281E+01 
0.20225300E-02-0.37376336E-06    3 
-0.72879480E-09 0.31362716E-12 0.39018441E+06 
0.74287305E+01                   4 
NF3+               90994N   1F   3E  -1    0G   300.000  
4000.000 1400.00    0 1 
 0.82772875E+01 0.12120609E-02-0.14293019E-06-
0.65834289E-10 0.13135263E-13    2 
 0.28434403E+06-0.17602449E+02 0.35353677E+01 
0.10082626E-01-0.19761912E-05    3 
-0.41118668E-08 0.18401435E-11 0.28588697E+06 
0.80730133E+01                   4 
NF2+               90994N   1F   2E  -1    0G   300.000  
4000.000 1400.00    0 1 
 0.60226760E+01 0.68474363E-03-0.85805958E-07-
0.34053354E-10 0.69562801E-14    2 
 0.27545450E+06-0.53112230E+01 0.34224713E+01 
0.54404330E-02-0.10449339E-05    3 
-0.21526023E-08 0.95328823E-12 0.27632822E+06 
0.88361416E+01                   4 
NF+                41895N   1F   1E  -1     G  0300.00   
5000.00  1000.00      1 
 0.03862177E+02 0.07551806E-02-0.03044943E-05 
0.05874447E-09-0.04187479E-13    2 
 1.69734638E+05 0.03457233E+02 0.02871947E+02 
0.03312193E-01-0.02691159E-04    3 
 0.01121951E-07-0.02475131E-11 1.70024780E+05 
0.08640247E+02                   4 
FO+                41895F   1O   1E  -1     G  0300.00   
5000.00  1000.00      1 
 0.03913735E+02 0.07210714E-02-0.02796614E-05 
0.05337821E-09-0.03720184E-13    2 
 1.60819930E+05 0.03346368E+02 0.02879578E+02 
0.03399121E-01-0.02572855E-04    3 
 0.07422381E-08-0.04328053E-12 1.61115157E+05 
0.08738887E+02                   4 
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O3-                41895O   3E   1          G  0300.00   
5000.00  1000.00      1 
 0.05429371E+02 0.01820380E-01-0.07705607E-05 
0.01499293E-08-0.01075563E-12    2 
-0.10352366E+05-0.03266387E+02 0.02462609E+02 
0.09582781E-01-0.07087359E-04    3 
 0.01363368E-07 0.02969647E-11-0.95261090E+04 
0.01214187E+03                   4 
SIF4               41389F   4SI  1          G  0300.00   
2000.00  1000.00      1 
 0.09985301E+02 0.03532637E-01-0.01197378E-04-
0.01036549E-08 0.08661585E-12    2 
-0.01977200E+07-0.02472644E+03 0.02147416E+02 
0.03402219E+00-0.04756874E-03    3 
 0.03252196E-06-0.08819304E-10-0.01960449E+07 
0.01346315E+03                   4 
SIF3               42489SI  1F   3          G  0300.00   
3000.00  1000.00      1 
 0.08524790E+02 0.01323792E-01-0.02104279E-05-
0.01149504E-08 0.03055301E-12    2 
-0.01223522E+07-0.01550234E+03 0.04662868E+02 
0.01008788E+00-0.01805544E-04    3 
-0.07769299E-07 0.04377852E-10-0.01212965E+07 
0.04672966E+02                   4 
SIF2               42489SI  1F   2          G  0300.00   
3000.00  1000.00      1 
 0.06142470E+02 0.07807974E-02-0.01339312E-05-
0.06264839E-09 0.01725138E-12    2 
-0.07744042E+06-0.04712327E+02 0.03845345E+02 
0.06038465E-01-0.01167732E-04    3 
-0.04579554E-07 0.02607414E-10-0.07681634E+06 
0.07272984E+02                   4 
SIF                42489SI  1F   1          G  0300.00   
3000.00  1000.00      1 
 0.04120067E+02 0.03548821E-02-0.07200222E-06-
0.02190434E-09 0.06764591E-13    2 
-0.07561378E+05 0.02784246E+02 0.03144948E+02 
0.02588557E-01-0.05795912E-05    3 
-0.01807279E-07 0.01041172E-10-0.07294439E+05 
0.07876774E+02                   4 
SI                 32989SI  1               G  0300.00   
4000.00  1000.00      1 
 0.02775846E+02-0.06213257E-02 0.04843696E-05-
0.01275615E-08 0.01134482E-12    2 
 0.05339791E+06 0.04543298E+02 0.03113515E+02-
0.02330991E-01 0.03518531E-04    3 
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-0.02417573E-07 0.06391902E-11 0.05335062E+06 
0.03009719E+02                   4 
AR                 71091AR  1    0    0    0G   300.000 
10000.000 1000.00    0 1 
 0.25002515E+01 0.00000000E+00 0.00000000E+00 
0.00000000E+00 0.00000000E+00    2 
-0.74220392E+03 0.43685803E+01 0.25002515E+01 
0.00000000E+00 0.00000000E+00    3 
 0.00000000E+00 0.00000000E+00-0.74220386E+03 
0.43685799E+01                   4 
AR*                71091AR  1    0    0    0G   300.000 
10000.000 1000.00    0 1 
 0.25002515E+01 0.00000000E+00 0.00000000E+00 
0.00000000E+00 0.00000000E+00    2 
-0.74220392E+03 0.43685803E+01 0.25002515E+01 
0.00000000E+00 0.00000000E+00    3 
 0.00000000E+00 0.00000000E+00-0.74220386E+03 
0.43685799E+01                   4 
AR+                71091AR  1E  -1    0    0G   300.000 
10000.000 1000.00    0 1 
 0.29158056E+01-0.21295396E-03 0.44871523E-07-
0.42928139E-11 0.15255761E-15    2 
 0.18254130E+06 0.32622933E+01 0.23370614E+01 
0.59045892E-03 0.23632953E-06    3 
-0.48247095E-09 0.62204189E-13 0.18276163E+06 
0.65048552E+01                   4 
END 
 
