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CHAPTER 1 

INTRODUCTION 

Electronic material processing involves the fabrication 

of a microstructure which has unique and useful electrical 

and optical properties. The fabrication of microelectronic 

components consists of a variety of complex physical 

transport and chemical processes in succession, such as film 

deposition, patterning, etching and doping operations. As 

the level of circuit integration increases, the minimum 

device feature size shrinks, and material constraints 

escalate, it is becoming increasingly expensive and 

difficult to modify processes by design rules and one-

parameter-at-a-time experiments. Thus there is a strong 

incentive to use detailed mathematical models to predict 

process performances. In order for these models to be 

useful in process design, operation and control, they must 

give an accurate picture of the underlying time dependent 

hydrodynamics, energy transfer and mass transport. 

In this work, modeling and control strategies for 

plasma etching systems are discussed. Plasma etching 

processes are conducted in a plasma reactor which is a 

continuous feed reactor. A plasma is an ionized gas with 

nearly equal number of free positive and negative charges. 

The free charge is produced by the passage of electric 

current through an evacuated gas. A number of highly 

reactive neutral chemical species are also produced in the 



plasma which react with the wafer in the presence of 

energetic positive ions to etch the surface. Etching is a 

very important process in the entire spectrum of 

manufacturing stages within the semiconductor industry. 

Etching is normally done by plasma processes because of 

their ability to remove and grow films, respectively, at low 

process temperature and with considerable anisotropy. 

Further, plasma etching, alternately known as dry etching, 

is a very clean process requiring minimal waste disposal and 

for these reasons has almost completely replaced aqueous 

(wet) etching. 

On the industrial scale, design and operation of plasma 

etch processes is essential empirical. Process optimization 

to obtain best yield (fastest etch rate or anisotropic 

etching or uniform etching or a combination of these 

performance measures) is done by conducting factorial 

experiments. Analysis of these experiments is used to 

design the best set of operating conditions. On-line 

control or end-point detection (1) is typically achieved in 

non-timed etches by diagnostic equipment such as optical 

emission spectrometers, both monochromatic and multichannel 

analyzer type, and laser interferometers (2). Typically, 

rules of thumb, such as four consequent drops in intensity 

readings (of CO for a Si02/Si etch) using optical 

spectrometer, are used to trigger end-point. 



Plasma process modeling for the purpose of real-time 

monitoring and control has become quite popular in the 

academic environment. The plasma etch process has been 

modeled by empirical techniques (3-9). These empirical 

models offer the advantage of computational speed by 

avoiding accounting for the large number of coupled 

mechanisms (fluid flow, plasma kinetics, surface kinetics, 

glow discharge aspects, etc.), which make phenomenologieal 

modeling so cumbersome. However, in order to advance etching 

technology, it is imperative to employ methods based on a 

phenomenologieal understanding of the plasma process 

(10,11). Additionally, phenomenologieal models can predict 

process behavior over a wide range of operating conditions, 

and, hence can be used for the design, operation and control 

of plasma reactors. By contrast, empirical models are 

highly unreliable outside the range of operating conditions 

over which they are parametarized and more than often do not 

add anything new to the understanding of the process. 

In this work, an efficient strategy for dynamic 

simulation of a plasma etcher for CT^^/O^ etch of Si02 is 

developed. This represents the most commonly used system in 

the entire spectrum of plasma etching and is hence 

extensively studied. The model developed is ingrained in 

mechanistic principles but empirical features, such as 

charged species distribution, is also incorporated. 

Typically, during operation of the plasma reactor. 



transients are encountered as a result of initial reactor 

start-up and the clearing of the wafer surface layer (Si02) 

and subsequent substrate etching. However, for the single-

wafer etcher used in this study, the transient effects of 

these two events are extremely fast (-0.5 sec) at typical 

operating conditions. This aspect is utilized to develop an 

efficient dynamic simulator for the plasma process. In the 

approach here a series of steady-state simulations are 

conducted to account for the progressive wafer surface 

clearing of SiOj. This technique was found to be faster 

than the traditional dynamic simulation performed using a 

numerical integrator, such as Runge-Kutta even when 

automated step size adjustment are used. 

The subsequent chapter discusses work done at other 

places in this field followed by a chapter on the 

experimental system used to test our simulator. Chapter 4 

presents the model that was developed in this study and 

Chapter 5 details the experimental results used for model 

validation. Model validation and application of model for 

control and optimization study is discussed in Chapter 6. 

Chapter 7 is a summary of our conclusions and 

recommendations. 



CHAPTER 2 

ETCHER MODELING AND CONTROL WORK SURVEY 

The main aspects that need to be considered in the 

modeling and control of the plasma etching system were 

overviewed in Chapter 1. This chapter presents a detailed 

literature review of these features along with the 

application of various models to control. In Section 2.1 

various plasma and surface kinetic schemes available in 

literature have been highlighted, while in Section 2.2 

models developed by various researchers, incorporating the 

plasma phase and surface reactions in a transport and 

diffusion model to a system similar to ours have been 

discussed. Section 2.3 discusses the work being done in the 

area of plasma etcher control along with the utility of our 

work in filling the gaps left by other researchers. 

2.1 Plasma and Surface Kinetics 

Earlier work in modeling of a CF^ etch of Si02/Si, was 

based on simplified plasma kinetics. One of the reasons for 

this was that sufficient knowledge of plasma reactions was 

not available. However, in all the works using a fluorine-

based gas to etch Si or Si02, it was universally accepted 

that F free radicals are the dominant etching species. Kao 

and Stenger (12) used a simplified kinetic expression, that 

accounted for only the dissociation of CF^ and recombination 

of F free radicals. They used experimental data to solve 



for their rate constants. Hence, their rate constants were 

essentially fit parameters which gave a mechanistic but not 

necessarily phenomenologieal structure to their plasma 

reactor model. 

The first detailed experimental work in the field of 

plasma chemistry was reported by Smolinsky and Flamm (13) 

for a wide range of operating conditions, both in the 

presence and absence of silicon. Smolinsky and Flamm passed 

both pure CF^ and CF̂ -02 mixture through a 1.9 cm diameter 

alumina flow tube. A range of gas pressures and flow rates 

were used and the gas was excited over a 5 cm length of the 

tube by a 49 Watt, 13.56 Mhz discharge. Sampling of the 

effluent was done by a mass spectrometer located 15 cm 

downstream from where the discharge commenced. 

Edelson and Flamm (14) developed a model to simulate 

both a CF^ plasma alone and a CF^ plasma during a Si etch by 

compiling a set of reactions reported separately in the 

literature. They used the experimental data reported by 

Smolinsky and Flamm to validate their model. In their 

model, processes occurring at the gas-surface interface were 

very important even in the absence of Si. They reported 

that their model predictions were within an order of 

magnitude of the experimental results. However, the trend 

predicted by their model was significantly different from 

the experimental trend. Therefore their model is of little 

use for design and control of plasma reactors. 



Plumb and Ryan (15,16) reinforced their own 

experimental data with the earlier Smolinsky and Flamm's 

data and suggested a reaction scheme for CFy02 plasmas. 

They suggested a direct dissociation of CF̂  to CF2, as the 

main source of production of F species, as against Edelson 

and Flamm who had suggested the formation of CFj from the 

electron impact reaction of CF3. The reaction scheme 

postulated by Plumb and Ryan also suggests that the F atom 

recombination rate in the plasma is about eighty times 

faster than that suggested by Edelson and Flamm. Plumb and 

Ryan in their development assume uniform electron density 

distribution across the reactor and a Druyvesteyn electron 

energy distribution with a mean electron energy of 5.9 Ev. 

The reaction scheme postulated by Plumb and Ryan is widely 

used for CF̂ /02 plasmas and was also used in this work. 

It has been reasonably well established (17,18,19) that 

fluorine atoms are the active etching species for silicon 

and silicon dioxide in CF̂  and CT^/0^ plasmas under most 

operating conditions. Also, it has been shown by various 

researchers (20,21) that rapid anisotropic etching of 

SiOj/Si in F rich plasmas is induced by ion bombardment of 

some manner. Ion bombardment is believed to damage the Si02 

surface making it richer in silicon and hence more reactive. 

Work in the field of surface kinetics has been mostly 

empirical, and some works presume first-order (22) or 

second-order (23) kinetics. 



Extensive modeling and experimental work (24) was 

conducted in the area of surface kinetics. The purpose of 

this study was to characterize the etching mechanism for the 

etching of Si02 in a CFy02 system and to develop a kinetic 

model that is representative of the experimental data. 

Elementary chemical reactions were proposed for the CF̂ /02 

etching of Si02 and heterogenous kinetic models were 

developed. These kinetic models were validated using data 

from literature (17) and our own experimental data from two 

different reactor geometries (multi-wafer parallel plate 

radial inward flow and single-wafer shower-head flow). In 

general, it was concluded that for a typical operating 

region, both ion-assisted and chemical etching mechanisms 

are significant, and the models developed with surface 

reaction as the rate limiting step was most acceptable. 

2.2 Mathematical Models 

In the past decade there has been much interest in 

developing models of the plasma etching process. In 

developing such models there are a number of important 

phenomena which need to be considered. Such phenomena 

include glow discharge chemistry, charged species density 

and energy distribution, heat and mass transfer, and 

heterogenous reaction kinetics. 

Earlier phenomenologieal models for CF^ plasma 

reactions were developed by Kao and Stenger (12) and Dalvie, 

Jensen and Graves (25) independently. The models were 
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developed for a CF̂  plasma etch of Si in a radial flow 

parallel plate plasma reactor. Simplified plasma and 

heterogenous kinetics were incorporated in the model along 

with a dispersion model for predicting flow profile and 

species concentration distribution. The models developed in 

both the instances were compared to experimental etch rate 

data and even though similar trends were predicted, the 

overall comparison was poor. The models did a poor job of 

predicting the etch rate distribution across the wafer 

surface. Also the models were used to predict the etch 

rates only at one set of operating conditions with varying 

wafer positions. This limited the validity of these models 

for a detailed study of the plasma process and optimization 

applications. 

In the past few years, detailed mathematical models 

incorporating complicated plasma kinetics and detailed 

treatment of transport and diffusion have been developed for 

various plasmas. Kobayashi, Nakazato and Hiratsuka (26) 

modeled the etch of aluminum by a gas mixture of CI2, CCl^, 

and BCl, in a parallel plate shower-head plasma reactor. 

They treated the gas flow as an axisymmetric laminar flow in 

two dimensions. The concentration distribution of the 

radicals and the source gas molecules in the plasma were 

calculated by solving continuity equations for each 

component. The etch rate was computed based on reactive 

species concentration and surface kinetics and was compared 



to experimental data. The calculation and the experiments 

show a good agreement towards the center of the wafer but on 

the edge there was a significant offset between the two. 

Dalvie and Jensen (27) in their later article presented 

a detailed model for CF̂ /Og etch of Si and compared their 

predicted results to experimental data. The model includes 

detailed treatment of transport (including diffusion) and 

chemical kinetics. Their reactor was a stainless steel 

cylindrical shell with the lower grounded electrode made of 

aluminum, while the charged electrode was a Teflon tube 

through which the source gas entered the chamber. In 

general, the plasma reactor can be described as a shower-

head radial flow reactor. The reaction scheme suggested by 

Plumb and Ryan was used along with certain modifications to 

account for the species recombination on the wall. Species 

concentration distribution was computed by solving mass 

balance equations for both loaded and unloaded cases. 

Experimental measurements of spatial variation in active 

species concentration was made by spatially resolved 

actinometry. Spatial variation in etch rate was also 

measured. Dalvie and Jensen, in their work, only used their 

model to observe the effect of flowrate and feed composition 

changes on the etch parameters. For this restricted set of 

operating conditions, their model was able to predict 

similar trends of F concentration as those obtained from 

their experiments. However, the Si etch rate prediction 
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compared poorly to their experimental data, and this could 

probably be the result of insufficiencies in their surface 

kinetic model. 

Similar kinds of phenomenologieal models, but for 

different etch systems have also been investigated by other 

researchers. Economou, Park and Williams (28) in their work 

developed a model to predict the etch rates using O2 to etch 

the wafer surface, in a single wafer parallel plate reactor. 

Similarly Venkatesan, Edgar and Trachtenberg (29,30) studied 

the etching of silicon using NH3. Stenger, Caram, Sullivan 

and Russo (31) developed a model for the etching of silicon 

by NF3 in a parallel plate reactor. Extensive modeling for 

a CF̂ /02 plasma system was done by Schoenborn, Patrick and 

Baltes (32) and Park and Economou (33) in one of their later 

articles. Both works showed extensive spectroscopic 

validation and the reactor geometry used was the single-

wafer shower-head which is popular in the industry. Our 

reactor system is also of the shower-head configuration with 

the gases flowing in from the center of the top plate and 

withdrawn near the edges of the bottom plate. 

The works of Dalvie and Jensen (27) Schoenborn et al. 

(32), and Park and Economou (33,54) incorporate Plumb and 

Ryan's reduced plasma kinetic scheme in some form. 

Schoenborn et al. (32) use the reduced kinetic scheme and 

modify the dissociation reaction rates for power density 

differences, from the original work (13). They correct the 

11 



dissociation rate constants for power variation but correct 

only the recombination rate constants for pressure 

variations. However, Plumb and Ryan, in their development 

present a procedure for correcting both dissociation and 

recombination rate constants based on experimental data 

(45,46). They (32) used this kinetic scheme in a well-mixed 

flow model and show good trend comparison with experimental 

data for changes in power, pressure, flowrate and percentage 

oxygen in the feed. However, because of the CSTR nature of 

their model there are no predictions for etch rate 

distribution. 

Park and Economou, in their later work (54) detail a 

plasma model for CF^ etching of Si based on Plumb and Ryan's 

reduced kinetic scheme. No experimental validation are 

presented and only simulation results with changing 

flowrates are presented. They show in their paper, that 

etching rate decreases with increase in flowrate, though the 

opposite should be expected based on residence time 

considerations. Dalvie and Jensen (27) developed a rigorous 

model for CF̂ /02 etching of Si. They incorporated Plumb and 

Ryan's reduced kinetic scheme along with a number of their 

own reactions, to account for the difference in residence 

times from the original work (13). They show model 

comparison to experimental data with changing flowrate, and 

the comparisons are poor. 

12 



2.3 Control Work 

Rigorous models discussed in the earlier section add to 

the understanding of plasma etching systems and can be 

possibly used for process optimization but their direct 

application to on-line control is very limited. Modeling 

for the purpose of real-time monitoring and control of 

plasma etching process has gained a great deal of attention 

recently. Empirical modeling is used to develop models in 

the current control environment (3-9). The plasma etch 

process has been modeled by response surface methodology 

(34). These empirical models offer the advantage of 

computational speed by avoiding accounting for the large 

number of coupled mechanisms, which make phenomenologieal 

modeling cumbersome. Mclaughlin, Butler, Edgar and 

Trachtenberg (3-5) used response surface modeling to model 

CF̂ /Oj and CF̂ /H2 etching of silicon and silicon dioxide. A 

parallel plate reactor was employed to obtain relationship 

between manipulated, measured process and performance 

variables. Relative gain array analysis and singular value 

decomposition were used to select manipulated/process 

variable control loop pairings for feedback control. Elta 

et al. (8) and Sachs et al. (6) also present feedback 

control strategy for on-line control of a plasma etcher. 

The model developed based on factorial experiments is used 

as the process model to predict process output which is used 

for feedback action. Cao and Rhinehart (1) developed a CSTR 

13 



model based technique to predict the stop etch point-time 

for a plasma reactor. They found that neither the end-point 

time distribution nor optimum stop-etch time are very 

sensitive to model mismatch. Butler et al. (9) presented a 

predictor corrector control strategy for ploysilicon gate 

etching. They used an empirical model and employed a double 

exponential forecasting filter to predict process deviations 

form set-point. 

The models developed by various researchers for off

line optimization and on-line control studies are empirical. 

