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Low temperature, high plasma density reactors are widely used for etching and 

deposition during microelectronics fabrication.  As the wafer size increases, the requirements for 

azimuthal symmetry and side-to-side uniformity become more stringent.  The development of 

plasma equipment models (PEMs) for investigating chemical, physical, and engineering scaling 

issues for plasma processing has significantly advanced in the recent years.  PEMs in two and 

three dimensions have been developed with the goals of both investigating basic physical 

processes and for use in the design of plasma equipment.  In spite of the success of these 

activities, issues related to three-dimensional (3D) phenomena have come to the forefront and 

cannot be adequately addressed by the present generation of PEMs.  To design reactors with 

good side-to-side symmetry, design engineers require 3D information of plasma properties.  The 

lack of inexpensive azimuthal measurement techniques for plasma properties in inductively 

coupled plasma (ICP) reactors makes it more difficult for experiments to provide this 

information.   

In this thesis, two-dimensional (2D) and 3D hybrid models were developed to investigate 

transient phenomena (time variation of plasma properties) during pulsed operation of ICP 

reactors.  Employing the 2D model, it was demonstrated that utilizing transients during pulsed 

operation, energetic negative ions can be extracted from pulsed ICPs that can aid in reducing 

charge buildup on wafers.  Energetic negative ions can be extracted from Ar/Cl2 pulsed ICPs 

with pulsed low frequency (1-2 MHz) substrate biases.  Employing the 3D model, the impact of 
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asymmetric pumping on plasma properties during continuous wave (CW) ICP operation and the 

effect of transients on these flow-induced asymmetries were quantified.  Asymmetric pumping 

results in non-uniform species densities, which then feed back through plasma conductivity 

making the power deposition azimuthally asymmetric.  The asymmetries in plasma properties 

increase with increase in power and gas flow rate.  Pulsed operation of ICPs improves the 

uniformity of plasma properties as it reduces the positive feedback between species density and 

power deposition.  In Ar ICPs, the plasma parameters were more uniform relative to CW 

operation on decreasing duty cycle or pulse repetition frequency (PRF).  
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1. INTRODUCTION 

 

1.1 Plasma Processing Technology for Semiconductor Applications 

Plasma processing of materials is an essential technology for microelectronics 

fabrication.1  Plasmas are employed in semiconductor manufacturing for etching features and 

vias, for depositing metals to make interconnects, and for cleaning reactors between wafers.2  

Plasma processing of semiconductors is achieved by electron impact dissociation of feed stock 

gases to produce neutral radicals and ions which drift or diffuse to the wafer where they etch or 

deposit materials.  Plasmas are electrically driven by either capacitive coupling or by inductive 

coupling.   

In capacitively coupled plasmas (CCPs), a radio frequency (rf) (13.56 MHz) voltage 

source drives current through a low pressure gas between two electrodes and deposits powers of 

50 – 2000 W.  Typical frequencies are 100s of kHz to 10s of MHz.  The gas breaks down to form 

a plasma, which is usually weakly ionized with a fractional ionization of about 10-5, with 

operating pressures of 10 – 1000 mTorr, plasma density varying from 109 – 1011 cm-3, and 

electron temperature between 1 – 5 eV.   Most of the applied voltage is dropped across the sheath 

region and is responsible for accelerating ions to the wafer.   

In high density plasma sources such as inductively coupled plasmas (ICPs),3 the power is 

coupled to the plasma through an antenna which acts as a transformer.   The plasma acts as a 

single-turn, lossy conductor that is coupled to a multi-turn non-resonant rf coil around the 

dielectric discharge chamber. ICPs operate with a fractional ionization of about 10-3, with 

operating pressures of 0.5 – 50 mTorr, plasma density varying from 1010 – 1012 cm-3, and 

electron temperature between 2 – 7 eV.  To control ion energy to the substrate in ICPs, the 
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electrode on which the wafer is placed can be independently driven by a capacitively coupled rf 

source as shown in Fig. 1.1.  The ions created in the bulk plasma by inductive coupling are 

accelerated in the sheath near the wafer by applying an rf bias on the electrode as shown in Fig. 