REACTIONS  MOLECULES  KELVINS 
! TROTMAN-DICKENSON & MILNE 
NO + NO = N2 + O2                     1.350E-11   0.   
28680.  ! 3003-4303 
                                REV / 1.514E+01  -2.5  
64660. /! 1400-4300 
                                                         
      ! KONDRATIEV 
NO + N2O = N2 + NO2                   4.171E-10   0.   
25160.  ! 973-1033 
NO2 + F2 = NFO2 + F                   2.632E-12   0.    
5284.  ! 301-343 
NO2 + F2O = NFO2 + FO                 2.139E-13   0.    
7286.  ! 333-353 
O3 + O3 = O2 + O2 + O2                7.417E-12   0.    
9460.  ! 343-373 
! KERR & MOSS 
N + NO2 = N2 + O2                     1.413E-12   0.       
0.  ! 298 
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N + NO = N2 + O                       8.133E-11   0.     
408.  ! 298-670 
                                REV / 1.260E-10   0.   
38040. /! 2000-5000 
N + O2 = NO + O                       1.048E-14   1.    
3150.  ! 300-3000 
                                REV / 2.514E-15   1.   
19500. /! 1000-3000 
N + O3 = NO + O2                      5.498E-13   0.       
0.  ! 298 
O + O3 = O2 + O2                      8.714E-12   0.    
2113.  ! 200-500 
O + NO2 = O2 + NO                     1.738E-10  -0.52     
0.  ! 298-1055 
                                REV / 2.819E-12   0.   
23400. / 
O + N2O = O2 + N2                     1.660E-10   0.   
14090.  ! 1200-2000 
                                REV / 1.048E-10   0.   
55350. /! 1200-2000 
O + N2O = NO + NO                     1.660E-10   0.   
14090.  ! 1200-2000 
                                REV / 2.139E-12   0.   
32100. /! 1200-2000 
O + F2 = FO + F                       1.623E-11   0.    
5233.  ! 461-523 
                                REV / 6.610E-14   0.    
9561. / 
FO + F2 = F2O + F                     1.660E-13   0.    
5233.  !  
                                REV / 8.516E-14   0.    
6894. /! 501-583 
F + O3 = FO + O2                      2.819E-11   0.     
252.  ! 253-365 
NO3 + NO = NO2 + NO2                  6.922E-12   0.     
855.  ! 473-823 
                                REV / 5.373E-12   0.   
12880. /! 1500-2300 
NO3 + NO2 = NO2 + NO + O2             1.951E-13   0.    
1610.  ! 473-823 
                                REV / 5.760E-41   0.    -
483. /! 473-703 
NO + NO + O2 = NO2 + NO2              6.614E-39   0.    -
528.  ! 273-600 
                                REV / 2.632E-11   0.   
13790. /! 1471-1855 
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N + N + M = N2 + M                    1.414E-32   0.       
0.  ! 293-573 
                                REV / 3.163E-07  -0.5 
113200. /! 3000-8000 
                                                         
      ! KONDRATIEV 
N + O + M = NO + M                    9.129E-33   0.       
0.  ! 196-298 
                                REV / 2.275E-10   0.   
74680. /! 2600-6300 
                                                         
      ! WESTLEY 
O + O + M = O2 + M                    5.252E-35   0.    -
906.  ! 190-4000 
                                REV / 1.307E-10   0.   
52740. /! 4000-8500 
                                                         
      ! WESTLEY 
O + NO + M = NO2 + M                  7.251E-33   0.    -
805.  ! 298-473 
                                REV / 4.100E+04  -3.37 
37640. /! TSANG & HERRON 
O + NO2 + M = NO3 + M                 6.316E-32   0.       
0.  ! 295/N2 
N + NO2 = N2O + O                     1.413E-12   0.       
0.  ! 298 
!NF2 + NF = F2 + N2F                   3.313E-12   0.       
0.  ! 1800 
!NF2 + N2F = NF3 + N2                  1.660E-12   0.       
0.  ! 1800 
FO + FO = F + F + O2                  2.090E-12   0.       
0.  ! 782-807 
FO + FO = F2O + O                     6.610E-14   0.    
8051. 
NO + O3 = NO2 + O2                    2.346E-12   0.    
1459.  ! 203-361 
NO + F2 = NFO + F                     6.922E-13   0.    
1157.  ! 168-359 
! WESTLEY 
N2O + M = N2 + O + M                  2.358E-10   0.   
25810.  ! 1815-3365 
O + N3 = NO + N2                      9.996E-12   0.       
0.  ! 461 
O + NO3 = O2 + NO2                    9.996E-12   0.       
0.  ! 298-329 
O3 + NO2 = O2 + NO3                   1.567E-13   0.    
2509.  ! 259-363 
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NO + NO + NO = NO2 + N2O              2.950E-38   0.   
13490.  ! 713-923 
NO3 + NO3 = NO2 + NO2 + O2            8.501E-13   0.    
2450.  ! 298-329 
O3 + M = O + O2 + M                   7.173E-10   0.   
11170.  ! 300-3000 
                                REV / 2.573E-35   0.     
855. /! N2, KONDRATIEV 
! KONDRATIEV 
N + NO2 = NO + NO                     5.891E-12   0.       
0.  ! 293 
N + NO2 = N2 + O + O                  1.123E-12   0.       
0.  ! 293 
N2O + N2O = N2 + N2 + O2              6.169E-18   0.       
0.  ! 992 
! ATKINSON, JPCRD 21, 1125 (1992) 
O + FO = O2 + F                       5.000E-11   0.       
0.  ! 298 
O + FO2 = O2 + FO                     5.000E-11   0.       
0.  ! 298 
FO + NO = F + NO2                     2.600E-11   0.       
0.  ! 298 
! ATKINSON, JPCRD 18, 881 (1989) 
F + NO2 + M = NFO2 + M                8.999E-26  -2.       
0. 
FO + NO2 + M = NFO3 + M               4.229E-23  -3.4      
0. 
! ELLIS HYMAN 
 