These models offer the advantage of computational simplicity 

but do not add anything new to the etching technology also 

these models cannot be confidently used for operating 

regions beyond which they are parametarized. A model that 

is fast and also based on mechanisms would be of utmost use 

for such control work. The aim of this study is to develop 

a model that incorporates both mechanistic and empirical 

principles and is relatively fast. 

The equipment used for our experiments is a commercial 

single wafer reactor. The experimental setup for this work 

is discussed in the next chapter. 

14 



CHAPTER 3 

EXPERIMENTAL METHODS 

This chapter summarizes the equipment setup that is 

used to gather data, and the measurement principles that are 

followed to analyze data. The experimental setup includes 

the plasma reactor system, optical emission detection 

system, Langmuir probe for charged species characteristics 

and a NanoSpec to evaluated the etch rate by measuring the 

SiOg depth on Si wafer. A schematic of the equipment setup 

is presented in Figure 3.1. 

The plasma reactor equipment was donated by Texas 

Instruments, Incorporated, Lubbock, Texas, in two parts: the 

reactor and electrical cabinet. The vacuum pump was 

separately bought and installed. The entire optical 

emission detection system was purchased from EG&G Princeton 

Applied Research (PARC). Plane and cylindrical Langmuir 

probes and the power supply were bought from Microscience, 

Incorporated. The NanoSpec used to determine the SiOj depth 

over Si was donated to us by FSI, Corporation, then situated 

in Lubbock, Texas. 

The reactor system employed in the research is a Texas 

Instrument Autoload Single Slice Plasma Reactor (ASPR), 

reactive ion etcher. Detailed information on the operation 

of the reactor system can be found in reference 35. In this 

chapter we discuss the features and operating 
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characteristics of the plasma reaction system which are 

significant to our study. 

The parallel plate system has a bottom electrode with a 

diameter of 18 cm, a 11.2 cm top electrode embedded in a top 

plate 20 cm in diameter, and an electrode spacing of 2.5 cm. 

The power source is a 13.56 mHz rf generator capacitively 

coupled to the top electrode through an automatic tuning 

network impedance matching system. The bottom electrode 

plate is grounded. The top cover along with the top plate 

can be manually raised or lowered. Etchant gases are 

individually metered through mass flow controllers and then 

mixed in a manifold before entering the reactor. The three 

gas lines are CF^, O2 and Ar (actinometer gas). The gaseous 

mixture enters the reaction chamber through a shower head in 

the center of the upper electrode. A diffusion plate (11.2 

cm diameter) was attached to the upper electrode so that gas 

entering through the shower-head is dispensed evenly across 

the plate. Automatic pressure control is achieved 

independently of reactant flow rate through the use of a 

valve. The throttling valve controls chamber pressure by 

metering the flow to the pump in response to signals 

received by the software controlled stepping motors. 

A flexible real-time final control element has been 

developed and implemented on a general personal computer 

based system. Digital inputs such as proximity switch and 

micro closures, and analog inputs from pressure transducers 

16 



and mass flow controllers are continuously monitored. 

Digital outputs to pneumatic valves and motor relays and 

analog outputs to mass flow controllers are controlled by 

this system. The range over which the experimental 

operating conditions were varied are: 

Pressure = 300 to 1000 mTorr, 

Flowrate = 100 to 200 seem. 

Power = 100 to 150 Watts, and 

Oxygen = 0 to 40 percent. 

Optical emission spectroscopy was chosen as a non-

intrusive means for measuring the concentration of active F 

species. The major components of the emission detection 

system are: a light collecting optic fiber, EG&G PARC Model 

1229 spectrograph with a useful spectral range between 180 

to 750 nm, EG&G PARC Model 1452A light detector with 512 

photodiodes and EG&G PARC 1452A Model 1461 Detector 

Interface. This OMA (Optical Multichannel Analyzer) system 

is operated by software in a IBM PC/XT host computer. The 

computer has an IEEE-488 General Purpose Interface Bus 

(GPIB) that it uses to communicate with the detector 

interface. The radiations emitted by various species in the 

visible region are collected by the optic fiber head, which 

is installed 0.5 cm over the plane of the bottom plate. The 

intensity lines of various species in the plasma are stored 

and displayed on the computer. Further details on the 
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operation and type of the optical emission system can be 

found in Keating (36) and the reference manual (37). 

Argon actinometry (38) was used to estimate the 

concentration of ground state F atoms from the relative 

emission intensity of F and Ar. The ratio of intensity is 

related to the relative concentration by, 

IL = il- JII . (3.1) 
I„ K,, [Ar] 

Here the brackets represent the concentration, I's represent 

intensity and K's are the proportionality constants. The F 

emission lines at 703.7 nm which corresponds to an excited 

state of about 14.5 eV was used with the Argon emission line 

at 750.4 nm which corresponds to an excited state of 13.5 eV 

(32). 

Equation (3.1) shows that the ratio of the intensity is 

related to the ratios of concentration by a simple 

proportionality constant. Therefore, in order to regress 

the rate constants in the surface kinetic expression 

presented later, a fixed value of 3.0 was used for the ratio 

of constants, K̂ /K̂ .̂ While, this value is consistent with 

values used in literature (27,39), it is an idealization 

which ignores the variable dissociation influence on Ar 

concentration and the somewhat variation in Kp and K̂ .̂ with 

electron energy distribution. 

Langmuir probe data were used as an inference of the 

ion flux to the surface of the wafers. A plane probe has an 
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easily distinguishable saturation region in the ionic 

(positive charge) part of the current/voltage 

characteristics and hence was used in this study. The plane 

probe that was used in this study for evaluation of ion flux 

comprises of a tungsten disk of approximately 1 cm diameter 

inserted through a glass tube. The glass tube is 

hermetically sealed towards one end which is exposed to the 

plasma. A power supply was used to sweep the probe 

potential, while simultaneously measuring the probe current. 

For a plane probe, the ion saturation current is a 

direct measure of the ion flux to the probe (7) and is 

represented by, 

^Flux = _ A / (3.2) 
q "̂ p 

where, A is the probe area, q is the electronic charge and 

Î ,̂  is the ion saturation current. 
sat 

A model #010-0174 Nanospec/AFT (automatic film 

thickness) gauge, a computerized system for film thickness 

measurement for the selected small area, was used to compute 

etch rate. The 40X objective lens was used for measuring 

Si02 thickness in a 9 micron square window (accuracy +10 A). 

The film thickness was measured at various points (20 

points) on the wafer before and after etching. The 

difference divided by the etch time (15 minutes) was used to 

compute etch rate. Details on the operation of NanoSpec can 

be found elsewhere (40). 
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All wafers used in this research were supplied by Texas 

Instruments Incorporated, in Lubbock, Texas. The wafers 

were 5" (12.7 cm) in diameter with 44 00 Angstrom un-

patterned thermally grown SiOp layer. 
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Figure 3.1: Schematic of the plasma reactor system 
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CHAPTER 4 

MODEL DEVELOPMENT 

A mechanistically developed model for a plasma etcher 

should incorporate surface kinetics, plasma kinetics, charge 

particle distribution and fluid and mass transport features. 

Our modeling work accounts for all these characteristics and 

is developed from a blend of first principles (such as 

elementary reactions, momentum balance and material balance 

equations) and also from empirical sources (such as probe 

measurements for ion flux density). Earlier work done in 

literature is used to account for plasma kinetics. 

4.1 Surface Kinetics 

It has been shown by various researchers (14,15,16) 

that fluorine atoms are the dominant etching species from 

CF^ and CFy02 plasmas for Si02/Si wafers for a wide range of 

operating conditions. Also it has been shown that 

bombarding ions are a key step in the etching process. 

Since we will be running our experiments under similar 

operating conditions, and will be using some of their 

results, our kinetic model will be based on fluorine etching 

of Si02. We investigated a number of surface reaction 

controlled mechanisms and developed several phenomenologieal 

kinetic models. Subsequently, we present a detailed 

derivation of one such reaction scheme. 
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For our reactor system, the operating conditions were 

in the intermediate pressure region and thus etching via 

both chemical and ion-assisted mechanisms were taken into 

account when deriving our kinetic models. The kinetic 

models were developed with the following assumptions: 

1. The proposed mechanism is surface reaction controlled 

and the rate limiting step is the same for both the 

chemical and ion-assisted etching pathways. 

2. Steady-state etching is achieved relatively fast 

compared to the total etch time. The original Si02 

surface has been contaminated and thus etches at a 

different rate than the rest of the Si02 sub-layers. 

Also, the build up of fluorine atoms in sub-layers of 

the SiOg, by diffusion and implantation, will change 

the initial chemical composition. These transient 

conditions are negligible. 

3. Once steady-state etching has been reached, the 

concentration of the silicon dioxide complexes on the 

exposed top layer of the wafer are constant. This 

assumes, that the overall exposed etch area is constant 

and hence may not be valid for a patterned wafer, where 

additional area is exposed during etching. However, 

for anisotropic etching situation this assumption may 

be valid because under these conditions side-wall 

etching is prevented by polymer deposition. 
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4. The rest of the reactions in the proposed mechanism are 

in pseudo-equilibrium, since they are much faster than 

the rate limiting step. 

5. The temperature of the plasma is relatively constant 

and the fraction of ions with sufficient energy to 

catalyze reactions is also constant. 

6. Ion bombardment provides desorption energy in both the 

chemical and ion-assisted etch mechanisms. 

The ion-assisted etch mechanism is illustrated in this 

section. 

[F] + (Si02)x -{5102} ION ( S i 0 2 ) / {Si02}p , ( 4 . 1 ) 

( S i 0 2 ) / {Si02}p -^^^ ( S i 0 2 ) / (si02F) , ( 4 . 2 ) 

( S i 0 2 ) / (si02F} ^ ° ^ ( S i 0 2 ) / {siOFlo , ( 4 . 3 ) 

(Si02)x • iSiOFlo ^ ^ ^ (Si02)^ • (SiOF) + [O] , ( 4 . 4 ) 

( S i 0 2 ) , • (SiOF) + [F] joj^ (Si02)x • (SiOFlp , ( 4 . 5 ) 

(Si02)x • (siOFlp ^ 2 ^ (Si02)^ • {SiOF2} , ( 4 . 6 ) 

(Si02)x • {siOF2) ^ 2 ^ (S iOg) , • {SiF2}o , ( 4 . 7 ) 

( S i 0 2 ) , • {SiF2}o -^2^ ( S i 0 2 ) , • {SiF2} ^ [O] , ( 4 . 8 ) 
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(Si02), • {SiF2) + [F] j^j^ (Si02), • {SiF2}p , (4.9) 

(Si02), • ̂ SiFglp ^2^ (Si02), • {SiFsl , (4.10) 

(Si02), • (SiFj) + [F] joj^ (Si02), • {SiFjlp , (4.11) 

(Si02),_i- (Si02)-{SiF3}p ^ 2 ^ (Si02),.r{Si02}s,p, , (4.12) 

(Si02)x-i • ̂ Si02}s,p̂ 2̂̂ (Si02),_i-{Si02} + [SiF,] . (4.13) 

Chemical symbols inside square brackets represent species 

and their concentration in the bulk plasma. Braces indicate 

concentration of species present on the surface. If a 

surface site has an adsorbed radical, the radical is 

represented by a subscript. Parentheses are used to 

indicate species and their concentration inside the wafer 

surface, typically Si02 molecules. 

As seen, it was proposed that ion bombardment provides 

reaction energy in both the forward and reverse directions 

and desorption energy which could be either in the forward 

or the reverse direction (as indicated by the position of 

the "Ion" term on the direction of reaction). The surface 

reactions represented by Equations (4.2), (4.3), (4.6), 

(4.7), (4.10) and (4.12), while Equations (4.1), (4.4), 

(4.5), (4.8), (4.9), (4.11) and (4.13) represent the 

adsorption and desorption phenomena. For this work we 
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consider the rate limiting step as Equation (4.2), the first 

step in the breaking of the first Si-0 bond. This 

assumption is fairly justified since Equations (4.2) and 

(4.3) together represent the breaking of the maximum energy 

bond. Hence the rate expression is: 

Ri = k2 (SiOjlp [ION] - k_2 {Si02F} [ION] . (4.14) 

Here R. is the reaction etch rate for the ion assisted 

mechanism and k2 and k.2 are the forward and reverse reaction 

rate constant, respectively, for the reaction represented by 

Equation (4.2). [ION] is the ion flux to the surface of the 

wafer, while terms in braces are surface concentrations of 

intermediate reaction products. 

In order to make this a useful equation we need to 

express the species in terms of variables that we are able 

to measure. Since Equation (4.2) is the rate limiting 

reaction the remaining reactions are considered to be in 

equilibrium. The equilibrium equations obtained from these 

remaining sets of reactions are now listed. 

ki [F] {Si02) = k.-i {Si02}p [ION] , (4.15) 

kj {si02F} = k_3 {siOFlo , (4.16) 

k4 {SiOFlo [ION] = k^ {SiOF} [O] , (4.17) 

ks {SiOF} [F] = k_5 {SiOFlp [ION] , (4.18) 

k̂  {siOFlp = k_6 {siOF2} , (4.19) 
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k^ {siOFg} = k.7 {siF2}o , ( 4 . 2 0 ) 

kg {siF2)o [ION] = k_8 {siF2} [O] , ( 4 . 2 1 ) 

k^ {siF2) [F] = k_9 {siFglp [ION] , ( 4 . 2 2 ) 

kio {siF2}F = k_io teiFj} , ( 4 . 2 3 ) 

kii {siFj} [F] = k_ii {siFjlp [ION] , ( 4 . 2 4 ) 

k i2 {SiFj Ip = k_i2 {Si02}sip^ , ( 4 . 2 5 ) 

ki3 {si02}siF̂  [ION] = k_i3 {Si02) [SiFJ . (4.26) 

The ion bombardment term supplies energy for the 

adsorbed species to overcome the activation energy barrier 

in either of the forward or the reverse directions. The ion 

term is therefore first order and exactly cancels on both 

the sides of the equilibrium equations. 

Combining Equations (4.16) through (4.26), we get: 

{SiO,F) = ^ ' ^ ^ . . . ^ ' '"^°^'^^^"-^'°^' . (4.27) 
ki3 ki2 kj [-p-jS 

From E q u a t i o n ( 4 . 1 5 ) , we h a v e : 

ki [F] I s i o J 

Substituting Equations (4.27) and (4.28) in the rate 

expression. Equation (4.14) gives: 
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R. = [klcF] - <I!^!ilI^l![^^] (Si02) , (4.29) 
[F]3 

where k̂ ' and k̂ '̂ represent combinations of constants. 

At equilibrium the total number of (Si02} sites can be 

written as: 

S T = {SiOg} + {Si02}p + {Si02}s,-p^ + ^Si02}contaminant • ( 4 . 3 0 ) 

Here (Si02} represents the surface concentration of vacant 

Si02 sites, whereas Si02 sites with subscripted species 

represent the surface concentration of sites with that 

species adsorbed on a Si02 site. The contaminant is any 

other plasma phase species not explicitly acknowledged in 

the reaction scheme illustrated earlier. From Equation 

(4.28), we have a general form of the Si02 concentration 

with a particular species adsorbed on it, similarly we can 

obtain concentrations for other sites with adsorbed species 

and these can be substituted in Equation (4.30) to give: 

S, = (Sioj . ilZli!^' . 1̂13 [SiFjtSiO,) 
T 2 y._^ |-ioN] k_i3 [ION] 

k,._ [Cont] {Si02} 
•""̂  "• •• L , ( 4 . 3 1 ) 

k̂ on [ION] 

where [Cont] represents the concentration of contaminant 

species in the bulk plasma. Solving for {Si02} from 

Equation (4.31) and substituting into Equation (4.29), we 

would obtain the generalized rate expression for 
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ion-assisted etch mechanism in terms of F, Ion, SiF^, 0 and 

contaminant concentrations. The total number of sites, 

represented here by Ŝ , is assumed constant as indicated by 

assumption 3. Fluorine molecules are produced in the plasma 

whereas SiF^ and O are products of the wafer-plasma 

reactions and their in-plasma concentrations are 

significantly smaller than the products of the plasma(44). 