1.2.  This results in an anisotropic distribution of ions to the wafer as shown in Fig. 1.3 and aids 

in making fine features with high aspect ratios.  This is the key reason why plasmas have 

replaced wet processing, which results in an isotropic flux of neutral radicals to the surface, and 

forms isotropic trenches with low aspect ratios.  

The plasma reactors used for processing have three-dimensional (3D) attributes which 

affect the characteristics of the plasma and impact the final material properties.  The sources of 

these 3D attributes are physical and electromagnetic asymmetries, or intentional time varying 

spatial modulation in excitation (such as magnetrons).  These systems also undergo transients 

(typically during startup and shutdown, pulsed operation of ICPs, or changes in recipes) which 

are critical to determining uniformity and defect generation.   

The development of plasma equipment models (PEMs) for investigating chemical, 

physical, and engineering scaling issues for plasma processing has significantly advanced in 

recent years.  PEMs in two4-6 and three7 dimensions have been developed with the goals of both 

investigating basic physical processes and for use in the design of plasma equipment.  Two-

dimensional (2D) models are now being used by industry to design plasma processes and 

equipment.  The equipment scale model calculates the plasma properties (electron density for 

C2F6 plasma is shown in Fig. 1.4) in the reactor.  The fluxes are then used to compute the feature 

profiles during etching as shown in Fig. 1.5 for SiO2 etching by a C2F6 plasma.  In spite of the 

success of these activities, issues related to 3D phenomena have come to the forefront and cannot 

be adequately addressed by the present generation of PEMs.  
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In this research project, 2D and 3D PEMs have been developed to investigate chemical, 

physical, and engineering scaling issues in plasma processing reactors of industrial interest.  

Moderately parallel (2-10 processors) computers are employed so that transient or real-time 

linking of phenomena having disparate time scales can be addressed in the hybrid-modeling 

format.  We have investigated the transient behavior of pulsed modulated ICPs using 2D and 3D 

PEMs.  The 2D investigation focuses on channeling the transient behavior of these plasma 

sources to extract negative ions from the plasma to reduce charge buildup on wafers.  The 3D 

investigation attempts to quantify the impact of transient behavior on the azimuthal uniformity of 

plasma properties such as densities, temperatures, and reaction sources in pulsed ICPs.  In this 

regard, the 3D PEM was also improved with multi-fluid temperature equations to quantify the 

gas heating processes in these plasma reactors.   

The earlier studies relevant to this thesis are briefly summarized in the following sections.  

The experimental and computational studies on pulsed plasmas are reviewed in Section 1.2.  The 

reported studies on neutral gas heating during CW operation of plasma sources are presented in 

Section 1.3.  The current status of 3D PEMs and azimuthal measurements of plasma properties 

are reviewed in Section 1.4. 

 

1.2 Transient Phenomena in Pulsed Inductively Coupled Plasmas 

The operating characteristics of high density plasma sources such as ICPs can be 

additionally tailored by modulating the radio frequency (rf) power deposited into the plasma.  In 

this mode of operation, typically referred to as a "pulsed plasma", the rf power to the coil is 

modulated on-off.  The pulsed systems of interest are typically ICPs powered at radio frequency 

where the carrier frequency (the power) is square wave modulated at frequencies of 10s - 100s 
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kHz as shown in Fig. 1.6.  The temporal variation of electron density and plasma potential during 

pulsed operation is shown in Fig. 1.7.  An additional rf bias is capacitively applied to the 

substrate for ion acceleration.  The pulse repetition frequency (PRF) in these systems refers to 

the number of power-on, power-off modulation periods of the ICP power per second.  The duty 

cycle refers to the fraction of a given modulation period during which the power is on.  The 

peak-power refers to the maximum instantaneous power applied during the power-on portion of 

the pulse. 