NF2 + M = NF + F + M                 1.260E-09   0.   
25700.  ! 1500-2500 
NF2 + NF2 + M = N2F4 + M              1.500E-32   0.       
0.  ! 298 
F + F + M = F2 + M                    2.800E-34   0.       
0.  !  
                                REV / 7.600E-12   0.   
14300. /!  
NF2 + F2O = NF3 + FO                  5.000E-12   0.5  
11100.  ! 393-443 
NF2 + F2 = NF3 + F                    3.000E-14   0.    
4860.  ! 308-357 
NF + NF = N2 + F + F                  6.879E-11   0.    
1251.  ! 420-2500 
                                                         
      ! W/ KONDRATIEV 
NF + NF = F2 + N2                     4.000E-12   0.       
0.  ! 300 
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! (LAST TWO RATES SUM TO 5.E-12 AT 300 K) 
NF + N2F2 = NF2 + N2 + F              2.000E-12   0.       
0.  ! 420. Weiller,B.H 
NF + NF2 = N2F2 + F                   3.747E-12   0.     
187.  ! 298-420 
NF2 + O = NFO + F                     1.250E-11   0.       
0.  ! 300-750 
NF2 + O = NF + FO                     1.800E-12   0.       
0.  ! 298 
NF2 + N = F + F + N2                  1.400E-11   0.      
95.  ! 300-795 
                                                         