Hence, neglecting the SiF^, O and contaminant terms on the 

assumption that F is the dominant adsorbed species we get, 

by combining constants: 

k- [F] [ION] 
R: = ^ '• •* *• i— , (4.32) 

([ION] + kJF]) 

where k and k are combinations of reaction constants. 
a c 

The same type of procedure was followed to determine a 

rate expression for the chemical only etching mechanism. 

The same set of reactions were investigated, only in this 

case the ion term in the chemical reactions was not 

considered. However, ions were still considered in the 

desorption reactions. The rate expression that resulted 

was: 

R, = k2 {Si02}p - k̂ _2 {SiOjF} . ( 4 . 3 3 ) 

Here R represents the chemical etch rate. Substituting for 

the terms in braces as before we obtain the final chemical 
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rate expression as: 

Here k̂ , and k̂. are combinations of coefficients and k is 

identical to that in Equation (4.32). 

Combining the chemical and ion-assisted etch rate 

expressions and renaming coefficients, yields: 

„ ^ K, [F] [ION] + K, [F] 
R = R.- + R- = ^ '̂  •* *• i ^ *• •* . (4.35) 

([ION] H- K3 [F]) 

The rate expression derived in Equation (4.35) was 

based on the assumption that ion-assisted and chemical 

etching mechanisms both contribute towards etching. Also, 

it was proposed that ion-flux provides reaction energy and 

desorption energy in the ion-assisted mechanism and only 

desorption energy in the chemical etch mechanism. Various 

etch rate expressions were derived based on combination of 

different assumptions. It should be pointed out that in all 

these expressions the same general surface reaction 

controlled scheme as presented earlier was used. This was 

found justifiable since as will be shown later, the general 

scheme does an excellent job of predicting the literature 

and our own experimental etch rate data. Table 4.1 lists 

various etch rate expressions developed in this study. 
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4.2 Plasma Kinetics 

The model of the plasma is based on the "reduced set" 

of reaction suggested by Plumb and Ryan (16). The reaction 

set proposed along with their rate constants are listed in 

Table 4.2. Those rate constants were estimated for 0.5 Torr 

pressure, 49 Watts power for a small reactor volume 

resulting in a power density of 3.5 Watt/cm'. Our reactor's 

conditions translate to. 

Temperature: 298 K, 

Gas Number Density: 1.6x10̂ *̂  (500 Mtorr) 

to 3.2x10^^ (1000 mTorr) cm"', 

Reactor Volume: 785 cm', and 

Power: 100 to 150 Watts (0.13 to 0.19 

Watt/cm') . 

Since our reactor's operating conditions are 

significantly different from those of Plum and Rayn's, the 

procedure for plasma rate constant correction was developed. 

The rate constants suggested for the electron impact 

reactions incorporates a uniform electron number density 

distribution. Plum and Ryan suggested in the same paper 

that the plasma power density is proportional to the 

electron number density. 

P = n, eMeE^^ . (4.36) 

Here P is the power density, n̂  is the electron number 

density, e is the electronic charge, /x̂  is the electronic 
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mobility at electric field E^^. Using the simple 

calculations proposed by them along with data from other 

literature references (14,45,46), we can account for power 

density changes by correcting the electron impact rate 

constants. 

k = 
(modified electron impact rate constants) 

^ Power density of our system ,^ ŷx 
°̂'''̂ '"̂ ^̂  Power density of the original work 

This formulation proposes that electron density is 

proportional to power. This may not be valid for a wide 

range of power operating conditions (47), but we believe 

that it is valid for the narrow range of operating 

conditions investigated in this work. 

Pressure, too, has a pronounced effect on the electron 

density distribution (47). Also in Plumb and Ryan's 

development, pressure affects both the electron impact rate 

constants by affecting the electron density and the fall-off 

reaction rate constants by affecting the density of third 

body sites ([M] in Table 4.2). Influence of pressure on 

these sets of rate constants is quantified in Plumb and 

Ryan's work. This approximate estimation procedure was 

followed along with data from Naidu et al. (46) and 

Shimozuma et al. (47) to evaluate the appropriate rate 

constants. Third body site density ([M]) was computed based 

on the ideal gas law. For the pressure range investigated 

in this work, the electron density was found to range from 
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5x10^° (0.5 Torr) to 2.65x10^° cm"' (1.0 Torr) at 100 Watts 

(0.13 Watt/cm') . 

4.3 Transport Model 

A CFy02 plasma system dissociates to less than 10% 

(14,26) in a typical commercially applicable plasma and 

thereby offers modeling benefits. The small dissociation of 

CF^ results in a small volume, temperature (due to heat of 

reaction) and pressure change of the gas phase as it flows 

across the reactor. Thus the gas momentum balance equation 

can be decoupled from energy and material balance equations. 

The theta-symmetric, steady-state, fourth-order stream 

function equation (48) was non-dimensionalized and then 

solved in two dimensions to obtain the fluid flow profile. 

_ia(i|;,E^i|r) _ 2^d^ ^2^ ^ ^^, ^ 4̂ 33^ 
r a(r,z) j.2^ ^ ^ 

Here, i|r is the stream function, E is an operator, v is the 

kinematic viscosity and r and z are radial and axial 

dimensions, respectively. This formulation is valid because 

under the conditions examined the pressure is high enough 

for the continuum approximation to be valid; the flow is 

isothermal, laminar and axisymmetric; and fluid transport 

properties are constant and uniform. Ordering analysis 

conducted on this stream function equation (Appendix A) 

showed that both the inertial and viscous effects are 

important. The radial and axial velocity components (v̂  and 
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v̂ , respectively) are obtained from the stream function 

values as, 

V. = _^||, (4.39) 

V, = -_^||. (4.40, 

The physical properties (density and viscosity) of the 

gas system were estimated based on inlet conditions and the 

ideal gas law. Viscosity was estimated based on the method 

of Wilke (49). A no-slip boundary condition was used at the 

reactor walls, along with a flat profile at the inlet and a 

logarithmic profile at the exit (Figure 4.1). The flat 

profile at the inlet is justified because the fine mesh at 

the inlet causes significant back pressure and hence results 

in a flat velocity profile with equal flow through each 

"orifice." The region of computation was extended past the 

edge of the bottom plate thickness (3 cm) and hence the flow 

in the exit section can be treated as flow in an annulus, 

which exits with a fully developed logarithmic profile. The 

maximum stream function value was set at the top reactor 

plate and the right wall as the total volumetric flow rate 

divided by 27r. The bottom plate and the center of the 

reactor was chosen to have zero cumulative volumetric flow 

and hence the stream function value at this surface was 

zero. 
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The plasma kinetic reactions listed in Table 4.2 

account for 10 different species in 13 different reactions. 

Individual mass balance equations were developed for each 

species in cylindrical coordinates for steady-state 

operation in two dimensions (48), 

^^i ^^i 1 d dC: d^C: , , ^, , 
Vp '+v,^ = Di_cp, (i-f-(r-^)+ 1)+R: . (4.41) 

Here, C- represents the concentration of species "i", D-.̂.̂^ 

is the diffusion coefficient of species "i" in the dominant 

CF^ plasma, and R. is the reaction rate of species "i" 

derived from the reactions listed in Table 4.2. Ordering 

analysis conducted (Appendix A) on the most important 

species, fluorine showed that the bulk, diffusive and 

reactive transport terms are important. 

Table 4.3 lists the different plasma species and their 

rate expressions. The rate constants are numbered according 

to the sequential order in Table 4.2. 

Figure 4.2, presents the region of computation for the 

material balance expressions. The exit section is computed 

in the momentum balance equation, because it influences the 

in-reactor stream functions. However, the exit section is 

not included in the material balance equation because it has 

no effective influence on the in-plasma concentration 

profiles. The assumption that the electron density 

distribution function is uniform with a constant average 

electric energy (5.9 Ev) is implicit in Plumb and Ryan's 
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formulation. Hence a uniform profile is assumed across the 

entire reactor. This assumption is not justified near the 

reactor walls, but the influence of this electron decay 

region is fairly small on the overall plasma conditions. 

Diffusion coefficients are estimated from Chapman and Enskog 

equation (49) using the Leonard-Jones potential (27,49). 

Etching and the non-reacting wall enter the model as 

boundary conditions. The exit and inlet conditions are 

based on Dankwerts boundary conditions. The walls are 

assumed to be non-reacting and the etching boundary 

conditions are developed from Equation (4.35) with the 

appropriate unit conversion factor as, 

dC 
Dp-cF^-^' = 4 Rs,02 • (4.42) 

The factor of 4 on the right side of the expression accounts 

for the fact that for each molecule of Si02 reacted four 

atoms of F are consumed to produce volatile product SiF^. 

4.4 Simulation Procedure 

As derived, the momentum balance stream function 

equation is independent from the material balance equation 

and solved first. The computational region presented in 

Figures 4.1 and 4.2 were divided into 0.05 cm spaced, 

square, finite difference grids. This grid spacing was set, 

based on the accuracy of the solution of the stream 

function. The stream function equation (Equation (4.38)) 

was discretized and solved first with the appropriate 
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boundary conditions to obtain the stream function value at 

all the grid points. Second-order finite difference 

approximation was used for the various derivative functions. 

Central finite difference approximation was used for the 

interior points. Backward or forward finite difference, 

depending on the location of the boundary on the coordinate 

system was used to estimate the boundary condition for the 

non-slip reactor walls, and the inlet and exit section. 

Successive substitution method (50) with an under-relaxation 

factor of 0.15 was used for stability. The required low 

value of the relaxation factor suggests the non-linearity of 

the stream function equation. Convergence criteria (the 

maximum overall points of the relative deviation between two 

consecutive stream function evaluations) was set at 1x10'̂  

and convergence was extremely slow. 

The computer code developed to model the entire plasma 

reactor is presented in Appendix B. This program first 

computes the stream function and velocity profiles which are 

stored in a data file and subsequently used in the solution 

of concentration and etch rate profiles. The steady state 

concentration and etch rate profiles are used in the second 

part of the program for the dynamic simulation. 

Typically, it was found that on the 652 0 VAX/DEC system 

100,000 iterations with 6 hours and 20 minutes of shared CPU 

were required for convergence. However, once a set of 

stream function values were obtained, convergence for other 
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conditions starting from this set of values were relatively 

fast, depending on the deviation of the new set of operating 

conditions from the base case condition. Once the stream 

function values were evaluated, the radial and axial 

velocity components were evaluated at each grid point using 

Equations (4.39) and (4.40). 

The steady state material balance equation for each of 

the ten plasma species were solved consecutively at each 

grid point using the appropriate boundary condition and the 

radial and axial velocity components. Again, second-order 

finite difference approximation, with central difference for 

the interior points and backward or forward difference for 

the boundary points was used. Successive substitution 

method with an under-relaxation factor (0.75) was used again 

for stability. Convergence criteria (the maximum of the 

relative difference between two consecutive function 

evaluation) was set at 1x10"̂ , and the convergence to a 

steady condition was slow. Typically, it was found that for 

a CFy02 plasma simulation on the 6520 VAX/DEC system 80,000 

iterations were required with 13 hours and 3 6 minutes of 

shared CPU. A four-component CF̂  plasma simulation was 

faster requiring one-fourth the CFy02 convergence time. 

The steady-state concentration and etch rate profile 

obtained represents the conditions existing in the plasma 

reactor upon start-up. 
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For transient simulation, a series of such steady-state 

simulations were conducted with the appropriate etch 

boundary conditions. The rate of clearing of Si02 at 

various sites on the wafer is not uniform. Obviously, this 

is due to etch rate non-uniformities (such as plasma 

concentration distribution, ion fluxes, film temperature and 

reactivities, etc.) and Si02 thickness non-uniformities. 

Hence certain points on the grid mapping the wafer surface 

will clear faster as compared to other points. Thus as any 

particular grid point is cleared of Si02, the boundary 

condition on that point is switched to a substrate (Si) 

boundary and another steady-state material balance 

simulation using the values from earlier steady-state 

simulation as the initial guess is conducted. Hence, the 

number of steady-state computations is equivalent to the 

number of grids mapping the wafer surface (127 for our grid 

spacing). Dynamic simulation conducted using the 

traditional Runge-Kutta method was found to be very slow 

requiring 1x10"^ second time increment for stability. The 

method proposed in this work is relatively fast requiring 1 

hour and 16 minutes for a CF^ (4 species) plasma and 2 hours 

and 4 minutes for a CY^^/O^ (10 species) plasma, of shared 

CPU on the 6520 VAX/DEC system. 
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Table 4.1: Etch rate expressions. 

Model 
Number 

I 

II 

III 

" 

V 

VI 

VII 

Etch Expression 

R=(Ki[F][I0N])/(l+K3[F]) 

R=(K2[F])/(1+K3[F]) 

R=(K^[F][ION]+K2[F])/(l+K3[F]) 

R=(Ki[F][ION])/([ION]+KJF]) 

R=(K2[F])/([I0N]+KJF]) 

R=(K^[F][I0N]+K2[F])/([I0N]+K^ 
[F]) 

R=(K^[F][ION])/([ION]+KJF]) + 
(K2[F])/(1+K3[F]) 

Model Features 

Ion-assisted 
etching 

Chemical etching 

Ion-assisted and 
chemical etching 

Ion-assisted 
etching with ion-
flux assisting 
desorption 

Chemical etching 
with ion-flux 
assisting 
desorption 

Ion-assisted and 
chemical etching 
with ion-flux 
assisting 
desorption 

Ion-assisted and 
chemical etching 
with ion-flux 
assisting 
desorption only 
in the ion-
assisted regime 
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Table 4.2: Plasma phase reactions 

Plasma Phase Reactions 

Electron Impact Reactions: 

CF^ + e' > CF3 + F + e" 

CF^ + e' > CF2 + 2F + e" 

Og + e" > O + 0 + e' 

COF2 + e' > COF + F + e* 

CO2 + e" > CO + 0 + e" 

Free Radical Exchange Reactions: 

CF3 + O > COF2 + F 

CF2 + O > COF + F 

CF2 + O > CO + 2F 

COF + O > CO2 + F 

Reaction in the Fall-Off Region: 

CF3 + F + M > CF^ + M 

CF2 + F + M > CF3 + M 

COF + F + M > COF2 + M 

F + CO + M > COF + M 

Rate Constants 

6 sec -1 

14 sec" 

20 sec -1 

-1 20 sec 

40 sec"'' 

3 . 1 x 10'"'^ c m V s e c 

1.4 x lO'**^ c m V s e c 

4 . 0 X lO**"̂  c m V s e c 

9 . 3 X lO'""^ c m V s e c 

1.6 X lO"""̂  c m V s e c 

4 . 5 X lO'""' c m V s e c 

9 . 2 X 10'"'^ c m V s e c 

1.3 X 10 ' '^ cmVsGc 
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Table 4.3: Kinetic expressions for plasma species. 