 Pulsed electronegative plasmas are promising candidates for improving etch processes 

for microelectronics fabrication.8-15  The transient phenomena during pulsed operation of ICPs 

aid in obtaining (1) improved etch selectivity by modifying the ratio of species in the plasma, (2) 

improved etch rate or deposition rate, (3) reduced dust generation, (4) improved etch or 

deposition uniformity, and (5) reduced charge buildup on wafers.   

During continuous wave (CW) operation of ICP sources, the flux of negative ions to the 

wafer is essentially zero and  the wafer is bombarded only by electrons and positive ions.  As the 

electrons are lighter compared to the ions, the flux of electrons is isotropic while the flux of ions 

is anisotropic.  This results in an accumulation of negative charge at the top of the trench and a 

positive charge at the bottom (charge buildup).  This differential charging sets up stray electric 

fields which deflect the further incoming positive ions as shown in Fig. 1.8.  This may lead to 

anomalies in etch profiles such as notching, bowing, and micro trenching on the sides of the high 

aspect ratio trenches.  However, during pulsed operation, negative ions can be extracted from 

electronegative pulsed plasmas which aid in reducing charge buildup in features.  Reduction in 

charge buildup reduces undesirable notching and bowing.10  Negative ions can be extracted from 

the plasma during the power-off phase and accelerated into the features, thereby neutralizing the 
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positive charge which typically accumulates at the bottom of features.  The extraction of 

negative ions is generally possible during the power-off phase because the electron density and 

electron temperature drop to sufficiently small values that charge balance in the plasma is 

sustained between negative and positive ions (an ion-ion plasma).  Negative ions are able to 

escape the plasma when the plasma potential drops to values commensurate with the ion 

temperature as opposed to the electron temperature.   

 

1.2.1 Experimental Studies on Pulsed Plasmas 

As mentioned above, earlier studies8-14 of pulsed plasmas have shown that they enable 

improved etch or deposition rate, uniformity, and etch selectivity by modifying the fluxes of 

species incident on the wafer compared to continuous wave (CW) operation.  Recently pulsed 

plasmas have been used to suppress etching anomalies such as "notching" by reducing charge 

buildup in features.15  By varying the modulation frequency and duty cycle, pulsed plasmas 

extend the range of CW operation with additional degrees of freedom.16  Thus, it is possible to 

optimize and control the performance of processing plasmas by varying these parameters in 

addition to conventional control parameters such as gas pressure, flow rate, and input power.  

Pulsed operation of ECR and helicon plasmas can produce highly selective, anisotropic etching 

with higher etch rates.9-14 

Malyshev et al.17 investigated the temporal dynamics of pulsed chlorine plasmas.  Their 

studies were performed in a transformer coupled plasma (TCP) reactor at pressures between 3 

mTorr and 20 mTorr with average power of 500 W, pulse repetition frequency (PRF) of 10 kHz, 

and duty cycle of 50%.  Electron density during the on period reached a peak of about 1 x 1010 

cm-3 as shown in Fig. 1.9.  During the off period, they observed a large degree of modulation in 
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electron density, nearly two orders of magnitude lower with a characteristic decay time of 

approximately 30 µs.  Hebner et al.16 also investigated pulse-modulated ICPs in argon and 

chlorine.  Measurements were performed for peak rf powers between 150 W and 400 W at 13.56 

MHz, duty cycles between 10% and 70%, and PRFs between 3 and 20 kHz.  Their results 

indicate that during the first 5-30 rf cycles of each time modulated pulse, the discharge may 

operate in a capacitive discharge mode with rf variations in plasma potential and relatively low 

electron density.  The steady state electron density is observed to be a function of duty cycle in a 

chlorine plasma, which may be due to the varying ratio of Cl/Cl2 with duty cycle. 