      ! N2F ELIMINATED 
!NF2 + N = F + N2F                     1.400E-11   0.      
95.  ! 300-795 
NF2 + N = NF + NF                     3.000E-12   0.       
0.  ! 298 
NF2 + NO2 = NFO + NFO                 8.600E-14   0.    
2450.  ! 300-540 
NF2 + F + M = NF3 + M                 1.030E-30   0.       
0.  ! 440 K, 20Torr Ar 
                                REV / 3.980E-10   0.   
18417. /! 1050-1600K,500-1700t 
NF2 + FO = F + F + NFO                3.800E-12   0.       
0.  ! 300 
F + N3 = NF + N2                      5.800E-11   0.       
0.  ! 298 
NO + F + M = NFO + M                  9.468E-28  -1.70     
0.  ! 200-300 
F2O + M = F + FO + M                  3.000E-09   0.   
17500.  ! 900-1300 
F + NO3 = FO + NO2                    3.000E-11   0.       
0.  ! 298 
F2O2 + M = F + FO2 + M                4.600E-03  -1.0   
9900.  ! 290-310 
                                REV / 3.000E-32   0.       
0. /! 290-310 
F + O2 + M = FO2 + M                  1.100E-30  -1.0      
0.  ! 300-400 
                                REV / 6.300E-09   0.    
5800. /! 200-400 
F2O2 + O2 = FO2 + FO2                 8.400E-08   0.    
6520.  ! 199-286 
                                REV / 2.000E-06   0.    
6550. /! 199-286 
F2O2 + F = FO2 + F2                   3.600E-14   0.       
0.  ! 298 
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FO + NO3 = FO2 + NO2                  1.000E-12   0.       
0.  ! 298 
F + FO2 = F2 + O2                     1.500E-11   0.    
1500.  ! 290-310 
                                REV / 5.200E-11   0.   
10800. /! 290-310 
FO2 + FO2 + M = O2 + O2 + F2 + M      2.400E-33   0.       
0.  ! 295 
! NILES, JCP 52, 408 (1970) 
N + NO + M = N2O + M                  3.570E-36   0.       
0. 
! OTHER POSSIBLE REACTIONS INVOLVING NEUTRAL SPECIES 
! NF + NF2 = N2 + F2 + F 
! NF + NF2 = N2 + F + F + F 
! NF2 + NF2 = N2 + F + F + F + F 
! F + NF2 = NF + F2 
! OTHER POSSIBLE REACTIONS INVOLVING N2F (FROM GMELIN) 
!NF + NF = N2F + F 
!N2F + M = N2 + F + M 
!N2F + F = N2 + F + F 
!N2F2 + NF2 = N2F + NF3 
! Add high-temperature dissociation paths (NIST Database) 
 NF3 = NF2 + F                        6.810E-08   0.   
24160. !1100-1800K 
 NF2 = NF + F                         1.260E-09   0.   
25700. !1500-2500K 
!-----------------CHARGE TRANSFER---SCALE WITH I.P. 
RATIO----------- 
  F+  + F2  => F2+  + F     9.70E-10     0.0          0.0 
  F+  + N   => N+   + F     1.04E-09     0.0          0.0 
  F+  + NF3 => NF3+ + F     1.16E-09     0.0          0.0 
  F+  + NF  => NF+  + F     1.23E-09     0.0          0.0 
  F+  + NF2 => NF2+ + F     1.30E-09     0.0          0.0 
  F+  + O   => O+   + F     1.10E-09     0.0          0.0 
  F+  + NO2 => NO2+ + F     8.46E-10     0.0          0.0 
  F2+ + N   => N+   + F2    9.37E-10     0.0          0.0 
  F2+ + NF3 => NF3+ + F2    1.04E-09     0.0          0.0 
  F2+ + NF  => NF+  + F2    1.11E-09     0.0          0.0 
  F2+ + NF2 => NF2+ + F2    1.17E-09     0.0          0.0 
  F2+ + O   => O+   + F2    1.00E-09     0.0          0.0 
  F2+ + O2  => O2+  + F2    1.13E-09     0.0          0.0 
  F2+ + NO  => NO+  + F2    1.47E-09     0.0          0.0 
  F2+ + NO2 => NO2+ + F2    1.42E-09     0.0          0.0 
  F2+ + N2O => N2O+ + F2    1.05E-09     0.0          0.0 
  N2+ + N   => N+   + N2    9.37E-10     0.0          0.0 
  N2+ + NF3 => NF3+ + N2    1.04E-09     0.0          0.0 
  N2+ + NF  => NF+  + N2    1.11E-09     0.0          0.0 
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  N2+ + NF2 => NF2+ + N2    1.17E-09     0.0          0.0 
  N2+ + NO2 => NO2+ + N2    1.42E-09     0.0          0.0 
  N+  + NF3 => NF3+ + N     9.70E-10     0.0          0.0 
  N+  + NF  => NF+  + N     1.03E-09     0.0          0.0 
  N+  + NF2 => NF2+ + N     1.08E-09     0.0          0.0 
  N+  + O   => O+   + N     9.25E-10     0.0          0.0 
  N+  + NO2 => NO2+ + N     1.31E-09     0.0          0.0 
  NF3+ + NF => NF+  + NF3   9.20E-10     0.0          0.0 
  NF3+ + NF2 => NF2+ + NF3  9.70E-10     0.0          0.0 
  NF3+ + O2  => O2+ + NF3   9.30E-10     0.0          0.0 
  NF3+ + NO  => NO+ + NF3   1.21E-09     0.0          0.0 
  NF3+ + NO2 => NO2+ + NF3  1.17E-09     0.0          0.0 
  NF+ + NF2 => NF2+ + NF    9.15E-10     0.0          0.0 
  NF+ + NO  => NO+  + NF    1.14E-09     0.0          0.0 
  NF+ + NO2 => NO2+ + NF    1.10E-09     0.0          0.0 
! ANICICH -- ALL VALUES AT 300 K 
N+ + O2 = O+ + NO                     4.639E-11   0.       
0. 
N+ + O2 = NO+ + O                     2.320E-10   0.       
0. 
N+ + O2 = O2+ + N                     3.073E-10   0.       
0. 
N+ + NO = NO+ + N                     4.717E-10   0.       
0. 
N+ + NO = N2+ + O                     8.325E-11   0.       
0. 
N+ + N2O = NO+ + N2                   5.549E-10   0.       
0. 
N2+ + O = O+ + N2                     9.800E-12   0.       
0. 
N2+ + O = NO+ + N                     1.302E-10   0.       
0. 
N2+ + O2 = O2+ + N2                   5.000E-11   0.       
0. 
N2+ + NO = NO+ + N2                   4.100E-10   0.       
0.  ! GUESS PRODUCTS  
N2+ + N2O = N2O+ + N2                 6.001E-10   0.       
0. 
O+ + N2 = NO+ + N                     1.200E-12   0.       
0. 
O+ + O2 = O2+ + O                     2.100E-11   0.       
0. 
O+ + NO = NO+ + O                     8.000E-13   0.       
0. 
O+ + NO2 = NO2+ + O                   1.600E-09   0.       
0. 
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O+ + N2O = N2O+ + O                   6.300E-10   0.       
0. 
O2+ + N = NO+ + O                     1.500E-10   0.       
0. 
O2+ + NO = NO+ + O2                   4.599E-10   0.       