Plasma Species: Kinetic Expression: 

CF4: RcF4 = - ki [CFJ - k2 [CFJ t kio [CF3] [F] 

O2: R02 = - k3 [O2] 

CF3: RcP3 = k i [ C F J - k 6 [ C F 3 ] [ 0 ] - k i o [ C F 3 ] [ F ] t k i i [ C F 2 ] [ F ] 

F: Rf = kiCCFJ + 2k2[CF4] + k4[COF2] + k6[CF3] [O] 

+ k 7 [ C F 2 ] [ 0 ] + 2 k 8 [ C F 2 ] [ 0 ] + k 9 [ C 0 F ] [ 0 ] - k i o [ C F 3 ] [ F ] 

- k „ [ C F 2 ] [ F ] - k i 2 [ C 0 F ] [ F ] - k i 3 [ F ] [ C 0 ] 

CF2: RcF2 = kgCCF^] - k 7 [ C F 2 ] [ 0 ] - k 8 [ C F 2 ] [ 0 ] - k n [ C F 2 ] [ F ] 

O: Ro = 2k3[02] + k5[C02] - k6[CF3] [O] - k7[CF2] [O] 

- k 8 [ C F 2 ] [ 0 ] - k ^ [ C O F ] [ 0 ] 

COF2: RcoF2 = -k4[COF2] + k 6 [ C F 3 ] [ 0 ] t k i 2 [ C 0 F ] [ F ] 

COF: RcoF = k4[COF2] + k7[CF2] [ 0 ] - k^[COF] [O] 

- k i 2 [ C 0 F ] [ F ] + k i 3 [ F ] [ C 0 ] 

CO2: Rco2 = -J<^5[C02] + k 9 [ C 0 F ] [ 0 ] 

CO: Rco = k5[C02] + k 8 [ C F 2 ] [ 0 ] - k i 3 [ F ] [CO] 
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CHAPTER 5 

EXPERIMENTAL RESULTS 

In this chapter the results obtained from the single-

wafer shower-head plasma reactor are illustrated and 

discussed. The results presented in this chapter were 

obtained using the optical spectrometer, plasma probe and 

the film thickness measuring device (NanoSpec). This 

chapter is sub-divided into four sections: the first section 

presents the reactor time constant, the second section 

discusses the flat probe data for ion saturation current 

(flux or density), the third section presents the optical 

emission concentration data and the fourth section presents 

the etch rate and uniformity data. 

5.1 Reactor Time Constant 

One of the important assumptions in the development of 

the dynamic model was that the residence time of reactive 

species in the plasma reactor is infinitesimally small. In 

order to test this assumption, optical spectrometer readings 

for Ar and F emission peaks were utilized. The only 

operating parameter that was found feasible to vary during 

the course of a glow discharge experimentation was pressure. 

Figure 5.1 presents the influence of pressure variation on 

the top of intensity peak of F and Ar. The signal to noise 

ratio is acceptable and the top of intensity peaks was found 

to respond instantaneously to pressure changes. Figure 5.2 
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is a plot of top of argon intensity peak with time for two 

different pressures of 300 mTorr and 600 mTorr. For a 

series of successive runs conducted between these two 

pressures, it was found that the response time was around 4 

seconds. However, this time also includes the delay in the 

pressure regulating stepper motor which is typically of the 

order of 3-4 seconds. Hence the reactor time constant for 

concentration changes is instantaneous (<1 sec) and our 

dynamic simulation assumptions are fully justified. 

5.2 Ion Saturation Current 

Ion saturation current is an important parameter in our 

surface kinetic model and was experimentally obtained using 

the plasma probes. The flat probe was used to estimate the 

ion saturation current. Figure 5.3 is a plot of the typical 

I-V curve for this probe. The region of positive ion 

saturation observed at negative potential is obvious in this 

plot. Figure 5.4 presents the influence of pressure and 

flowrate on ion saturation current in the absence of oxygen. 

It was observed that flowrate has no visible influence on 

ion saturation current, which is expected. However, the ion 

saturation current which is directly related to ion flux or 

density is found to increase with pressure. This is 

expected since the number of CF^ molecules for available 

dissociation increases with increase in pressure. 

Ions are generated in the plasma by the electron impact 

reactions of CF^ and its fragments. In an earlier study 
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(51), it was observed that the electron density changes with 

both the radial position and oxygen in the plasma reactor. 

Hence in this work, experiments were conducted to study the 

influence of radial position and percentage oxygen in the 

feed, on the ion saturation current. Figures 5.5 to 5.8 

present the influence of radial position and percentage 

oxygen in the feed, on ion saturation current at constant 

power (100 Watts), pressure (500 Mtorr) and Argon flow (5 

seem). The ion saturation current decreases towards the 

edge of the reactor essential because the electron density 

has a similar profile due to absorption of electrons on the 

reactor side walls. The influence of oxygen on ion 

saturation current is less well understood (20). Oxygen 

causes CF^ to fragment and produces more molecules that can 

be impacted by electrons to produce positive ions. However, 

this influence is observed for lower oxygen percentages 

(Figure 5.6). Figures 5.7 and 5.8 illustrated the combined 

influence of oxygen and radial position on ion saturated 

current. 

5.3 Concentration Data 

Argon actinometry was used to estimated the 

concentration of the F reactive species. The influence of 

CF, flowrate and pressure on the concentration of F is 

influenced by pressure, flowrate and oxygen. Figures 5.9 to 

5.11 illustrates the effect of flowrate on F concentration, 

as measured by the intensity ratio at constant power and 
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three different pressures. In general, it is observed that 

increasing flowrate reduces the F concentration due to the 

decrease in residence time for dissociation. Also the F 

concentration is higher for unloaded runs as compared to 

loaded runs because F is consumed during etching. 

The influence of pressure on intensity ratio at three 

different flowrates is presented in Figures 5.12 to 5.14. 

The F concentration increases with increase in pressure but 

the intensity ratio is found to decrease because the 

relative increases in Ar concentration is much higher that F 

concentration. The increase in F concentration with 

pressure is essentially due to the increase number of CF̂  

molecules for dissociation. Addition of O2 to a CF̂  plasma 

is found to enhance F concentration for certain O2 

percentages and then decreases at higher O2 percentages. 

This behavior can be explained from Plumb and Ryan's plasma 

kinetic scheme, highlighted in Chapter 4. The decrease in F 

concentration is essentially due to the decrease in CF^ 

concentration that offers less sites for electron 

dissociation. Figures 5.15 and 5.16 presents the influence 

of O2 on F and 0 concentration. It is observed that F 

concentration increases till about 20% O2 concentration in 

the feed and then decreases. However, as expected O 

concentration continuously increases with an increase in 0^ 

concentration in feed. 
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5.4 Etch Rate Data 

It is known both ion flux to the surface of th' 

and F concentration in the plasma influence the rate o. 

etching. Etch rate data show a very similar trend with 

operating and dimensional parameter, as that observed in ion 

saturation current and F concentration. Influence of 

flowrate and pressure on etch rate in presented in Figures 

5.17 and 5.18. It is observed that etch rate decreases with 

increases in flowrate and increases with increases in 

pressure. However, the etch uniformity obtained by taking 

the ratio of standard deviation of etch rate and average 

etch rate is not affected (Figure 5.19). The etch rate 

distribution with radial distance in presented in Figures 

5.20 to 5.24. The trends observed are exactly similar to 

ion density and F concentration trends. Figure 5.2 5 shows 

the effect of O2 on average etch rate and the graph is 

similar to earlier graph of ion saturation current and F 

concentration. Etch uniformity is not affected by O2 

percentages as illustrated by Figure 5.26. Figure 5.27 

presents the transition from ion-assisted etching to 

chemical etching as deducible from the etch rate profile. 

At 500 mTorr pressure, the etching is predominantly ion-

assisted with the etch rate distribution profile closely 

following the ion saturation current profile (Figure 5.7). 

However, at 1000 mTorr pressure when the F concentration is 

significant, the etching is predominatly chemical. This is 
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because the F concentration builds up as we go towards the 

edges of reactor (due to residence time) and hence the 

etching is faster. At an intermediate pressure of 800 mTorr 

the contribution due to these two etching mechanisms is 

equal and etching is uniform. Figures 5.28 and 5.29 present 

the combined influence of F and ion flux on etch rate. Both 

of these parameters are seen to saturate at high etch rates. 

The wide range in F and ion-flux values were obtained by 

varying operating parameters such as power, pressure, 

flowrate and oxygen composition in the feed. The data 

presented in Figures 5.28 and 5.29 were used to parametarize 

the surface kinetic model. 
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CHAPTER 8 

MODEL RESULTS VALIDATION 

In this chapter a discussion on the validation of 

various models developed during the course of this research 

work is presented. The model features validated in this 

chapter include: (1) surface kinetics, (2) fluid flow, (3) 

plasma species concentration distribution, (4) etch rate 

distribution and (5) transient simulation for loaded reactor 

runs. All but the fluid flow results were validated against 

experimental data. Validation of model output was conducted 

for varying operating parameters such as power, pressure, 

total flowrate and percentage oxygen The response used were 

etch rates, ion flux and F and Ar emission intensity. 

6.1 Surface Kinetic Validation 

Experimental data from the shower-head reactor and the 

radial flow reactor were used in this validation study. The 

radial flow reactor data were collected as part of an 

earlier work (51). Figures 6.1 and 6.2 show that our 

experimental results from the radial flow and shower-head 

reactors, respectively, have a similar trend as that of 

Donnelly et al. (21) in Figure 6.3. It should be noted that 

our experimental plan incorporated changing pressure, total 

flow rate, power and percent O2 in the feed gas. 

The fluorine concentration was obtained using Equation 

(3.1). The intensity ratio of fluorine to argon was 
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measured using the optical detection system and the argon 

concentration was calculated based on reactor pressure and 

5% flow of argon. Equation (3.1) shows that the ratio of 

concentration of reactive species is related to the 

intensity ratio by a simple multiplicative constant. 

Therefore, in order to compare the trends in the model-

predicted results with the experimental results over a wide 

range of operating conditions, a fixed value of 3.0 was used 

for the ratio of constants, K̂ /K̂ ^ in Equation (3.1). The 

fluorine concentration thus calculated was used in the 

parameterization of the kinetic model. Since the optical 

detection system averages the fluorine concentration 

throughout the reactor, the fluorine concentration obtained 

through the procedure outlined above represents the bulk 

concentration in the plasma reactor and not that actually on 

the etching surface. 

The ion saturation current obtained by the plane probe 

is directly related to the ion flux (7), hence its value was 

used as such in the parameterization of the kinetic model. 

The parameter values of all of our kinetic models were 

determined using Nelder-Mead pattern search optimization 

method. 

Five statistical model validation tests (52) were 

conducted on each of the seven models presented in Table 4.1 

for the two sets of reactor experimental data. The 

residuals between the measured and predicted values from 
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each one of the models for the two reactor data sets were 

tested with respect to the measured etch rate, ion 

saturation current and fluorine concentration for lack of 

trends, curvature, or bias. The results obtained at 9 5% 

confidence level are presented in Table 6.1 in the 

respective order. The first entry in the 4, 5 and 6 columns 

represent the comparison with measured etch rate, the second 

entry is for comparison with ion saturation current and the 

final entry is for comparison with fluorine concentration. 

Models (III), (VI) and (VII) fare best for all the 

validations tests for data from both reactors. These models 

also represent those models that account for both chemical 

and ion-assisted etching mechanisms. Model (VII) is a four 

parameter model, whereas models (III) and (VI) each have 

three parameters only and do an indistinguishably good job 

of predicting the two sets of experimental data. Models 

(III) and (VI) do fail for the shower-head reactor at the 

95% confidence level for comparison with ion saturation 

current. Model (VI), which accounts for ion-flux in both 

the desorption and reaction steps, appears more physically 

sound and is hence recommended. 

Figures 6.1 and 6.2 also show the comparison of the 

kinetic model-predicted results (Model VI) against our 

experimental data sets. The kinetic rate parameter values 

obtained from our data points are presented in Table 6.2 for 

the two reactor types. The model does an excellent job of 
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predicting the trend in experimental data over widely 

varying operating conditions. Kinetic model parameters 

obtained by non-linear regression show a couple of orders of 

magnitude difference for selected parameters for the two 

sets of experimental data. This possibly shows the 

influence of a third effect in the etching process that is 

not accounted for in the model. Ion energy is one of the 

probable terms that could remove the mismatch in the kinetic 

parameter values for the two different reactors. 

Figure 6.3 shows the kinetic model presented in 

Equation (4.35) compared to data from Donnelly et al. (21) 

and shows that the proposed model generally fits the 

experimental results over a range of a couple of orders of 

magnitude change in the fluorine concentration. It should 

be mentioned that the fluorine concentration of their 

experiments was varied by adjusting the amount of O2 in the 

feed gas. Unfortunately, this also has a direct and 

correlated effect on the flux of ions to the wafer surface. 

However, due to lack of ion flux values for the literature 

data, we regressed the data on the chemical only etch 

mechanism (Model II from Table 4.1), even though ion-

assisted mechanisms are assuredly present. 

The values of the rate parameters obtained from the 

literature data points are also presented in Table 6.2. 

Although Model VI cannot be rejected statistically at the 95 

percent confidence level (52), it is not completely 
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satisfying since the equation seems to be higher or lower 

than the literature data in some [F] regions. Again a 

constant ion density was used in parametarizing this kinetic 

model which may not be entirely true for the wide range of 

operating conditions used to generate the data. These 

qualitative results from literature data are presented as a 

corroboration of our quantitative results discussed earlier. 

6.2 Veloeitv Profile Validation 

The fluid flow profile was obtained by the solution of 

the fourth order stream function equation. A contour plot 

of the stream lines in one-half section of the plasma 

reactor is illustrated in Figure 6.4. The axial and radial 

velocity components are obtained from these stream lines 

using Equations (4.39) and (4.40). The radial velocity at 

the inlet section is close to zero and the dominant velocity 

component is the negatively directed axial velocity 

component. Towards the middle of the one-half reactor 

section, between the parallel plates, the velocity is 

predominantly radial. Towards the exit section, again the 

axial component of the velocity profile dominates. A slight 

reverse curvature of the stream lines can be observed both 

towards the bottom plate near the center of the reactor and 

towards the edges near the top plate. The bending in stream 

lines is due to the inertial effects that were accounted for 

in the stream function formulation. We have no experimental 

measurements to confirm the fluid flow results. However, 
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the results show zero divergence throughout the reactor, 

within the convergence limits, confirming the constant 

density basis, and the stream functions reduce to the ideal 

potential flow pattern when the inertial terms are 

eliminated. 

6.3 Concentration Profile Validation 

The velocity components obtained from the stream 

function values were used to solve the material balance 

equations. Figure 6.5 is a plot of scaled F concentration 

for the loaded situation in one-half of the reactor. Radial 

distance, axial distance and scaled fluorine concentration 

are presented on the x-, y- and z-axes, respectively. The 

lower F concentration at both the inlet and wafer surface 

sections are clearly visible in this plot. Scaled CF^ 

concentration is illustrated in Figure 6.6, and it can be 

seen from this plot that there is no visible difference in 

CF, concentration from inlet to exit of the reactor section. 

This supports our assumption of decoupling material balance 

equations from the momentum balance equation. 

The influence of various operating parameters such as 

power, pressure, flowrate and percentage oxygen in the feed, 

were also studied to validate the model. Reactor power has 

a direct influence on electron density and temperature, 

which in turn affects the dissociation of the parent gas 

molecules (CF^) , thereby influencing the F species 

concentration. Figure 6.7 illustrates the comparison of 

85 



model predicted results against duplicate sets of 

experimental data all with changing power and at 500 mTorr 

pressure, 105 seem total flow and 0% oxygen. The 

experimental data point with the circle around it is the 

value that was normalized, to match the average F 

concentration by adjusting the ratio of "K" factors in 

Equation (3.1). A value of 3.0 was obtained with this 

normalization which was used consistently in parametarizing 

the surface kinetic model. The increase in F concentration 

with an increase in power (caused by an increase in plasma 

electron density) is predicted well by the model. 

An increase in reactor pressure influences the plasma 

in a variety of ways. There is an increase in CF̂  

concentration, which would increase the probability of 

electron impact dissociations. However, the higher 

concentration of CF^ molecules in the plasma results in 

greater electron capture and hence a decrease in electron 

impact dissociation rate. Also, the rate of recombination 

as predicted by Plumb and Ryan's kinetic scheme increases 

because the number of recombination sites (CF̂ ) increases, 

this causes a decrease in F concentration. Figure 6.8 

present both experimental and model results for the 

variation of F concentration with pressure at 100 Watts 

power, 100 seem total flow and 0% oxygen. The predicted 

trend is opposite to the experimentally obtained F 

concentration. The poor model predictions with changing 
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pressure possibly shows the limitations of the plasma 

kinetics incorporated in this work, under these conditions. 