Ashida et al.18 investigated pulsed argon ICPs at a pressure of 5 mTorr.  The time 

averaged input power in their studies was 80 W and was modulated at a frequency of 10 kHz 

with duty cycle of 50%.  Their measurements indicate that the plasma density is higher than that 

for the continuous wave excitation of the same average power and larger densities are obtained at 

smaller duty ratios.  They also observed that electron densities increase monotonically as the 

time period is decreased.  Takahashi et al.18 measured charged particles and neutral radicals in a 

pulsed ICP using langmuir probes, quadrupole mass spectrometer, and plasma oscillation 

methods to control etching using CF4/H2 mixtures at a pressure of 15 mTorr.  Measurements 

were made at a peak rf power of 1 kW at 13.56 MHz, duty cycles between 5% and 100%, and 

PRFs between 10 kHz and 100 kHz.  They observed that the ratio CFx/F (x=2, 3) increased with 

decreasing power-on time as the time averaged electron temperature decreased with shorter 

power-on times.  Boswell et al.8 observed an increase in etch rates as the pulse length was 

decreased.  The etch rates reached the CW value in pulsed ICPs with 2-ms pulses for etching 

silicon using SF6 gas.  Their studies were performed at pressures between 5 mTorr and 15 mTorr 

with peak power of 1 kW modulated at 0.1-0.5 kHz and duty cycle of 20%.  A heuristic model of 
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the etching was also developed to accurately predict the pulsed plasma etch rates.  The model 

accurately predicted the experimentally observed etch rates for pulsed etching of silicon. 

 Samukawa et al.12,13 observed highly selective, highly anisotropic, notch-free, and 

damage-free polycrystalline silicon etching using chlorine at a pressure of 2 mTorr in pulsed 

ECR plasmas.  Measurements were performed for a peak power of 1 kW at 2.45 GHz, duty cycle 

of 50%, and PRFs between 10 kHz and 100 kHz.  Etching characteristics are controllable due to 

the independent control of the ion density and ion energy distribution.  Pulsed operation over the 

range of a few tens of microseconds suppresses the amount of charge that accumulates in the 

feature and results in reduced damage.  Various researchers9,11,19 investigated pulse modulated 

ECRs for etching SiO2 using CHF3.  Measurements were performed in 2 mTorr discharges for a 

peak input power of 1 kW at 2.45 GHz, duty cycle of 50%, and PRFs between 10 kHz and 100 

kHz. Pulsed operation achieves a high ratio of SiO2 to Si etching and reduces microloading 

effects during SiO2 contact hole etching.  The ratio of CF2/F radicals in CHF3 depends largely on 

the duty cycle.  Meino et al.20 studied pulsed ECR plasmas in Cl2 and argon gases.  

Measurements were performed in 2 mTorr discharges for peak power of 1 kW at 2.45 GHz, with 

variable duty cycles and PRFs between 2.5 kHz and 100 kHz.  Their study showed that pulse 

modulation of Cl2 plasma produces a large density of negative ions in the afterglow.  Pulsed 

operation also changes the flow of charged particles through the sheath region to the substrate 

surface as the plasma potential becomes very low in the off period, which enables achieving 

highly anisotropic and charge-free poly-Si etching. 

Maruyama et al.15 reported detailed analysis of etching characteristics under various 

modulations and microwave conditions in pulsed ECRs with chlorine to achieve simultaneously 

no local side etch, high etch rate, and selectivity.  Measurements were performed in 50 mTorr 
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discharges for a peak power of 4 kW at 2.45 GHz, duty cycle of 50%, and PRF of 5 kHz.  They 

observed that the local side etch depth in the region of high aspect ratio reduced as the off time 

increased, which may be due to the reduction in charge build-up in the features. 

Malyshev et al.25 reported on the dynamics of a pulsed power, inductively coupled 

chlorine plasma operated with continuous rf bias applied to the substrate.  Their studies were 

performed in a 10 mTorr chlorine plasma with peak power of 500 W at 13.56 MHz, duty cycle of 

50%, and PRFs between 0.3-10 kHz.  The rf bias power on the substrate was 300 W.  They 

observed that there is no significant difference in plasma characteristics with or without rf bias 

during the on period.  In the off period, with rf bias, electron temperature increased rapidly in the 

late afterglow after dropping down in the early afterglow.  Electron and ion density continued to 

decrease in the off period with or without bias and was affected only later in the afterglow. 

Samukawa14 investigated pulsed ECRs with chlorine and a low rf substrate bias.  