0. 
O2+ + NO2 = NO2+ + O2                 6.600E-10   0.       
0. 
F+ + N2 = N2+ + F                     9.700E-10   0.       
0. 
F+ + O2 = O+ + FO                     6.056E-11   0.       
0. 
F+ + O2 = O2+ + F                     7.007E-10   0.       
0. 
F+ + O2 = FO+ + O                     1.038E-10   0.       
0. 
F+ + NO = NO+ + F                     8.460E-10   0.       
0. 
F+ + NO = NF+ + O                     9.400E-11   0.       
0. 
!F+ + N2O = O+ + N2F                   8.000E-11   0.       
0. 
F+ + N2O = NO+ + NF                   7.200E-10   0.       
0. 
NO2+ + NO = NO+ + NO2                 2.750E-10   0.       
0. 
N2O+ + O2 = O2+ + N2O                 2.242E-10   0.       
0. 
N2O+ + O2 = NO+ + NO2                 4.589E-11   0.       
0. 
N2O+ + NO = NO+ + N2O                 2.300E-10   0.       
0. 
N2O+ + NO2 = NO+ + N2 + O2            4.291E-10   0.       
0. 
N2O+ + NO2 = NO2+ + N2O               2.210E-10   0.       
0. 
N2O+ + N2O = NO+ + N2 + NO            1.200E-11   0.       
0. 
! Small oxygen mech. 
  O- + O => O2 + E                1.4E-10    0.0           
0. 
  O- + O2* => O3 + E              3.0E-10    0.0           
0. 
  O + O + O2 => O3 + O            2.1E-34    0.0        -
345.0 
  O + O2 + O2 => O3 + O2          6.4E-34    0.0        -
663.0 
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  O3 + O => O2* + O2              1.0E-11    0.0        
2300.0 
!  O3 + O => O2 + O2               1.8E-11    0.0        
2300.0 
  O2** + O3 => 2O2 + O            1.5E-11    0.0           
0.0 
  2O2* + O2 => 2O3                1.0E-31    0.0           
0.0 
  O2* + O3 => 2O2 + O             5.2E-11    0.0        
2840.0 
! STEINFELD, JPCRD 16, 911 (1987) 
O- + O2 = O3 + E                      5.000E-15   0.       
0. 
O- + O2 + M = O3- + M                 1.100E-30   0.       
0. 
O2- + O = O3 + E                      1.500E-10   0.       
0. 
O- + O2+ + M = O + O2 + M             2.000E-25   0.       
0. 
O3- + O+ = O3 + O                     1.732E-06  -0.5      
0. 
O3- + O2+ = O3 + O2                   3.464E-06  -0.5      
0. 
O3 + E + M = O3- + M                  4.599E-28   0.       
0. 
O3- + O = O2- + O2                    1.100E-11   0.       
0. 
O3- + N2 = NO2- + NO                  1.000E-20   0.       
0. 
O3- + NO2 = O2 + NO3-                 2.800E-10   0.       
0. 
NO2- + O3 = O2 + NO3-                 9.000E-11   0.       
0. 
O- + O3 = O3- + O                     5.499E-10   0.       
0. 
O- + O3 = O2- + O2                    1.000E-11   0.       
0. 
O2- + O3 = O3- + O2                   3.200E-10   0.       
0. 
O3- + O = O2 + O2 + E                 1.100E-13   0.       
0. 
O- + O3 = O2 + O2 + E                 3.000E-10   0.       
0. 
!-----------------ION-ION NEUTRALIZATION----------------- 
  F- + NF3+ => 2F + NF2     1.00E-08     0.0          0.0 
  F- + NF2+ => 2F + NF      1.00E-08     0.0          0.0 
  F- + NF+  => F + NF       1.00E-08     0.0          0.0 
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  F- + N2+  => F + N2       1.00E-08     0.0          0.0 
  F- + N+   => F + N        1.00E-08     0.0          0.0 
  F- + F2+  => F + F2       1.00E-08     0.0          0.0 
  F- + F+   => F + F        1.00E-08     0.0          0.0 
  F- + O+   => F + O        1.00E-08     0.0          0.0 
  F- + O2+  => F + O2       1.00E-08     0.0          0.0 
  F- + NO+  => F + NO       1.00E-08     0.0          0.0 
  F- + NO2+ => F + NO2      1.00E-08     0.0          0.0 
  F- + N2O+ => F + N2O      1.00E-08     0.0          0.0 
  F- + FO+  => F + FO       1.00E-08     0.0          0.0 
!-------------------------------------------------------- 
! PLUMB & RYAN 
! F2 + E = F + F + E                    3.299E-10   0.       
0. 
! O2 + E = O + O + E                    1.100E-10   0.       
0. 
! LIFSHITZ, JCP 68, 247 (1978) 
F- + O3 = F + O3-                     2.001E-14   0.       
0. 
! Electron Impact Excitation by Boltzmann Code 
  E + NF3 => E + NF3        1.7245E-12   4.1955E-01   
3.1986E+03 
    TDEP/E/      !NF3-VIB 1                          
    EXCI/ 0.06/ 
    DUP 
  E + NF3 => E + NF3        4.1030E-09   1.6239E-01   
1.6697E+03 
    TDEP/E/      !NF3-VIB 2                          
    EXCI/ 0.14/ 
    DUP 
  E + NF3 => E + NF3        3.4246E-21   2.5187E+00   
3.3296E+04 
    TDEP/E/      !electronic excitation              
    EXCI/ 7.70/ 
    DUP 
  E + NF3 => NF2 + F + E    2.0602E-17   1.7178E+00   
3.7274E+04 
    TDEP/E/      !NF3-NEUTRAL DISSOCIATION           
  E + NF3 => NF + 2F + E    1.3521E-30   4.4547E+00   
3.4210E+04 
    TDEP/E/      !NF3 NEUTRAL DISSOCIATION           
  E + NF3 => NF2 + F-       1.4937E-08  -1.4205E-01   
3.7513E+03 
    TDEP/E/      !NF3-DISSOCIATIVE ATTACHMENT        
  NF3 + E => NF3+  + 2E     7.3855E-34   5.0007E+00   
3.8111E+04 
    TDEP/E/       !NF3+ IONIZATION                   
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  NF3 + E => NF2+  + 2E + F 2.2458E-40   6.4587E+00   
3.4184E+04 
    TDEP/E/       !NF2+ IONIZATION                   
  NF3 + E => NF+  + 2E + 2F 3.9335E-63   1.1041E+01   
3.9849E+04 
    TDEP/E/       !NF+ IONIZATION                    
  E + NF2 => NF + F + E     1.5727E-17   1.8440E+00   
2.7565E+04 
    TDEP/E/      !NF2-NEUTRAL DISSOCIATION           
  E + NF2 => N + 2F + E     1.6862E-23   2.9940E+00   
3.7652E+04 
    TDEP/E/      !NF2 NEUTRAL DISSOCIATION           
  NF2 + E => NF2+  + 2E     2.2067E-33   4.9418E+00   
3.1902E+04 
    TDEP/E/      !NF2 IONIZATION                     
  E + NF => N + F + E       1.5727E-17   1.8440E+00   