Schoenborn et al. (32) showed an excellent comparison of F 

concentration with change in pressure using Plumb and Ryan's 

kinetic reaction scheme. In their work they did not 

compensate for pressure in the dissociation rate constants 

with change in pressure. In order to test the predictions 

from their approach, a similar procedure was followed in 

this work. Figure 6.9 shows the predicted F concentration 

compared to experimental data at 100 Watts power, 2 0% oxygen 

and 105 seem total flow. The model predictions closely 

match the experimental data when dissociation rates are not 

compensated for pressure. 

An increase in flowrate results in a decrease of the 

residence time of the CF^ molecules in the reactor. Thus 

the CF^ molecules have less time to dissociate which results 

in a lower production of F atoms. Figure 6.10 illustrates 

the comparison of experimental and model predicted data for 

variation in flowrate at 100 Watts power, 500 mTorr pressure 

and 0% oxygen. The model predicts a decrease in F 

concentration with decreasing residence time. 

Addition of oxygen causes the F concentration to 

increase initially till about 20-25% oxygen, and then to 

decrease. The initial increase in F concentration is 

because oxygen reacts with the larger fragments of CF̂  

molecule to produce additional F, while the decrease in F 
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concentration is due to the electron capture by oxygen 

molecules. This trend is observed in the experimental and 

model predicted data of Figure 6.11. The model predicts the 

trend in the F concentration with changing oxygen percentage 

at 100 Watts power, 500 mTorr pressure and 100 seem total 

flow very well. 

6.4 Etch Rate Distribution Validation 

Steady-state, model validation of the etch profiles was 

conducted. Typically, etching takes place by a combination 

of the ion-assisted and chemical mechanisms. 

The operating conditions at which the ion-assisted 

mechanism dominates can be easily identified by comparing 

the etch rate distribution to the ion density or flux 

profile. The two should be similar. Ion flux to the 

surface of the wafer was obtained experimentally using the 

Langmuir probe, ion saturation current measurements. The 

ion saturation current profile in the plasma reactor at 

different operating condition was presented and discussed in 

Section 5.2. It was generally concluded that the ion 

density (flux) is higher at the reactor center and decays 

towards the reactor edges. This distribution is possibly 

similar to the electron density distribution, which is 

responsible for the generation of these ions. It was also 

presented in Section 5.2, that the ion flux to the surface 

of the wafer increases, with increasing pressure and 
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increasing oxygen composition in the feed gas for this 

operating range. 

Figures 6.12 to 6.15 present the comparison of the 

experimentally obtained etch profiles to model predicted 

results. The model predicted etch profiles are slightly 

lower than the experimental profiles because average 

experimental fluorine concentration was used to parameterize 

the surface kinetic model (Equation (4.35)). However, the 

model predicted etch rate profiles were computed from the 

predicted fluorine concentration on the surface of the wafer 

which were lower than the average concentration in the bulk 

plasma. However, the etch rate trends predicted by the 

model follow the experimentally obtained etch profiles very 

closely except at higher pressures, where chemical etch 

mechanism dominates. The plasma kinetic scheme used in this 

model does not predict an increase in F concentration with 

pressure (Figure 6.8), hence does not show the transition 

from ion to chemical etching mechanisms, as observed in 

Figure 6.15. Plumb and Ryan in their work presented a 

methodology for calculating the dissociation rate constants. 

The dissociation rate coefficients are estimated by the 

numerical integration of dissociation cross-sections of 

various species along with the electron energy density 

distribution. Both these parameters are at best estimated 

from literature data. Typically a 2 0% uncertainty is 

associated with estimates of cross-sectional area alone 
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(27). This uncertainty could have a significant effect on 

the concentration of different species. Sensitivity 

analysis on the simulator was conducted by accounting for 

the ±20% uncertainty in the dissociation rate coefficients. 

Figure 6.16 in an illustration of vertically averaged F 

concentration plotted along radial distance at the base case 

condition of 500 mTorr pressure, 100 Watts power, 105 seem 

total flow and 20% oxygen. A ±20% change in the 

dissociation rate shows approximately ±5% change in 

concentration, respectively. However, as Figure 6.17 shows 

there is no change observed in the etch rate distribution. 

6.5 Well-Mixed Reactor Simulation Results 

A very detailed fluid flow model was developed for the 

overall plasma simulator. Fourth-order, highly non-linear 

stream function equation was solved in two dimensions, and 

the velocity components were obtained from the stream 

function profile. One of the simplifications, typically 

undertaken to avoid the solution of such complicated 

equations, is a well-mixed reactor configuration. In order 

to access the influence on concentration and etch rate 

distribution of a similar simplification, all the diffusion 

coefficients were increased to infinity (by multiplying by 

10,000). This essentially makes diffusion the dominant 

mechanism over bulk flow and reaction. Figure 6.18 is a 

comparison of axially averaged F concentration for a loaded 

reactor situation. It can be seen that with an increase in 
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diffusion coefficient there is a significant leveling in F 

concentration for the base case operating condition. This 

is expected with an increase in diffusion coefficient. 

Figure 6.19 is a plot of etch rate profile at the base case 

condition for the detailed and well-mixed reactor. The etch 

rate profile does not show any change with the small 

leveling obtained with well-mixed reactor simulation. 

6.6 Transient Simulation Validation 

Two pressure operating conditions at 0.5 and 1.0 Torr 

and each at 2 0% O2 feed at the inlet were selected for 

transient simulations. It was observed from the model 

predicted etch rate profiles at these two operating 

conditions that at one condition (0.5 Torr) the etching is 

non-uniform, while at the other condition (1.0 Torr) the 

etching is very uniform. Hence together they cover a wide 

range of industrially relevant etching situations. Model 

predicted results for fluorine concentration were compared 

to results obtained using argon actinometry. The etch rate 

profiles are typically noisy, because a number of 

disturbance factors that cannot be deterministically 

modeled, such as impurities and local temperature 

distributions on the wafer, localized flow and energy 

distribution pattern in the plasma, etc., typically cause a 

20% variation in the etch rate distribution across the wafer 

surface (53). To stochastically model these influences a 

gaussian distributed random number, with a mean of 1 and a 
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variance of 0.05 was used as a multiplier for the local etch 

rate expression. 

Figures 6.2 0 and 6.21 compare model predicted and 

actual dynamic responses of the etching process using the 

fluorine concentration. The model predicted trends closely 

follow the actual experimentally obtained profiles. It can 

also be observed from the model and experimental trends that 

the etching is more uniform at 1.0 Torr pressure as compared 

to the 0.5 Torr pressure operating condition. This point 

was also corroborated by the etch rate profiles at these 

operating conditions. Figures 6.22 and 6.23 show the model 

predicted plots for the normalized cumulative surface area 

of SiOj cleared with time on the wafer surface. The 

uniformity of etching at different operating conditions is 

also apparent from these plots. 
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Table 6.1: Surface kinetic validation test results 

Radial Flow Reactor: N=27 

Model 
Number 

I 

II 

III 

IV 

V 

VI 

VII 

Number 
Test 
(for 
Suffi
cient 
data) 

A 

A 

A 

A 

A 

A 

A 

Range 
Test 
(for 
suffi
cient 
signal 
to 
noise 
ratio) 

A 

A 

A 

A 

A 

A 

A 

Signed 
-Rank 
Test 
(for 
bias) 

A,R,R 

A,R,R 

A,A,A 

A,A,A 

R,R,R 

A,A,A 

A,A,A 

Slope 
Test 
(for 
linear 
trends) 

R,R,R 

R,R,R 

A,A,A 

R,R,A 

R,R,R 

A,A,A 

A,A,A 

Runs 
Test 
(for 
non
linear 
trends) 

A,A,A 

A,A,A 

A,A,A 

R,A,A 

R,R,R 

A,A,A 

A,A,A 

Sum of 
Square 
Error 

4.9E4 

4.4E4 

2.9E4 

4.2E4 

3.7E5 

3.4E4 

2.5E4 

Showerhead Reactor: N=3 4 

I 

II 

III 

IV 

V 

VI 

VII 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A,A,A 

A,A,A 

A,A,A 

A,A,A 

R,R,R 

A,A,A 

A,A,A 

A,R,A 

A,A,R 

A,A,R 

R,A,R 

R,R,R 

A,A,A 

A,A,A 

R,R,R 

A,R,R 

A,A,A 

R,R,R 

A,A,A 

A,R,A 

A,A,A 

2.8E4 

4.2E4 

1.7E4 

2.5E4 

2.4E4 

1.7E4 

4.2E3 

A => Accept null hypothesis at the 5% level of significance 
R => Reject null hypothesis at the 5% level of significance 
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Table 6.2: Surface kinetic rate constants. 

Radial Flow Reactor: 

K, 3.36 x 10'" 

1.18 X 10 -10 

K, 3.40 X 10 11 

cm' X A / min 

cm' X microAmps x A / min 

cm' X microAmps 

Showerhead Reactor: 

K, 

K, 

1.13 X 10 

2.95 X 10'" 

9.65 X 10 

'̂^ cm' X A / min 

cm' X microAmps x A / min 

^' cm' X microAmps 

Literature Data: 

Kl [ION] + K2 = 1.17 cm' X A / min 

1.47 X 10" cm 
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Figure 6 . 1 : Experimental data from the radial flow 
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Figure 6.5 Fluorine concentration profile for loaded 
reactor situation. 
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Figure 6.11: Effect of oxygen addition to F concentration 
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Figure 6.12 Etch rate distribution at 500 mTorr pressure 
and 0% oxygen. 
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Figure 6.13: Etch rate distribution at 500 mTorr pressure 
and 2 0% oxygen. 
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Figure 6.14: Etch rate distribution at 800 mTorr pressure 
and 2 0% oxygen. 

108 



500 

Radieil Distance (cm) 

Predicted Experimental 

Figure 6.15: Etch rate distribution at 1000 mTorr pressure 
and 2 0% oxygen. 
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Figure 6.16: Averaged F concentration distribution at 500 
mTorr pressure, 100 Watts power, 105 seem 
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Figure 6.17: Etch rate distribution at 500 mTorr pressure 
and 2 0% oxygen. 
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Figure 6.19: Etch rate distribution at 500 mTorr pressure 
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CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

A transient simulator using moving-boundary seguential 

steady-state computation procedure was developed. The model 

predicted steady-state and transient results were compared 

to experimental data under wide ranging operating 

conditions. Within the accuracy of experimental measurement 

techniques the model results generally compared very well 

with experimental data. There are a few trends which 

possibly indicate incompleteness or errors in the model. 

It was also demonstrated that the model can be used for both 

optimization and control work. Studies on the model showed 

that it can predict the etch rate uniformity very well, 

especially for ion-assisted dominating operating conditions. 

Well-mixed reactor simulations show the need to have a 

detailed reactor model for concentration profile 

distributions. However, the small change in concentration 

profile obtained with detailed model does not have any 

significant influence on the etch rate distribution in the 

ion-assisted regime. The etch rate distribution seems to be 

a stronger function of the ion density profile. Hence 

further work in the direction of charged species generation 

and distribution is warranted. 

Process optimization for etch rate and uniformity can 

be achieved using parametric studies. Transient simulation 

of the model predicts the cumulative area clearing rate of 
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the wafer surface. Hence an end-point time based on optimum 

wafer surface clearing can be easily predicted from the 

model. 

Direct application of this model formulation to an on

line feedback control scheme is limited, due to the 

computational time required for the model. The model 

predicts dynamics of a large number of variables which may 

not be easily measured on-line on the actual process. Hence 

the simulator can serve as the etching process platform 

wherein simpler and faster models can be tested for on-line 

feedback control studies. Parallel work along these lines 

is being conducted at Texas Tech University, where a lumped 

CSTR model is being used to predict end-point time using 

outputs from the simulator discussed in this work. 
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APPENDIX A 

ORDERING ANALYSIS 

The overall stream function equation is given as, 

_ia(iif,Ê ii;) _ ̂ aij/gẑ , _ ^^, 
r d(r,z) j-2Fz * * 

Left hand side of this equation can be expanded as, 

LHg ^ _iaijf â ijr ^ 1 ai|; a îj; _ 1 aii;a^i|j^ i aii/a^ii; 
^"^ar^az 'd^2'3^drdz r ^ ^ ^ T z ^ 

^j^ai|fai|f_ 1 aiifa^ii;^ 1 aij; a îj; _ 2 aiira îi; 
j-3^^ ^ ^ ^ r^^raz^ ^ ^ a r ^ 

^_2^ ai|;ai|;_^ ailfa^ij; 
^ ^ c ^ ^ ^ a z ^ 

Right hand side of the stream function equation can be 

expanded as, 

RHS = v^-Il^-^^.2v ^> 

r^ar^ ^ araz^ az^ 

The left hand side of the stream function equation 

represents the contributions due to inertial effects, while 

the right hand side represents contributions due to the 

viscous effects. The overall equation can be non-

dimensionalized using, 
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r = r R, 

z = z* H, and 

Non-dimensionalizing the stream function equation and 

dividing throughout by (̂If̂ x̂ /R̂ H) , the left hand side reduces 

to, 

LHS = - 1 ^V d^V ^ 1 d}^* a îj;* _ / R ^ 1 ailf^a^vj;* 

r*ar*ar*2az* r*ar*ar*az* H2 r*ar 'az '^ 

^ 1 d}^*d^\ 1 aiif*a\|f*_ 1 aiif'a îjf" 
r'az*ar*^ r'^az*ar* r*2az*ar'2 

^.R^. 1 ai|r* â i|;* _ 2 aijf*a^i|;\ 2 ai|j*ai|;* 
iP r"*^*ar*az*2 r*2az*ar*2 r*2az*ar* 

. R 2 2 a\|;*a2i|;* 
—̂:i = :; • 
H2 r'2az*az*2 

similarly the right hand side reduces to. 

RHS = (^ )^^( i^) A^^^(4^)A^; 
^max a r * ^ ^max r*^ a r ' ^max r ' a r * ^ 

^ . 2 v R ^ . d'^r , . 2 v H . a V 
N^maxH^ a r ' 2 a z ' 2 ^n«x a r ' ^ 

2vR^. a y ,^ vR^ ^ a^ij;' 
m̂axH ar*az*2 4f̂  H3 az*^ ' vmax" a r * a z - i^^,. 

Geometric features and physical properties at the base ease 

operating condition of 500 mTorr pressure and 100 seem total 
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flow are, 

R = 10 cm, 

H = 2.5 em, 

V = 200 X 10"*̂  Poise, 

p = 2.3275 X 10'*̂  gm/cc, and 

*max = 400 ec/sec 

Substituting these values in the non-dimensionalized 

equation we get, 

LHS = -0(1)+0(1)-16-0(1)+0(1)+0(1)-0(1)+16-0(1) 

-2-0(l)+2-0(l)-16'0(l) . 

RHS = 0.5-0(l)-l.6-0(1)-1.1-0(1)+17.19- (1)+1.1-0(1) 

-17.19-0(1)+137.5-0(1) . 

The ordering analysis on the stream function equation shows 

that all the terms are about the same order of magnitude and 

need to be solved for stream function values. 

For fluorine, the material balance equation is given 

as, 

acp acp 1 acp d^c. a^c. 

+ki [ C F J + 2 k 2 [ C F J + k a C 0 F 2 ] + k 6 [ C F 3 ] [O]+k7[CF2] [O] 

+ 2k8[CF2] [ 0 ] + k ^ [ C 0 F ] [ 0 ] + k i o [ C F 3 ] [ F ] - k i i [ C F 2 ] [ F ] 

- k i 2 [ C O F ] [ F ] - k i 3 [ F ] [ C O ] . 

1 2 7 



Here the left hand side represents contributions due to bulk 

transport, while the right hand side represents 

contributions due to diffusive and reactive transport. The 

material balance equation can be non-dimensionalized using, 

r = r R, 

z = z H, 

Vz = v/v^, and 

c = c *c ° 

Non-dimensionalizing the material balance equation and 

dividing throughout by (v^CpVR) , we get, 

v^^%(R)v^^^(^Sr^^^!!i^(£!)^\ 
'ar' H ^^2' v,R ^*^^. g^.2 H^ az-2 

+ ( J ? _ ) (ki[CF4]+2k2[CF4]+k4[COF2]+k6[CF3] [O] 
V C° 

+k7[CF2] [0]+2K8[CF2] [0]+2k8[CF2] [0]+k9[C0F] [0 ] ) 

-(^)C;(kio[CF3]+kii[CF2]+ki2[COF]+ki3[CO]) . 