Measurements were performed in 2 mTorr discharges for peak power of 1 kW at 2.45 GHz, rf 

bias power of 100 W, duty cycle of 50%, and PRFs between 10 kHz and 100 kHz.  He reported 

that poly-Si etching improved by increasing the pulse interval of the microwaves to more than 50 

µs for a 50% duty cycle and applying a 600 kHz rf bias to the substrate.  This was due to the 

increased generation of negative ions in afterglow and acceleration of these ions to the substrate 

by the rf bias.  The high etch rates and the reduced charging resulted from the alternating 

acceleration of negative and positive ions to the substrate in the presence of rf bias.  Yasaka et 

al.21 performed an experimental study of pulsed ECR discharges for deposition of poly-Si films 

using argon/H2 mixture.  Measurements were performed in 0.5 mTorr discharges for peak power 

of 100-300 W at 2.45 GHz, duty cycle of 50%, and PRF of 1 kHz.  A larger selectivity of SiH3 
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over SiH2 was observed using pulsed operation.  As a result, the deposited films contained a 

lower density of hydrogenated bonds than in continuous discharges. 

Mackie et al.22 investigated pulsed and CW deposition of thin fluorocarbon films from 

saturated fluorocarbon/H2 ICPs.  Measurements were performed in 300 mTorr discharges for a 

peak power of 300 W at 13.56 MHz.  They reported significant differences in film chemistry and 

deposition rates in pulsed systems as compared to CW systems.  The pulsed films were 

dominated by CF2 groups, while the CW films were completely amorphous with multiple CFx 

species throughout the film.  Film properties such as cross linking, and the percentage of CF2 

groups deposited were dependent on the duty cycle and the relative power-on and power-off 

times as the production and consumption of free radicals affecting the fluorocarbon film 

deposition varies with duty cycle.  

Kanakasabapathy et al.26 observed that with low frequency (20 kHz) biases applied only 

in the afterglow, one could obtain alternating fluxes of positive and negative ions to the substrate 

during the power-off period in Cl2 plasmas.  Their conditions were Cl2 at 1 mTorr with a peak 

ICP power of 300 W at 13.56 MHz, duty cycle 50% and PRF of 1 kHz.  The peak bias voltage 

was 225 V. 

 

1.2.2 Computational Investigation of Pulsed Plasmas 

Meyyappan27 investigated plasma characteristics of pulse-time modulated high plasma 

density chlorine and CF4 discharges using a spatially averaged model.  The simulations were 

performed at a pressure of 3 mTorr.  The peak rf power was 1200 W modulated at 10 kHz with 

duty cycle of 25%.  The model predicted negligible rates of electron impact reactions during the 

off part of the cycle.  The plasma density increases significantly at duty ratios less than 50% for 
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periods of 25-100 µs and electron temperature rises and falls very sharply during pulsing.  In CF4 

plasmas, the ratio of CF2/F radicals is enhanced by pulsing as a result of modulation of low 

threshold energy reactions.  The electrons in the after glow showed an enhanced decay rate due 

to the presence of negative ions.30  Ashida et al.28-30 also investigated pulsed high plasma density, 

low-pressure plasmas using global models.  They performed studies in argon and chlorine 

plasmas at a pressure of 5 mTorr.  In their simulations, they used a time averaged power of 500 

W varied with a duty cycle of 25% and modulation period varying from 10 µs to 1ms.  Their 

model predicted similar results as the model developed by Meyyappan.27  They observed that the 

time average electron density can be considerably higher than that of a CW discharge for the 

same time-average power.  For a duty cycle of 25%, the highest plasma density was more than 

twice the density of the continuous wave plasma.  

Lymberopoulos et al.31 developed a one-dimensional (1D) fluid model to investigate 

spatiotemporal dynamics of pulsed power argon ICP at 10 mTorr.  The simulations were 

performed with an absorbed power of 750 W/m2 varied at 2-100 kHz with a duty cycle of 25%.  