2.7565E+04 
    TDEP/E/      !NF-NEUTRAL DISSOCIATION            
  NF + E => NF+  + 2E       1.9380E-42   6.8029E+00   
3.3586E+04 
    TDEP/E/       !NF IONIZATION                     
  E + N2 => N2 + E          1.0099E-03  -1.0949E+00   
1.7337E+04 
    TDEP/E/      ! N2_ROEXC_CAR                      
    EXCI/ 0.02/ 
    DUP 
  E + N2 => N2 + E          5.1699E-13   6.1113E-01   
5.3449E+03 
    TDEP/E/      !N2_VIBEXC_0.29                     
    EXCI/ 0.29/ 
    DUP 
  E + N2 => N2 + E          5.9840E-01  -1.7665E+00   
2.1980E+04 
    TDEP/E/      !N2_VIBEXC_0.291                    
    EXCI/ 0.29/ 
    DUP 
  E + N2 => N2 + E          2.5731E-01  -1.7326E+00   
2.2322E+04 
    TDEP/E/      !N2_VIBEXC_0.59                     
    EXCI/ 0.59/ 
    DUP 
  E + N2 => N2 + E          4.4889E-01  -1.8499E+00   
2.2634E+04 
    TDEP/E/      !N2_VIBEXC_0.88                     
    EXCI/ 0.88/ 
    DUP 
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  E + N2 => N2 + E          6.5681E-02  -1.6467E+00   
2.3254E+04 
    TDEP/E/      !N2_VIBEXC_1.17                     
    EXCI/ 1.17/ 
    DUP 
  E + N2 => N2 + E          8.1622E-02  -1.6959E+00   
2.3667E+04 
    TDEP/E/      !N2_VIBEXC_1.47                     
    EXCI/ 1.47/ 
    DUP 
  E + N2 => N2 + E          2.0737E+00  -2.0502E+00   
2.5621E+04 
    TDEP/E/      !N2_VIBEXC_1.76                     
    EXCI/ 1.76/ 
    DUP 
  E + N2 => N2 + E          1.4520E+01  -2.3412E+00   
2.7118E+04 
    TDEP/E/      !N2_VIBEXC_2.06                     
    EXCI/ 2.06/ 
    DUP 
  E + N2 => N2 + E          7.2326E-01  -2.0862E+00   
2.7851E+04 
    TDEP/E/      !N2_VIBEXC_2.35                     
    EXCI/ 2.35/ 
    DUP 
  E + N2 => N2 + E          5.6495E-21   2.1658E+00   
2.9055E+04 
    TDEP/E/      !N2_excitation_6.17       A[3]sigma 
    EXCI/ 6.17/ 
    DUP 
  E + N2 => N2 + E          7.4823E-21   2.2745E+00   
3.1907E+04 
    TDEP/E/      !N2_excitation_7.00       A[3]sigma 
    EXCI/ 7.00/ 
    DUP 
  E + N2 => N2 + E          2.6692E-19   2.0594E+00   
3.3573E+04 
    TDEP/E/      !N2_excitation_7.35       B[3]pi{g} 
    EXCI/ 7.35/ 
    DUP 
  E + N2 => N2 + E          4.8449E-21   2.4158E+00   
3.2332E+04 
    TDEP/E/      !N2_excitation_7.36       W[3]delta 
    EXCI/ 7.36/ 
    DUP 
  E + N2 => N2 + E          1.2157E-21   2.4398E+00   
3.5358E+04 
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    TDEP/E/      !N2_excitation_7.80       A[3]sigma 
    EXCI/ 7.80/ 
    DUP 
  E + N2 => N2 + E          9.7236E-22   2.4598E+00   
3.6081E+04 
    TDEP/E/      !N2_excitation_8.16       B'[3]sigm 
    EXCI/ 8.16/ 
    DUP 
  E + N2 => N2 + E          9.1888E-22   2.4457E+00   
3.7463E+04 
    TDEP/E/      !N2_excitation_8.40       a'[1]sigm 
    EXCI/ 8.40/ 
    DUP 
  E + N2 => N2 + E          3.5894E-22   2.6305E+00   
3.7012E+04 
    TDEP/E/      !N2_excitation_8.55       a[1]pi    
    EXCI/ 8.55/ 
    DUP 
  E + N2 => N2 + E          5.1845E-21   2.3116E+00   
4.0490E+04 
    TDEP/E/      !N2_excitation_8.89       w[1]delta 
    EXCI/ 8.89/ 
    DUP 
  E + N2 => N2 + E          2.8765E-27   3.8281E+00   
3.7962E+04 
    TDEP/E/      !N2_excitation_11.03      C[3]pi    
    EXCI/11.03/ 
    DUP 
  E + N2 => N2 + E          6.0906E-33   4.5247E+00   
3.5432E+04 
    TDEP/E/      !N2_excitation_11.88      E[3]sigma 
    EXCI/11.88/ 
    DUP 
  E + N2 => N2 + E          3.4764E-32   4.5557E+00   
3.7072E+04 
    TDEP/E/      !N2_excitation_12.25      a"[1]sigm 
    EXCI/12.25/ 
    DUP 
  E + N2 => N2 + E          2.0173E-34   5.2876E+00   
3.6200E+04 
    TDEP/E/      !N2_excitation_sum1       sum of si 
    EXCI/13.00/ 
    DUP 
  E + N2 => N2+ + 2E        2.5615E-43   7.0658E+00   
3.1481E+04 
    TDEP/E/      !N2_IONIZATION                      
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  E + N => N + E            4.5735E-24   2.9872E+00   
4.5365E+04 
    TDEP/E/       !N excitation:   4p-3s             
    EXCI/10.33/ 
    DUP 
  E + N => N + E            3.1169E-30   4.3697E+00   
3.3085E+04 
    TDEP/E/       !N excitation:   4p-2p4            
    EXCI/10.92/ 
    DUP 
  E + N => N + E            6.6120E-02  -1.1422E+00   
2.5550E+04 
    TDEP/E/       !N excitation:   2D0-2p3           
    EXCI/ 2.38/ 
    DUP 
  E + N => N + E            3.8661E-03  -1.0324E+00   
3.4755E+04 
    TDEP/E/       !N excitation:   2P0-2p3           
    EXCI/ 3.57/ 
    DUP 
  E + N => N + E            2.2374E-21   2.3442E+00   
5.0639E+04 
    TDEP/E/       !N excitation:   2P-3p             
    EXCI/10.68/ 
    DUP 
  E + N => N + E            2.4480E-29   4.0041E+00   
3.7084E+04 
    TDEP/E/       !N excitation:   2S0-3p            
    EXCI/11.60/ 
    DUP 
  E + N => N + E            4.2351E-31   4.2666E+00   
3.6427E+04 
    TDEP/E/       !N excitation:   4D0-3p            
    EXCI/11.75/ 
    DUP 
  E + N => N + E            1.8714E-35   5.2822E+00   
3.4168E+04 
    TDEP/E/       !N excitation:   4P0-3p            
    EXCI/11.84/ 
    DUP 
  E + N => N + E            4.5728E-30   4.0970E+00   
3.7647E+04 
    TDEP/E/      !N excitation:   4S0-3p             
    EXCI/11.99/ 
    DUP 
  E + N => N + E            9.7994E-31   4.1875E+00   
3.7772E+04 
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    TDEP/E/       !N excitation:   2D0-3p            
    EXCI/12.00/ 
    DUP 
  E + N => N + E            2.1845E-30   4.2142E+00   
3.8395E+04 
    TDEP/E/       !N excitation:   2P0-3p            
    EXCI/12.12/ 
    DUP 
  E + N => N + E            2.5916E-32   4.5913E+00   
3.9470E+04 
    TDEP/E/       !N excitation:   2p-3d             