E s t i m a t e s of p h y s i c a l p a r a m e t e r s , r a t e c o n s t a n t s and 

c o n c e n t r a t i o n s were s u b s t i t u t e d i n t h e above e q u a t i o n f o r 

o r d e r i n g a n a l y s i s , 

[ 0 ( 1 ) + 4 - 0 ( 1 ) ] = [ 0 ( 1 ) + 0 ( 1 ) + 1 6 - 0 ( 1 ) ] + ( 1 . 4 ) - ( 0 . 9 ) - 0 ( l ) . 

The ordering analysis shows that the contributions of bulk 

transport, diffusion, dissociation, free radical exchange 
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and depletion are all of the same order of magnitude and 

hence need to be included in a complete solution of the 

material balance equation. 
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APPENDIX B 

COMPUTER CODE 

C 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

PROGRAM PI.FOR 

THIS PROGRAM CALCULATES THE STREAM FUNCTION 
AND VELOCITY PROFILE FOR A 0.05 X 0.05 GRID SPACING. 
STREAM FUNCTIONS ARE CALCULATED FIRST, USING EITHER A 
USER SUPPLIED DATA FILE (STRM.PRN) OR INTERNALLY 
GENERATED INITIAL GUESSES. THE USER NEEDS TO GIVE THE 
RIGHT OPERATING PRESSURE, AMBIENT TEMPERATURE, REACTOR 
TEMPERATURE, FLOWRATE AND APPLIED POWER. ALSO THE USER 
NEEDS TO SET THE FLAG, AT THE BEGINNING OF THE PROGRAM 
TO DO THE RELEVANT COMPUTATIONS. 
IC0N1=1 CALCULATES VELOCITY COMPONENTS, 

CALCULATES STREAM FUNCTIONS, 
CALCULATES CONTOUR PLOTS, AND 
CALCULATES EITHER VELOCITY OR STREAM FUNCTION 

BUT NOT THE CONTOUR LINES. 
ONCE THE STEADY-STATE STREAM LINES ARE CALCULATED THE 
USER CAN USE THE SAME PROGRAM TO CALCULATE THE CONTOUR 
LINES OR THE VELOCITY PROFILE WITH THE APPROPRIATE FLAG 
SETTING. STREAM FUNCTION VALUES ARE STORED IN 
STRM.PRN, VELOCITY COMPONENTS ARE STORED IN VEL.PRN AND 
CONTOUR PLOT VALUES ARE STORED IN CONTR.PRN. 

DOUBLE PRECISION THE CALCULATED VARIABLES 

ICONlfl 
ICON2=0 
ICON2f0 

C 
c 

c 
c 
c 
c 
c 
c 

c 

c 

c 

DOUBLE PRECISION STR(201,111),ST,SSTR,CONTR 
DOUBLE PRECISION FSTD,Yl,Y2,Y3,TRED,ETA,TSTAR,MUV 
DOUBLE PRECISION VIS,RHO,Q,DR,DZ,ERLIM,TOTAL,TOT 
DOUBLE PRECISION V(201,111,2),STRN(201,111) 

OPEN INPUT AND OUTPUT FILES 
OPEN (UNIT=8,FILE='STRM.PRN',STATUS='OLD') 
OPEN (UNIT=5,FILE='VEL.PRN',STATUS='UNKNOWN') 
OPEN (UNIT=9,FILE='CONTR.PRN',STATUS='UNKNOWN') 

DATAIN 

OPTIONS IN THE PROGRAM 
IC0N1=1 SKIPS THE STREAM FUNCTION SECTION & 
VELOCITY 
ICON1=0 
ICON2=0 DOES THE CONTOUR GENERATION SECTION 
ICON2=0 
VALUE OF PI 
PI=22./7. 
OPERATING PRESSURE (TORR) 
OP=0.5 

CALCULATES 
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c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 
c 
c 
c 

CONDITIONS(SCCM) 

CONDITIONS(SCCM) 

AMBIENT TEMPERATURE (K) 
TAMB=3 03. 
REACTOR PLASMA TEMPERATURE (K) 
TREC=3 03. 
REACTOR BOTTOM PLATE TEMPERATURE (K) 
TBOTT=3 50. 
FLOWRATE OF CF4 AT STANDARD CONDITIONS(SCCM) 
FCF4=80. 
FLOWRATE OF 02 AT STANDARD 
FO2=20.0 
FLOWRATE OF AR AT STANDARD 
FAR=5.0 
POWER APPLIED (WATTS) 
PWR=100. 
AMBIENT PRESSURE (TORR) 
ATMP=760. 
GAS CONSTANT (ATM*CM^3/GM0LE*K) 
GASR=82.06 
DIMENSIONS OF THE REACTOR(CM) 
RI=5.6 
RT=10.0 
TR=2.5 
RB=9.0 
TE=1.0 
EA=3.0 
MOLECULAR WEIGHTS(GM/GMOLE) 
CF4M=88.004 
SIO2M=60.08 
ARM=39.948 
02M=31.9988 
VISCOSITY DATA 
TCCF4=227.6 
ASTAR=16.31 
OMEGA1=0.025 
OMEGA2=0.001 
VC02=73.4 
VCAR=74.9 
TC02=154.6 
TCAR=150.8 
NUMBER OF GRIDS 
N = 2 0 1 
M = l l l 
ME=61 

INITIAL CALCULATIONS 

TOTAL STANDARD FLOWRATE(SCCM) 
FSTD=FCF4+F02+FAR 
Y1=FCF4/FSTD 
Y2=F02/FSTD 
Y3=FAR/FSTD 
VISCOSITY CALCULATIONS 
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TRED=TREC/TCCF4 
ETA1=(CF4M**0.5*TREC)/(ASTAR*(1+(4./TCCF4)) 

* *(1.+0.36*TRED*(TRED-1))**(1./6.)) 
TRED=TREC/TC02 
TSTAR=1.2595*TRED 
MUV=(1.16145*TSTAR**(-0.14874))+0.52487* 

* (EXP(-0.7732*TSTAR))+2.16178*(EXP(-2.43787*TSTAR)) 
FCl=l-0.2756*0MEGA1 
FC2=l-0.2756*OMEGA2 
ETA2=(40.785*FCl*(O2M*TREC)**0.5)/(VC02**(2./3.)*MUV) 
TRE D=TRE C/TCAR 
TSTAR=1.2595*TRED 
MUV=(1.16145*TSTAR**(-0.14874))+0.52487* 

* (EXP(-.7732*TSTAR))+2.16178*(EXP(-2.43787*TSTAR)) 
ETA3=(40.785*FC2*(ARM*TREC)**0.5)/(VCAR**(2./3.)*MUV) 

SIG12=(02M/CF4M)**.5 
SIG21=1./(SIG12) 
SIG23=(ARM/02M)**.5 
SIG32=1./SIG23 
SIG13=(ARM/CF4M)**.5 
SIG31=1./SIG13 

SIG12=((l.+((ETAl/ETA2)**0.5)*(O2M/CF4M)**(l./4.))**2) 
* /(8.*(1.+CF4M/02M))**0.5 
SIG21=(ETA2*CF4M*SIG12)/(ETA1*02M) 
SIG23=((l.+((ETA2/ETA3)**0.5)*(ARM/O2M)**(l./4.))**2) 

* /(8.*(1.+02M/ARM))**0.5 
SIG3 2=(ETA3 *02M*SIG2 3)/(ETA2 *ARM) 
SIG13=((l.+((ETAl/ETA3)**0.5)*(ARM/CF4M)**(l./4.))**2) 

* /(8.*(1.+CF4M/ARM))**0.5 
SIG31=(ETA3*CF4M*SIG13)/(ETA1*ARM) 
VIS=(Y1*ETA1)/(Y1+Y2*SIG12+Y3*SIG13)+(Y2*ETA2)/ 

* (Y1*SIG21+Y2+Y3*SIG23)+(Y3*ETA3)/(Y1*SIG31+ 
* Y2*SIG32+Y3) 
VIS=VIS*l.E-6 
DENSITY CALCULATIONS 

^ RHO=((OP/ATMP)/(GASR*TREC))*(Y1*CF4M+Y2*02M+Y3*ARM) 
VOLUMETRIC FLOWRATE 

^ Q=((760.*FSTD*TREC)/(298.*OP))/60. 
^ VELAVG=Q/(PI*RI**2) 

QMAX=Q/(2.*PI) 
ETA=(VIS/RHO) 
LOGARITHMIC PROFILE CONSTANTS 
CR=RB/RT 
C1=(2.*Q)/(PI*(RT**2-RB**2) ) 

* C1=C1/(((1.-CR**4)/(1.-CR**2))-((1.-CR**2)/ 
* (AL0G(1./CR)))) 
C2=((1.-CR**2)/(ALOG(1/CR))) 
DISCRETE DIMENSIONS 
DR=RT/(FLOAT(N-1)) 
DZ=(TR+EA)/(FLOAT(M-1)) 
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NI=INT(RI/DR)+2 
NE=INT(TE/DR)+2 
NE=N-NE+1 

C 

C STREAM FUNCTION CALCULATION SECTION 
C 
C SET INITIAL GUESSES OR READ FROM FILE AT EACH NODE 
C POINT 

DO 1 1=1,N 
IF (I.LT.NE) THEN 
JJ=ME 
ELSE 
JJ=1 
END IF 
DO 1 J=JJ,M 

1 READ(8,*)STR(I,J) 
CI STR(I,J)=QMAX*(DR*FL0AT(J-1)/RT)**2 
C 

IF (ICONl.EQ.l) GOTO 60 
IF (ICON2.EQ.0) GOTO 79 

C 
C SET NUMERICAL PARAMETER 
C WRITE(6,*)'ENTER SRF VALUE, ERROR LIMIT & MAX ITER= 
C READ(6,*)SRF,ERLIM,MAXITR 

SRF=0.1 
ERLIM=l.E-6 
MAXITR=20000 

C BEGIN ITERATIVE PROCEDURE 
ITER=0 
IFLAG=0 
IFFCO=0 
TOTAL=0.0 
NUMERS=0 

2 ITER=ITER+1 
NUMERS=0 
TOTAL=0.0 

C 
C UPDATE BOUNDARY POINTS 
C 
C B/C I 

DO 3 J=ME,M 
3 STR(1,J)=0.0 

DO 4 J=ME+1,M-1 
4 STR(2,J)=STR(3,J)/4. 

C B/C II 
DO 5 1=1,NI 
R=DR*FL0AT(I-1) 

5 STR(I,M)=(QMAX)*(R/RI)**2 
DO 6 1=3,NI 

6 STR(I,M-l)=(3.*STR(I,M)+STR(I,M-2))/4. 
SSTR=(3.*STR(2,M)+STR(2,M-2))/4. 
STR(2,M-1)=(SSTR+STR(2,M-1))/2. 
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C B/C III 
DO 7 I=NI+1,N 

7 STR(I,M)=QMAX 
DO 8 I=NI+1,N-1 

8 STR(I,M-l)=(3.*STR(I,M)+STR(I,M-2))/4. 
C B/C IV 

DO 9 J=1,M 
9 STR(N,J)=QMAX 

DO 10 J=2,M-2 
10 STR(N-1,J)=(3.*STR(N,J)+STR(N-2,J))/4. 

SSTR=(3.*STR(N,M-l)+STR(N-2,M-l))/4. 
STR(N-1,M-1)=(SSTR+STR(N-1,M-1))/2. 

C B/C V 
DO 11 I=NE,N 
R=DR*FL0AT(I-1) 

11 STR(I,l)=Cl*(R**2/2.-RB**2/2.-R**4/(4.*RT**2) 
* +RB**4/(4.*RT**2) 
* +C2*((R**2)*(ALOG(R))/2.-RB**2 *AL0G(RB)/2.-
* R**2/4.+RB**2/4. 
* -R**2*ALOG(RT)/2.+RB**2*ALOG(RT)/2.)) 
DO 12 I=NE+l,N-2 

12 STR(I,2)=(3.*STR(I,1)+STR(I,3))/4. 
SSTR=(3.*STR(N-1,1)+STR(N-1,3))/4. 
STR(N-1,2)=(STR(N-1,2)+SSTR)/2. 

C B/C VI 
DO 121 J=1,ME 

121 STR(NE,J)=0.0 
DO 122 J=3,ME 

122 STR(NE+1,J)=(3.*STR(NE,J)+STR(NE+2,J))/4. 
SSTR=(3.*STR(NE,2)+STR(NE+2,2))/4. 
STR(NE+1,2)=(SSTR+STR(NE+1,2))/2. 

C B/C VII 
DO 13 1=1,NE 

13 STR(I,ME)=0.0 
DO 14 1=3, NE 

14 STR(I,ME+l)=(3.*STR(I,ME)+STR(I,ME+2))/4. 
SSTR=(3.*STR(2,ME)+STR(2,ME+2))/4. 
STR(2,ME+1)=(SSTR+STR(2,ME+1))/2. 

C 
C UPDATE INTERIOR POINTS 
C 

DO 15 1=3,N-2 
IF (I.LE.NE) JJJ=ME+2 
IF (I.EQ.NE+1) JJJ=ME+1 
IF (I.GT.NE+1) JJJ=3 
DO 15 J=JJJ,M-2 
R=DR*FLOAT(I-l) 
STD=(-48.*ETA*(R**3)*((DZ**4) + (DR**4))-64.*ETA*(R**3 ) 
*(DR**2)*(DZ**2)+16.*ETA*R*(DR**2)*(DZ**4)) 
ST1=8.*ETA*R**3*DZ**4*(STR(I+2,J)-4.*STR(I+1,J) 
-4.*STR(I-1,J)+STR(I-2,J)) 
ST2=-12.*ETA*DR**3*DZ**4*(STR(I+1,J)-STR(I-1,J)) 
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* 

* 

* 

* 

C 

c 

ST3-16.*ETA*R**3*DR**2*DZ**2*(STR(I+l,J+l)-2. 
*STR(I,J+l)+STR(I-l,J+l)-2.*STR(I+l,J)-2.*STR(I-l,J) 
+STR(I+1,J-1)-2.*STR(I,J-1)+STR(I-1,J-1)) 
ST4=-8.*ETA*R**2*DR*DZ**4*(STR(I+2,J)-2.*STR(I+1,J)+2.* 
STR(I-1,J)-STR(I-2,J)) 
ST5=-8.*R**2*ETA*DR**3*DZ**2*(STR(I+1,J+1)-2. 
*STR(I+1,J) 

+STR(I+1,J-1)-STR(I-1,J+1)+2.*STR(I-1,J)-STR(I-1,J-1)) 
ST6=8.*R**3*ETA*DR**4*(STR(I,J+2)-4.*STR(I,J+1)-4.*STR 
(I,J-l)+STR(I,J-2)) 
ST7=8.*ETA*R*DR**2*DZ**4*(STR(I+1,J)+STR(I-1,J)) 
ST8=-4.*DR**3*DZ**3*(STR(I,J+1)-STR(I,J-1))*(STR(I+1,J) 
-STR(I-1,J)) 
ST9=8.*R*DR**4*DZ*(STR(I,J+1)-STR(I,J-1))*(STR(I,J+1) 
+STR(I,J-1)) 
ST10=2.*R**2*DR*DZ**3*(STR(I+1,J)-STR(I-1,J))* 
(STR(I+1,J+1)-2.*STR(I,J+1)+STR(I-1,J+1)-STR(I+1,J-1) 