The model predicts generation of superthermal electrons by metastable reactions affecting the 

time scale of plasma potential decay in the afterglow.  They particularly studied extraction and 

acceleration of positive ions by an rf bias applied in the afterglow stage of the pulsed discharge.  

Application of rf bias resulted in modification of sheaths near the walls and in the particle fluxes 

to the plasma boundaries.  In the positive part of the rf bias more negative ions reached the walls 

while during the negative part of the bias more positive ions reached the walls, thus reducing 

charge buildup.  Midha et al.32 computationally studied pulsed chlorine plasmas by varying 

pressures, powers, pulse repetition frequencies, and duty cycles. The base conditions for the 

simulation were a pressure of 20 mTorr, power density of 1 W/cm3, pulse period of 100 µs, and 
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duty cycle of 50%. Simulation results showed a spontaneous separation of the plasma into an 

ion-ion core and a electron-ion edge during the power on fraction of the cycle. A transition from 

electron dominated plasma to ion-ion plasma is observed at power off. They observed that the 

formation of ion-ion plasma is favored at lower power levels, higher pressures and lower duty 

cycles.     

Boswell et al.33, 34 developed a particle-in-cell (PIC) model with non-periodic boundary 

conditions including ionization and ion motion, to simulate pulsed electropositive and 

electronegative plasmas.  The simulations were performed at a pressure of 20 mTorr.  The 

applied rf voltage was 1 kV with a period of 20 µs and duty cycle of 50%.  The model suggested 

that plasmas pulsed at around 1 kHz would reduce the lifetime of negative ions, thereby reducing 

the possibility of particulate growth.  In electronegative plasmas, plasma density is four times 

lower but reduces faster when compared to electropositive discharges.  

Yokozawa et al.35 performed simulations of ECRs by assuming an axially symmetric 3D 

system.  The behavior of electrons, positive and negative ions during pulsing in Cl2 plasma is 

successfully simulated at a pressure of 2 mTorr with a peak power of 500 W modulated at 10 

kHz and duty cycle of 50%.  The model predicted a larger flux of Cl- ions to the surface during 

off period of the pulse, which resulted in higher etching rates.  Yasaka et al.21 developed a 2D 

fluid simulation of ECRs to obtain spatial and temporal evolution of plasmas and radical species 

for deposition of poly-Si films using Ar/H2/SiH4 mixture.  The simulations were performed at a 

pressure of 1 mTorr.  The peak microwave power was 200 W with a frequency of 5 kHz and 

duty cycle of 50 %.  The simulation qualitatively reproduced the differences between continuous 

and pulsed discharges such as higher electron temperature and enhanced selectivity of SiH3 in 

pulsed discharges.  
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Mostaghimi et al.36 developed a 2D axisymmetric model to study the response of ICP in 

argon/H2 mixture to a sudden change in its active power at around atmospheric pressure 

conditions.  The simulations were performed at pressures between 200 Torr and 760 Torr with 

peak power of 20 kW and pulse off time of 35 ms.  The effect of discharge pressure, frequency, 

torch diameter, and flow rate on the response of the ICP is investigated.  Response time of the 

plasma to the pulsing is dependent on the position in the reactor.  The fastest response as well as 

the largest change in variables was in the skin-depth region, where the power is dissipated. 

Midha et al.37 investigated the dynamics of positive ion-negative ion (ion-ion) plasmas 

under rf bias using a time-dependent one-dimensional fluid model.  They observed that due to 

the lower temperature and greater mass of negative ions compared to electrons, the sheath 

structure in ion-ion plasmas differs significantly from that of conventional electron-ion plasmas.  

They investigated the consequences of rf bias frequency on the magnitude and energy of the ion 

flux incident on the electrodes.  They found that operating at low bias frequencies (100s of kHz) 

is favorable for extracting high energy ions from the plasma.  They also observed the formation 

of double potential layers with positive and negative charges coexisting in the sheath at bias 

frequencies of 10s of MHz. 