    EXCI/12.97/ 
    DUP 
  E + N => N + E            1.0292E-33   4.7754E+00   
3.8617E+04 
    TDEP/E/       !N excitation:   4F-3d             
    EXCI/12.98/ 
    DUP 
  E + N => N + E            7.8858E-33   4.5971E+00   
3.9485E+04 
    TDEP/E/       !N excitation:  2F-3d              
    EXCI/12.99/ 
    DUP 
  E + N => N + E            3.9622E-38   5.7953E+00   
3.6229E+04 
    TDEP/E/       !N excitation:   4F-3d             
    EXCI/12.99/ 
    DUP 
  E + N => N + E            1.4103E-33   4.7450E+00   
3.9233E+04 
    TDEP/E/       !N excitation:   4D-3d             
    EXCI/13.01/ 
    DUP 
  E + N => N + E            1.0584E-32   4.5682E+00   
4.0117E+04 
    TDEP/E/       !N excitation:   2D-3d             
    EXCI/13.03/ 
    DUP 
  E + N => N + E            1.2475E-39   6.0655E+00   
3.8618E+04 
    TDEP/E/      !excitation:4p-ns                   
    EXCI/13.70/ 
    DUP 
  E + N => N+ + 2E          5.1110E-37   5.7818E+00   
4.7602E+04 
    TDEP/E/      !N IONIZATION                       
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  E + F2 => F2 + E          1.0139E-06  -7.4923E-01   
3.1572E+03 
    TDEP/E/      ! F2_VIBEXC_0.1108                  
    EXCI/ 0.11/ 
    DUP 
  E + F2 => F2 + E          4.8207E-06  -8.7432E-01   
4.9171E+03 
    TDEP/E/      ! F2_VIBEXC_0.2188                  
    EXCI/ 0.22/ 
    DUP 
  E + F2 => F2 + E          2.3685E-05  -1.0611E+00   
6.8835E+03 
    TDEP/E/      ! F2_VIBEXC_0.3237                  
    EXCI/ 0.32/ 
    DUP 
  E + F2 => F2 + E          5.9473E-05  -1.2613E+00   
8.5679E+03 
    TDEP/E/      ! F2_VIBEXC_0.4205                  
    EXCI/ 0.42/ 
    DUP 
  E + F2 => F2 + E          6.8808E-08  -3.4041E-01   
3.1029E+04 
    TDEP/E/      ! F2_excitation_3.16       a[3]pi{u 
    EXCI/ 3.16/ 
    DUP 
  E + F2 => F2 + E          9.6839E-07  -6.9069E-01   
3.9425E+04 
    TDEP/E/      ! F2_excitation_4.34       A[1]pi{u 
    EXCI/ 4.34/ 
    DUP 
  E + F2 => F2 + E          3.7540E-32   4.7450E+00   
3.3267E+04 
    TDEP/E/      ! F2_excitation_11.57      C[1]sigm 
    EXCI/11.57/ 
    DUP 
  E + F2 => F2 + E          1.0947E-51   8.5431E+00   
3.7389E+04 
    TDEP/E/      ! F2_excitation_13.08      H[1]pi{u 
    EXCI/13.08/ 
    DUP 
  E + F2 => F + F-          1.0246E-05  -8.9628E-01   
1.0818E+03 
    TDEP/E/      ! F2_DISATT                         
  E + F2 => F2+ + 2E        1.6390E-44   7.2458E+00   
3.2883E+04 
    TDEP/E/      ! F2_ION                            
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  E + F => F+ + 2E          2.2389E-47   7.8095E+00   
3.4076E+04 
    TDEP/E/      ! F_ION                             
  E + O2 => O2 + E          9.0604E-08  -3.9720E-01   
3.7270E+04 
    TDEP/E/      ! O2_VIBEXC_0.19R                   
    EXCI/ 0.19/ 
    DUP 
  E + O2 => O2 + E          7.6869E-08  -4.5911E-01   
3.7093E+04 
    TDEP/E/      ! O2_VIBEXC_0.38R                   
    EXCI/ 0.38/ 
    DUP 
  E + O2 => O2 + E          1.2524E-25   3.3027E+00   
1.4230E+02 
    TDEP/E/      ! O2_VIBEXC_0.57                    
    EXCI/ 0.57/ 
    DUP 
  E + O2 => O2 + E          4.8551E-26   3.3467E+00   
2.6030E+03 
    TDEP/E/      ! O2_VIBEXC_0.75                    
    EXCI/ 0.75/ 
    DUP 
  E + O2 => O2* + E         4.2365E-11   2.6048E-01   
1.4283E+04 
    TDEP/E/      ! O2_excitation_0.977      a[1]delt 
    EXCI/ 0.98/ 
  E + O2 => O2** + E        1.0528E-09  -1.7482E-01   
1.9499E+04 
    TDEP/E/      ! O2_excitation_1.627      B[1]sigm 
    EXCI/ 1.63/ 
  E + O2 => O2 + E          4.8729E-06  -8.5211E-01   
4.2367E+04 
    TDEP/E/      ! O2_excitation_4.5                 
    EXCI/ 4.50/ 
    DUP 
  E + O2 => O2 + E          1.2619E-15   1.3118E+00   
3.0633E+04 
    TDEP/E/      ! O2_excitation_6.0                 
    EXCI/ 6.00/ 
    DUP 
  E + O2 => O2 + E          1.5353E-18   2.0712E+00   
3.7756E+04 
    TDEP/E/      ! O2_excitation_8.4                 
    EXCI/ 8.40/ 
    DUP 
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  E + O2 => O2 + E          8.2247E-26   3.1159E+00   
4.2282E+04 
    TDEP/E/      ! O2_excitation_9.97                
    EXCI/10.00/ 
    DUP 
  E + O2 => 2O + E          9.0551E-38   5.5848E+00   
4.5474E+04 
    TDEP/E/      ! O2_DISEXC_14.7                    
  E + O2 => O2+ + 2E        4.6433E-34   5.1630E+00   
3.3264E+04 
    TDEP/E/      ! O2_ION                            
  E + O2 => O + O-          3.3868E-04  -1.4743E+00   
4.6608E+04 
    TDEP/E/      ! O2_ATT_2  Two body (energy loss @ 
  E + O => O* + E           7.5822E-08  -3.2269E-01   
2.2243E+04 
    TDEP/E/      ! O_excitation_1D                   
    EXCI/ 1.96/ 
  E + O => O** + E          3.4607E-06  -6.7422E-01   
3.9354E+04 
    TDEP/E/       ! O_excitation_1S                  
    EXCI/ 4.18/ 
  E + O => O+ + 2E          9.8814E-35   5.2917E+00   
3.8669E+04 
    TDEP/E/      ! O_ionization                      
  E + N+ => N               2.2500E-01   -2.500E+00   
0.0000E+00 
    TDEP/E/      !N_RECOMBINATION 
  E + N2+ => N + N          2.2500E-01   -2.500E+00   
0.0000E+00 
    TDEP/E/      !N2_RECOMBINATION 
  E + N2+ => N2             2.2500E-01   -2.500E+00   
0.0000E+00 
    TDEP/E/      !N2_RECOMBINATION 
  E + N2F2 => 2N + 2F + E   2.2810E-17   1.7049E+00   
3.6391E+04 
    TDEP/E/      !N2F2-NEUTRAL DISSOCIATION           
  E + N2F4 => 2N + 4F + E   2.2810E-17   1.7049E+00   
3.6391E+04 
    TDEP/E/      !N2F4-NEUTRAL DISSOCIATION           
!Ionization reactions for AR: 
E + AR => 2E + AR+    7.07E-11 0.610 187120.0 !Ref. 
Meeks 1998    
 TDEP/E/     !From ground states. 
 