* +2.*STR(I,J-1)-STR(I-1,J-1)) 
ST11=-R*DR**2*DZ**3*(STR(I+1,J)-STR(I-1,J))*(STR(I+1 

* ,J+1)-STR(I-1,J+1)-STR(I+1,J-1)+STR(I-1,J-1)) 
ST12=2.*R**2*DR**3*DZ*(STR(I+1,J)-STR(I-1,J))*(STR(I, 

* J+2)-2.*STR(I,J+l)+2.*STR(I,J-l)-STR(I,J-2)) 
ST13=-2.*R**2*DR*DZ**3*(STR(I,J+1)-STR(I,J-1))*(STR( 

* I+2,J)-2.*STR(I+1,J)+2.*STR(I-1,J)-STR(I-2,J)) 
ST14=-2.*DR**3*DZ**3*(STR(I,J+1)-STR(I,J-1))*(STR( 

* I+1,J)-STR(I-1,J)) 
ST15=4.*R*DR**2*DZ**3*(STR(I,J+1)-STR(I,J-1))*(STR 

* (I+1,J)+STR(I-1,J)) 
ST16=-2.*R**2*DR**3*DZ*(STR(I,J+1)-STR(I,J-1))*(STR( 

* I+l,J+l)-2.*STR(I+l,J)+STR(I+l,J-l)-STR(I-l,J+l)+2.* 
* STR(I-1,J)-STR(I-1,J-1)) 

ST17=8.*R*DR**2*DZ**3*(STR(I,J+1)-STR(I,J-1))*(STR 
* (I+1,J)+STR(I-1,J)) 

ST=(ST1+ST2+ST3+ST4+ST5+ST6+ST7 
* +ST8+ST9+ST10+ST11+ST12+ 
* ST13+ST14+ST15+ST16+ST17)/STD 

TEST=DABS((ST-STR(I,J))/ST) 
TOTAL=TOTAL+TEST 
STRN(I,J)=STR(I,J)+SRF*(ST-STR(I,J)) 
IF (TEST.GT.ERLIM) NUMERS=NUMERS+1 

15 CONTINUE 

DO 222 1=3,N-2 
IF (I.LE.NE) IJT=ME+2 
IF (I.EQ.NE+1) IJT=ME+1 
IF (I.GT.NE+1) IJT=3 
DO 2 22 J=IJT,M-2 

222 STR(I,J)=STRN(I,J) 

IF (ITER.GE.MAXITR) GOTO 80 
IF (NUMERS.NE.O) GO TO 2 
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c 
C WRITE STREAM FUNCTION VALUES TO OUTPUT FILE 
C 
80 DO 20 1=1,N 

IF (I.LT.NE) THEN 
JJ=ME 
ELSE 
JJ=1 
END IF 
DO 20 J=JJ,M 

20 WRITE(4,780)STR(I,J) 
780 FORMAT(3X,F20.13) 

IF (IC0N2.EQ.1) GOTO 21 
C 
C PRINT STREAM FUNCTION ON THE SCREEN ALONG THE 
C DESIRED PLANES 
C 
50 WRITE(6,*)'DO YOU WANT TO PRINT ALONG I OR J PLANE' 

WRITE(6,*)'IF ALONG I PLANE ENTER 1 ELSE 2' 
READ(6,*)IPRINT 
WRITE(6,*)'ENTER THE DESIRED I OR J PLANE' 
READ(6,*)IP 
IF (IPRINT.EQ.l) THEN 
DO 3 0 J=1,M 

30 WRITE(6,*)IP,J,STR(IP,J) 
ELSE 
DO 4 0 1=1,N 

40 WRITE(6,*)I,IP,STR(I,IP) 
END IF 
WRITE(6,*)'IF YOU WANT TO PRINT ANOTHER ENTER 1 ELSE 0 
READ(6,*)IFLAG 
IF (IFLAG.EQ.l) GOTO 60 

C 
C CONTOUR PLOT GENERATION SECTION 
C 
79 DO 190 IC=1,N 

IF (ICLT.NE) THEN 
JJ=ME 
ELSE 
JJ=1 
END IF 
DO 190 JC=JJ,M 

190 STR(IC,JC)=STR(IC,JC)/QMAX 
IFCO=0 

76 C0NT=1./15. 
CMIN=0.0 
11=0 

70 WRITE(6,*)•ENTER A VALUE FOR CONTR' 
READ(6,*)CONTR 

C 70 C0NTR=1.-(FL0AT(II)*C0NT) 
write(6,*)'contr',contr,emin 
IF (CONTR.LT.CMIN .AND. IFCO.EQ.O) GOTO 71 
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IF (CONTR.LT.CMIN .AND. IFCO.EQ.l) GOTO 21 
IF (IFCO.EQ.l) GOTO 74 

C 
DO 82 J=1,M 
DO 72 1=1,N 
IF (STR(I,J).GE.CONTR) GOTO 73 

72 CONTINUE 
82 CONTINUE 

11=11+1 
GOTO 7 0 

73 DX=DR*FL0AT(I-2)+DR*(C0NTR-STR(I-l,J))/(STR(I,J) 
* -STR(I-1,J)) 

DY=DZ*FL0AT(J-1) 
WRITE(9,*)CONTR,DX,DY 
GOTO 82 

71 IFC0=1 
GOTO 76 

74 DO 91 1=1,N 
DO 92 J=1,M 
IF (STR(I,J).GE.CONTR) GOTO 93 

92 CONTINUE 
91 CONTINUE 

11=11+1 
GOTO 70 

93 DX=DR*(FLOAT(I-l)) 
DY=DZ*FL0AT(J-2)+DZ*(C0NTR-STR(I,J-l))/(STR(I,J) 

* -STR(I,J-1)) 
WRITE(9,*)CONTR,DX,DY 
GOTO 91 

C 
C VELOCITY PROFILE CALCULATION SECTION 
C 
C INTERIOR POINTS 
60 DO 58 1=2,N-1 

IF (I.LE.NE) THEN 
JJ=ME+1 
ELSE 
JJ=2 
END IF 
DO 58 J=JJ,M-1 
R=DR*FL0AT(I-1) 
V(I,J,1)=(1./R)*(STR(I,J+1)-STR(I,J-1))/(2.*DZ) 
V(I,J,2)=-(1./R)*(STR(I+1,J)-STR(I-1,J))/(2.*DR) 

58 CONTINUE 
C 
C SET BOUNDARY POINTS 
C B/C I 

DO 51 J=ME,M 
V(1,J,1)=0.0 

51 V(l,J,2)=(4.*V(2,J,2)-V(3,J,2))/3. 
C B/C II 

DO 52 1=1,NI 
137 



52 
C 

53 
C 

54 
C 

55 
C 

56 
C 

57 
C 

223 
C 
C 
c 

V(I,M,1)=0.0 
V(I,M,2)=-VELAVG 
B/C III 
DO 53 I=NI+1,N 
V(I,M,1)=0.0 
V(I,M,2)=0.0 
B/C IV 
DO 54 J=1,M 
V(N,J,1)=0.0 
V(N,J,2)=0.0 
B/C V 
DO 55 I=NE,N 
V(I,1,1)=0.0 
V(I,l,2)=(4.*V(I,2,2)-V(I,3,2))/3. 
B/C VI 
DO 56 J=1,ME 
V(NE,J,1)=0.0 
V(NE,J,2)=0.0 
B/C VII 
DO 57 1=1,NE 
V(I,ME,1)=0.0 
V(I,ME,2)=0.0 

DO 223 1=1,N 
DO 223 J=ME,M 
WRITE(5,*)V(I,J,1),V(I,J,2) 

ERROR IN CONTINUITY EQUATION CALCULATED HERE 

VRMAX=0.0 
VZMAX=0.0 
DO 721 1=1,N 
DO 721 J=1,M 
IF (DABS(V(I,J,1)) .GT.VRMAX) VRMAX=DABS(V(I,J, 1) ) 

721 CONTINUE 
DO 722 1=1,N 
DO 722 J=1,M 
IF (DABS(V(I,J,2)).GT.VZMAX) VZMAX=DABS(V(I,J,2)) 

722 CONTINUE 
DO 723 1=1,N 
DO 723 J=1,M 
V(I,J,1)=V(I,J,1)/VRMAX 

72 3 V(I,J,2)=V(I,J,2)/VZMAX 
TOT=0.0 
DO 824 IK=2,N-1 
IF (IK.LE.NE) THEN 
JJK=ME+1 
ELSE 
JJK=2 
END IF 
DRR=DR/RT 
RR=(DR*FLOAT(I-l) )/RT 
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* 

4c 

824 

DO 824 JK=JJK,M-1 
FUN=(V(IK+1,JK,1)-V(IK-1,JK,1))/(2.*DRR)+V(IK,JK,1)/RR 
H-((V(IK,JK+1,2)-V(IK,JK-1,2))/(2.*DZ))*(RT*VZMAX/ VRMAX) ' / // V I/ ^ / 

TOT=ABS(FUN)+TOT 
CONTINUE 

21 WRITE(6,*)'THIS 
END 

IS THE END' 

C 
C 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

I0PTN1=1 
IOPTN2=0 
I0PTN2=1 
I0PTN3=1 
I0PTN3fl 

PROGRAM P3.F0R (VAX VECTOR VERSION) 
THIS PROGRAM CALCULATES THE TRANSIENT CONCENTRATION AND 
ETCH RATE DISTRIBUTION PROFILES USING MOVING BOUNDARY 
STEADY-STATE SIMULATION. THE OPERATING CONDITIONS ARE 
AS BEFORE. THE FLAGS TO BE SET IN THIS PROGRAM ARE: 
IOPTN1=0 FOR STEADY-STATE SIMULATION, 

FOR DYNAMIC SIMULATION, 
FOR UNLOADED RUN, 
FOR LOADED RUN, 
FOR CONCENTRATION TO BE READ FROM FILE, AND 
FOR INTERNALLY GENERATED INITIAL GUESSES FOR 

CONCENTRATION. 
THIS PROGRAM READS THE VELOCITY PROFILES CALCULATED 
FROM THE EARLIER PROGRAM (PI.FOR) AND SOLVES FOR 
CONCENTRATION AND ETCH RATES EITHER FOR A STEADY-STATE 
OR DYNAMIC SIMULATION FOR LOADED OR UNLOADED 
SITUATIONS. THE CONCENTRATIONS AR STORED IN CONC.PRN 
WHILE THE ETCH RATES ARE STORED IN ETCH.PRN. 

DOUBLE PRECISION THE ARRAYED VARIABLES 
DOUBLE PRECISION V(201,51,2),C(201,51,10),ET(127) 
DOUBLE PRECISION SION(127),D(10),TP(127),SKI(127) 
DOUBLE PRECISION SIGMA(10),EPSLN(10),SK2(127),SK3(127) 

C 
c 
c 

c 
c 
c 
c 

c 

c 

c 

DIMENSION ITOFF(127) 

OPEN INPUT AND OUTPUT FILES 

OPEN (UNIT=3,FILE='CONC.PRN',STATUS='OLD') 
OPEN (UNIT=4,FILE='ETCH.PRN',STATUS='UNKNOWN') 
OPEN (UNIT=5,FILE='VEL.PRN',STATUS='OLD') 

DATAIN 

VALUE OF PI 
PI=22./7. 
OPERATING PRESSURE (TORR) 
OP=1.0 
AMBIENT TEMPERATURE (K) 
TAMB=3 03. 
REACTOR PLASMA TEMPERATURE (K) 
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c 

c 

c 

c 

c 

c 

c 

c 

c 
c 
c 
c 
c 
c 

TREC=303. 
REACTOR BOTTOM PLATE TEMPERATURE (K) 
TBOTT=3 50. 
FLOWRATE OF CF4 AT STANDARD CONDITIONS(SCCM) 
FCF4=80.0 
FLOWRATE OF 02 AT STANDARD CONDITIONS(SCCM) 
FO2=20.0 
FLOWRATE OF AR AT STANDARD CONDITIONS(SCCM) 
FAR=5.0 
POWER APPLIED (WATTS) 
PWR=100. 
AMBIENT PRESSURE (TORR) 
ATMP=760. 
GAS CONSTANT (ATM*CM^3/GM0LE*K) 
GASR=82.06 
DIMENSIONS OF THE REACTOR(CM) 
RI=5.6 
RT=10.0 
TR=2.5 
RB=9.0 
TE=1.0 
EA=3.0 
MOLECULAR WEIGHTS(GM/GMOLE) 
CF4M=88.004 
SIO2M=60.08 
ARM=39.948 
02M=31.9988 
VISCOSITY DATA 
TCCF4=227.6 
ASTAR=16.31 
OMEGA1=0.025 
OMEGA2=0.001 
VC02=73.4 
VCAR=74.9 
TC02=154.6 
TCAR=150.8 
NUMBER OF GRIDS 
N=2 01 
M=51 
NW=127 
NSP=10 

READ OPTIONS 

lOPTNl = ENTER 0 FOR STEADY-STATE AND 1 FOR DYNAMIC RUN 
I0PTN2 = ENTER 0 FOR UNLOADED RUN AND 1 FOR LOADED RUN 
I0PTN3 = ENTER 1 IF CONC IS TO BE READ FROM A FILE 
IOPTN1=0 
I0PTN2=1 
I0PTN3=1 

C 
C PLASMA RATE CONSTANTS 
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c 
C AT 500 MTORR 

FAC=((PWR/785.39816)/(3.4564398) )*1. c 
C AT 800 MTORR 
C FAC=((PWR/785.39816)/(3.4564398))*(3.5E10/5.E10) 
C AT 1000 MTORR 

FAC=((PWR/785.39816)/(3.4564398))*(2.65E10/5.E10) 

AK1=6.*FAC 
AK2=14.*FAC 
AK3=20.*FAC 
AK4=20.*FAC 
AK5=4 0.*FAC 
AK6=3.1E-11 
AK7=1.4E-11 
AK8=4.0E-12 
AK9=9.3E-11 

C AT 500 MTORR 
C AK10=1.55E-11 
C AK11=4.5E-13 
C AK12=9.2E-13 
C AK13=1.3E-15 
C AT 800 MTORR 
C AK10=1.69E-11 
C AK11=7.08E-13 
C AK12=1.4E-12 
C AK13=2.09E-15 
C AT 1000 MTORR 

AK10=1.74E-11 
AK11=8.6E-13 
AK12=1.7E-12 
AK13=2.6E-15 

C 
C RANDOMIZED (NORMAL) SURFACE RATE CONSTANTS 
C 

pranl=2 
aranl=8 
branl=37 
kranl=31 
eranl=10**(-pranl)*(200*aranl+branl) 
rranl=10**(-pranl)*float(kranl) 
pran2=2 
aran2=700 
bran2=83 
kran2=21 
cran2=10**(-pran2)*(200*aran2-bran2) 
rran2=10**(-pran2)*float(kran2) 
do 9871 i=l,nw 
qranl=cranl*rranl*10**(pranl) 
rranl=abs(qranl-int(qranl)) 
qran2=cran2*rran2*10**(pran2) 
rran2=qran2-int(qran2) 
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xran-(( 2.*alog(rranl **o.5)*(sin(2*pi*rran2)) 
facl=l.o+0.05*xran 

C 

SKl(i)=l.i309879e-12*fael 
SK2(i)=2.9484917e-ll*fael 
SK3(i)=9.649851e-13 

9871 CONTINUE 
C 

C SI02 THICKNESS PROFILE 
C 

DO 800 1=1,NW 
800 TP(I)=4400 

C 
C INITIALIZE PARAMETERS 
C 

DO 801 1=1,NW 
801 IT0FF(I)=1 

TIME=0.0 
ETMIN=0.0 
IQUIT=1 
SURE=0.0 
SURF=0.0 

C 
INUM=0 
DO 806 1=1,N 
DO 806 J=1,M 

806 INUM=INUM+1 
C 
C INITIAL CALCULATIONS 
C 
C TOTAL STANDARD FLOWRATE (SCCM) 

FSTD=FCF4+F02+FAR 
Y1=FCF4/FSTD 
Y2=F02/FSTD 
Y3=FAR/FSTD 

C VISCOSITY CALCULATIONS (POISE) 
TRED=TREC/TCCF4 
ETA1=(CF4M**0.5*TREC)/(ASTAR*(1+(4./TCCF4))*(1.+0.3 6* 

* TRED*(TRED-1))**(l./6.)) 
TRED=TREC/TC02 
TSTAR=1.2595*TRED 
MUV=(1.16145*TSTAR**(-0.14874))+0.52487*(EXP(-.77 32* 

* TSTAR))+2.16178*(EXP(-2.43787*TSTAR)) 
FCl=l-0.2756*0MEGA1 
FC2=l-0.2756*OMEGA2 
ETA2=(4 0.785*FCl*(O2M*TREC)**0.5)/(VCO2**(2./3.)*MUV) 
TRED=TREC/TCAR 
TSTAR=1.2 595*TRED 
MUV=(1.16145*TSTAR**(-0.14874))+0.52487*(EXP(-.77 3 2* 