E + AR* => 2E + AR+ 1.25E-07 0.050 60254.0 !Ref 
Meeks 1998 
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 TDEP/E/     !From the metastable 
states. 
 
!Metastable States formation 
E + AR => E + AR* 1.17E-08 0.047 138560.0 
 TDEP/E/      
  
!Recombination reactions. 
!E + AR+ => AR    
  
!The excitation reactions. 
E + AR => E + AR        6.271E-9       0.0       327000.0    
TDEP/E/           ! Exictation to 3d'_3/2 state.  
EXCI/14.3/ 
DUP 
 
E + AR => E + AR        3.52E-9        0.0       346000.0 
TDEP/E/           ! Excitation to 3d_3/2 state. 
EXCI/14.15/ 
DUP 
 
E + AR => E + AR        9.237E-10      0.0       359999.0 
TDEP/E/           ! Excitation to 5S_3/2 state. 
EXCI/14.1/ 
DUP 
 
E + AR => E + AR        2.501E-10      0.0       365000.0 
TDEP/E/           ! Excitation to 5S_1/2 state. 
EXCI/14.3/ 
DUP 
! 
END 

 
 
 

NF3ArSurf.inp 
! This mechanism describes recombination reactions for 
nf3o2 plasma ions 
! as well as radical recombination reactions for O and F 
on quartz. 
! 
 
MATERIAL WALL 
!SITE/CERAMICS/ SDEN/2.25E-9/ 
! AL2O3(S) 
!END 
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REACTIONS MWOFF MOLECULES KELVIN 
AR+ + E => AR  1.0 0.0 0.0 
 FORD/E 0/ 
 BOHM 
AR* => AR 1.0 0.0 0.0 
 FORD/E 0/ 
 STICK 
 
!recombination reactions for ions and radicals: 
  NF3+ + E      => NF2 + F            0.9   0.0  0.0 
    FORD/E 0/ 
    STICK 
  NF2+ + E      => NF + F             0.9   0.0  0.0 
    FORD/E 0/ 
    STICK 
  NF+ + E       => NF                 0.9   0.0  0.0 
    FORD/E 0/ 
    STICK 
  N2+ + E       => N2                 0.9   0.0  0.0 
    FORD/E 0/ 
    STICK 
  F2+ + E       => F2                 0.9   0.0  0.0 
    FORD/E 0/ 
    STICK 
  N+ + E        => N                  0.9   0.0  0.0 
    FORD/E 0/ 
    STICK 
  F+ + E        => F                  0.9   0.0  0.0 
    FORD/E 0/ 
    STICK 
  O+ + E        => O                  0.9   0.0  0.0 
    FORD/E 0/    
    STICK 
  O2+ + E       => O2                 0.9   0.0  0.0 
    FORD/E 0/ 
    STICK 
  NO+ + E       => NO                 0.9   0.0  0.0 
    FORD/E 0/ 
    STICK 
  NO2+ + E      => NO2                0.9   0.0  0.0 
    FORD/E 0/ 
    STICK 
  N2O+ + E      => N2O                0.9   0.0  0.0 
    FORD/E 0/ 
    STICK 
  FO+ + E       => FO                 0.9   0.0  0.0 
    FORD/E 0/ 
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    STICK 
 
  F             => 0.5F2              7.E-5   0.   0. ! 
GANGULI & KAUFMAN 
    STICK 
  O             => 0.5O2              3.55E-4 0.   0. ! 
GREAVES & LINNETT 
    STICK 
  O*             => O                 1.0 0.0  0. 
    STICK 
  O**             => O                1.0 0.0  0. 
    STICK 
  O2*             => O2                 1.0 0.0  0. 
    STICK 
  O2**             => O2                1.0 0.0  0. 
    STICK 
 
END 
 

 

 