* TSTAR))+2.16178*(EXP(-2.43787*TSTAR)) 
ETA3=(4 0.785*FC2*(ARM*TREC)**0.5)/(VCAR**(2./3.)*MUV) 
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SIG12=(02M/CF4M)**.5 
SIG21=1./(SIG12) 
SIG23=(ARM/02M)**.5 
SIG32=1./SIG23 
SIG13=(ARM/CF4M)** . 5 
SIG31=1./SIG13 

C 
SIG12=((l.+((ETAl/ETA2)**0.5)*(O2M/CF4M)**(l./4.))**2) 

* /(8.*(l.+CF4M/O2M))**0.5 
SIG21=(ETA2*CF4M*SIG12)/(ETA1*02M) 
SIG2 3=((l.+((ETA2/ETA3)**0.5)*(ARM/02M)**(l./4.))**2) 

* /(8.*(l.+O2M/ARM))**0.5 
SIG32=(ETA3*02M*SIG23)/(ETA2*ARM) 
SIG13=((l.+((ETAl/ETA3)**0.5)*(ARM/CF4M)**(l./4.))**2) 

* /(8.*(1.+CF4M/ARM))**0.5 
SIG31=(ETA3*CF4M*SIG13)/(ETA1*ARM) 
VIS=(Y1*ETA1)/(Y1+Y2*SIG12+Y3*SIG13)+(Y2*ETA2)/ 
(Y1*SIG21+Y2+Y3*SIG23)+(Y3*ETA3)/(Y1*SIG31+Y2*SIG32+Y3) 
VIS=VIS*l.E-6 

C DENSITY CALCULATIONS (GM/CM^3) 
RHO=((OP/ATMP)/(GASR*TREC))*(Y1*CF4M+Y2*02M+Y3*ARM) 

C DIFFUSION COEFFICIENT CALCULATION (CM^2/SEC) 
sigma 
sigma 
sigma 
sigma 
sigma 
sigma 
sigma 
sigma 
sigma 
sigma 
epsln 
epsln 
epsln 
epsln 
epsln 
epsln 
epsln 
epsln 
epsln 
epsln 
wtm(l 
wtm(2 
wtm(3 
wtm(4 
wtm(5 
wtm(6 
wtm(7 
wtm(8 
wtm(9 

=4 
=3 
=4 
=3 
=3 
=3 
=4 
=3 
=3 

662 
467 
3 
0 
8 
05 
3 
9 
941 

10)=3.69 
1)=134. 
2)=106.7 
3)=134. 
4)=110. 
5)=166. 
6)=106.7 
7)=134. 
8)=181. 
9)=195.2 
10)=92. 
=88.004 
=32. 
=69. 
= 19. 
=50. 
= 16. 
=66. 
=47. 
=44. 

wtm(10)=28. 
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dd=(0.00266*(trec**1.5))/(1.01325*op/760.) 
do 9765 i=l,nsp 
sigmat=(sigma(i)+sigma(l))/2. 
epslnt=(epsln(i)*epsln(l))**0.5 
tstar=trec/epslnt 
sigd=(l.06036/(tstar**0.1561))+(0.193/exp(0.4763 5 

* *tstar)) 
* +(1.03587/exp(1.52996*tstar))+(1.76474/exp(3.89411 
* *tstar)) 
abm=2./((l./wtm(l))+(l./wtm(i))) 
d(i)=((dd/(abm**0.5*sigmat**2*sigd))*2.0) 

9765 continue 
C DISCRETE DIMENSIONS 

DR=RT/(FLOAT(N-1)) 
DZ=(TR)/(FLOAT(M-1)) 
NI=INT(RI/DR)+1 
NE=INT(TE/DR)+1 
NE=N-NE+1 

C CONVERSION FACTOR FOR ETCH KINETICS 
CO=2.7202089E-14*(D(4)/DZ) 

C 
C ION FLUX PROFILE 
C 

DO 8734 1=1,NW 
R=DR*FL0AT(I-1) 

C 500 MTORR; 2 0% 02 
C SION(I)=139.78-9.2842*R-0.14101*R**2 
C 500 MTORR; 0% 02 
C SION(I)=96.327-12.531*R+0.43272*R**2 
C 800 mTorr; 20% 02 
C SION(I)=161.1-10.341*R+0.80041*R**2 
C 1000 MTORR; 20% 02 

SION(I)=180.34-6.492 5*R+0.41028*R**2 
8734 CONTINUE 

C 
C INLET CONCENTRATION 
C 

DO 6747 K=1,NSP 
IF (K.EQ.l) CIO(K)=((OP*Y1/760.)/(GASR*TREC))*6.023E23 
IF (K.EQ.2) CIO(K)=((OP*Y2/760.)/(GASR*TREC))*6.023E23 
IF (K.GT.2) CIO(K)=0.0 

6747 CONTINUE 
C 

IF (I0PTN3.EQ.1) GOTO 612 
C 
C SET THE INITIAL CONCENTRATION GUESSES 
C 

DO 61 K=1,NSP 
DO 61 1=1,N 
DO 61 J=1,M 

61 C(I,J,K)=CIO(K) 
GOTO 613 

144 



c 
C READ CONCENTRATION FROM A FILE 
C 
612 DO 611 K=1,NSP 

DO 611 1=1,N 
DO 611 J=1,M 

611 READ(3,*)C(I,J,K) 
C 
C READ VELOCITY FROM FILE AT EACH NODE POINT 
C 
613 DO 1 1=1,N 

DO 1 J=1,M 
1 READ(5,*)V(I,J,1),V(I,J,2) 

C 
C SET NUMERICAL PARAMETERS 
C 

SRF=0.75 
ERLIM=l.E-5 
MAXITR=50000 

C 
C BEGIN ITERATIVE PROCEDURE 
C 
805 ITER=0 
2 ITER=ITER+1 

NUMERS=0 
C 
C UPDATE BOUNDARY POINTS 
C B/C I 

DO 4 62 K=1,NSP 
DO 4 62 J=1,M 

462 C(l,J,K)=(4.*C(2,J,K)-C(3,J,K))/3. 
C B/C II 

DO 463 K=1,NSP 
DO 463 1=1,NI 

463 C(I,M,K)=(4.*C(I,M-1,K)-C(I,M-2,K)-(2.*DZ*V(I,M,2) 
* /D(K))*CIO(K)) 
* /(3.-(2.*DZ*V(I,M,2)/D(K))) 

C B/C III 
DO 4 64 K=1,NSP 
DO 464 I=NI+1,N 

464 C(I,M,K)=(4.*C(I,M-l,K)-C(I,M-2,K))/3. 
C B/C IV 

DO 465 K=1,NSP 
DO 4 65 J=1,M 

465 C(N,J,K)=(4.*C(N-l,J,K)-C(N-2,J,K))/3. 
C B/C V 

DO 4 66 K=1,NSP 
DO 466 I=NE,N 

466 C(I,l,K)=(4.*C(I,2,K)-C(I,3,K))/3. 
C B/C VI &/0R VII 

IF (I0PTN2.EQ.1) GOTO 7 04 
DO 4 68 K=1,NSP 
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DO 468 1=1,NE 
468 C(I,l,K)=(4.*C(I,2,K)-C(I,3,K))/3. 

GOTO 705 
C 
704 DO 6745 K=1,NSP 

IF (K.NE.4) THEN 
DO 469 1=1,NW 

469 C(I,1,K)=(4.*C(I,2,K)-C(I,3,K))/3. 
ELSE 
DO 470 1=1,NW 
IF (ITOFF(I).EQ.O) THEN 
F3=1.E10 
Sl=(SKl(I)*F3*SION(I)+SK2(I)*F3+3.*CO*SION(I)-4.*CO* 

* SK3(I)*C(I,2,K)+CO*SK3(I)*C(I,3,K)) 
S2=4.*(3.*C0*SK3(I))*(CO*SION(I)*C(I,3,K)-4.*C0* 

* SI0N(I)*C(I,2,K)) 
C(I,1,K)=(-S1+(S1**2-S2)**0.5)/(6.*CO*SK3(I)) 
ELSE 
Sl=(SKl(I)*SION(I)+SK2(I)+3.*CO*SION(I)-4.*CO* 

* SK3(I)*C(I,2,K)+CO*SK3(I)*C(I,3,K)) 
S2=4.*(3.*CO*SK3(I))*(CO*SION(I)*C(I,3,K)-4.*C0* 

* SI0N(I)*C(I,2,K)) 
C(I,1,K)=(-S1+(S1**2-S2)**0.5)/(6.*CO*SK3(I)) 
ENDIF 

470 CONTINUE 
ENDIF 

6745 CONTINUE 
DO 471 K=1,NSP 
DO 471 I=NW+1,NE 

471 C(I,l,K)=(4.*C(I,2,K)-C(I,3,K))/3. 
C 
C UPDATE INTERIOR POINTS 
C 
705 DO 10 K=1,NSP 

DO 10 1=2,N-1 
DO 10 J=2,M-1 
IF (K.EQ.l) 
RKM=-AK1*C(I,J,1)-AK2*C(I,J,1)+AK10*C(I,J,3)* 

* C(I,J,4) 
IF (K.EQ.2) RKM=-AK3*C(I,J,2) 
IF (K.EQ.3) RKM=AK1*C(I,J,1)-AK6*C(I,J,3)*C(I,J,6) 

* -AK10*C(I,J,3)*C(I,J,4)+AK11*C(I,J,5)*C(I,J,4) 
IF (K.EQ.4) 
RKM=AK1*C(I,J,1)+2.*AK2*C(I,J,1)+AK4*C(I,J,7)+AK6* 

* C(I,J,3)*C(I,J,6)+AK7*C(I,J,5)*C(I,J,6)+2.*AK8 
* *C(I,J,5)*C(I,J,6) 
* +AK9*C(I,J,8)*C(I,J,6)-AK10*C(I,J,3)*C(I,J,4)-
* AK11*C(I,J,5)*C(I,J,4)-AK12*C(I,J,8)*C(I,J,4)-AK13* 
* C(I,J,4)*C(I,J,10) 

IF (K.EQ.5) 
RKM=AK2*C(I,J,1)-AK7*C(I,J,5)*C(I,J,6)-AK8*C(I,J,5) 

* *C(I,J,6)-AK11*C(I,J,5)*C(I,J,4) 
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IF (K.EQ.6) 
RKM=2.*AK3*C(I,J,2)+AK5*C(I,J,9)-AK6*C(I,J,3)* 

* C(I,J,6)-AK7*C(I,J,5)*C(I,J,6)-AK8*C(I,J,5)*C(I,J,6) 
* -AK9*C(I,J,8)*C(I,J,6) 

IF (K.EQ.7) 
RKM=-AK4*C(I,J,7)+AK6*C(I,J,3)*C(I,J,6)+AK12* 

* C(I,J,8)*C(I,J,4) 
IF (K.EQ.8) RKM=AK4*C(I,J,7)+AK7*C(I,J,5)*C(I,J,6)-AK9 

* *C(I,J,8)*C(I,J,6)-AK12*C(I,J,8)*C(I,J,4)+AK13*C(I,J,4) 
* *C(I,J,10) 
IF (K.EQ.9) RKM=-AK5*C(I,J,9)+AK9*C(I,J,8)*C(I,J,6) 
IF (K.EQ.IO) RKM=AK5*C(I,J,9)+AK8*C(I,J,5)*C(I,J,6) 

* -AK13*C(I,J,4)*C(I,J,10) 
R=DR*FL0AT(I-1) 
ST1=-DABS(V(I,J,1))*(C(I+1,J,K)-C(I-1,J,K))/(2.*DR) 
ST2=-DABS(V(I,J,2))*(C(I,J+1,K)-C(I,J-1,K))/(2.*DZ) 
ST3=D(K)*((C(I+1,J,K)+C(I-1,J,K))/(DR**2)+(1/R)*(C(I+l 

* ,J,K)-C(I-1,J,K))/(2.*DR)+(C(I,J+1,K)+C(I,J-1,K))/ 
* (DZ**2))+RKM 
STD=2.*D(K)*(1./(DR**2)+1./(DZ**2) ) 
ST=(ST1+ST2+ST3)/STD 
C(I,J,K)=C(I,J,K)+SRF*(ST-C(I,J,K)) 
TEST=DABS((ST-C(I,J,K))/ST) 
IF (TEST.GT.ERLIM) NUMERS=NUMERS+1 

10 CONTINUE 
C 
C WRITE(6,*)ITER,MAXITR,NUMERS 

IF (ITER.GT.MAXITR) GOTO 212 
IF (NUMERS.NE.O) GOTO 2 

C 
212 CLOSE (UNIT=3) 

OPEN (UNIT=3,FILE='CONC.PRN',STATUS='UNKNOWN') 
C 

DO 98 K=1,NSP 
DO 98 1=1,N 
DO 98 J=1,M 

98 WRITE(3,*)C(I,J,K) 
C 
C AVERAGE CONCENTRATIONS 
C 

SUM=0.0 
DO 807 1=1,N 
DO 807 J=1,M 

807 SUM=SUM+C(I,J,4) 
AVGF=SUM/FLOAT(INUM) 

C 
C ETCH RATE CALCULATED HERE 
C 

DO 472 1=1,NW 
472 ER(I)=(SKl(I)*C(I,l,4)*SION(I)+SK2(I)*C(I,l,4))/( 

SION(I)+SK3(I)*C(I,l,4)) 
IF (TIME.NE.0.0) GOTO 6778 
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DO 473 1=1,NW 
R=DR*FLOAT(I-l) 

473 WRITE(4,*)I,R,ER(I),AVGF 
IF (lOPTNl.EQ.O) GOTO 21 

C 
6778 WRITE(4,*)MINI,SURF,TIME,AVGF 

C 
IF (IQUIT.EQ.O) GOTO 21 

C 
DO 802 1=1,NW 
IF (ITOFF(I).EQ.O) GOTO 802 
ET(I)=(TP(I)/ER(I)) 

802 CONTINUE 
ETMIN=1.E20 
DO 803 1=1,NW 
IF (ITOFF(I).EQ.O) GOTO 803 
IF (ET(I).LT.ETMIN) MINI=I 
IF (ET(I).LT.ETMIN) ETMIN=ET(I) 

803 CONTINUE 
TIME=TIME+ETMIN 
ITOFF(MINI)=0 

c 
if (mini.eq.l) then 
sure=pi*(dr/2.)**2 
else 
if (mini.ne.nw) then 
sure=pi*(((mini-1)*dr+dr/2.)**2-((mini-2)*dr+dr/2.)**2) 
else 
sure=pi* (((mini-1) *dr) **2- ((mini-2) *dr+dr/2 .) **2) 
endif 
end if 
surf=surf+sure 

c 
DO 804 1=1,NW 
IF (ITOFF(I).EQ.O) GOTO 804 
TP(I)=TP(I)-ER(I)*ETMIN 

804 CONTINUE 
ISUM=0 
DO 808 1=1,NW 

808 ISUM=ITOFF(I)+ISUM 
IF (ISUM.EQ.O) IQUIT=0 
GOTO 805 

C 
21 WRITE(6,*)'THIS IS THE END' 

END 
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