Ramamurthi et al.38 computationally investigated spatiotemporal dynamics of pulsed 

power (square-wave modulated) chlorine discharges sustained in an ICP without a substrate bias 

employing a two-dimensional continuum model.  They found that the plasma separated into an 

electronegative core and an electropositive edge during the activeglow and that an ion-ion 

plasma formed at about 15 µs into the afterglow.  They observed a peak in electron temperature 

at power-on and with a local maximum in the region of power deposition under the coil.  They 

also observed that there were significant spatial dynamics of the negative ion density during the 
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pulse, which were attributed to the transport of negative ions towards the peak plasma potential 

during the activeglow and the back diffusion to the boundaries during afterglow. 

 

1.3 Neutral Gas Heating Studies in ICPs 

As the semiconductor industry transitions to larger wafer processing, the gas density 

variations produced by neutral gas heating is a significant concern while striving to attain good 

side-to-side uniformity.  These gas density variations across the reactor affect reaction sources, 

species densities, and etch or deposition uniformity on the wafer.  The neutral gas heating occurs 

through a variety of reaction channels such as symmetric charge exchange, Franck-Condon 

heating during dissociation reactions, electron impact vibrational excitation of neutrals, gas 

phase exothermic reactions, ion-neutral elastic and inelastic collisions, and ion-ion 

recombination.  Several modeling and experimental studies have been performed to quantify 

neutral gas heating effects in ICPs.  In this work, we have improved the 3D PEM with multi-

fluid temperature equations for ions and neutrals to account for neutral gas heating effects.  

Hebner39 measured spatially resolved, line integrated, excited state densities, and neutral 

and ion temperatures in a Ar ICP discharge.  The base case conditions were an ICP power of 200 

W, pressure of 10 mTorr and gas flow rate of 10 sccm.  Laser-induced fluorescence was used to 

confirm the neutral temperatures and to measure argon metastable ion temperatures.  He 

observed that the ion and neutral temperatures were comparable in the center of the discharge for 

ICPs powers between 50 and 300 W and pressures between 4 mTorr and 50 mTorr.  The neutral 

and ion temperatures increased from 500 K to 1050 K as the ICP power was increased from 50 to 

300 W.  Neutral temperatures also increased with increase in pressure.  Hebner40 also measured 

temperature and radial drift velocity of metastable chlorine ions in ICPs sustained in Cl2 and 



 14

Ar/Cl2 mixtures.  He observed that in the center of the discharge, the Cl metastable ion 

temperature increased from 1500 K to 3200 K as the ICP power was changed from 200 W to 400 

W.  He also observed that Cl metastable ion temperature increases with increasing Cl2 fraction in 

the feedstock. 

Tonnis et al.41 measured neutral temperatures within a cylindrical, ICP source sustained 

in atomic and molecular gas mixtures (Ar, He, Ne, N2 and O2) using optical emission 

thermometry.  They observed increase in neutral temperatures with ICP power and pressure.  

They observed that at high pressures (~ 1 Torr) and ICP powers (1200 W), neutral temperature in 

Ar can be as high as 2000 K.  In molecular gases such as N2 and O2, higher temperatures were 

measured which they attribute to Franck-Condon heating of the gases during electron impact 

dissociation, vibrational excitation/thermalization, and exothermic wall reactions.  Singh et al.42 

estimated the neutral temperature at neutral sampling aperture in a CF4 ICP from the change in 

number density of a trace amount of Ar added to CF4.  The plasma conditions were ICP powers 

between 150 and 550 W, pressures between 1 and 30 mTorr, and gas flow rates between 10 and 

20 sccm.  They observed an increase in neutral temperatures with ICP power and a decrease in 

temperature near the sampling aperture with pressure.  The neutral temperatures of about 930 K 

were measured at the sampling aperture, while the wall temperatures were about 330 to 370 K.  

They attributed this temperature jump at lower pressures to a larger neutral mean free path.   

Abada et al.43 measured neutral gas temperature in a CF4 planar ICP with space and time 

resolution using laser-induced fluorescence of the CF radicals.  They observed strong gradients 

in temperatures as well as temperatures as high as 900 K in the center of the discharge at 50 

mTorr and a ICP power density of 0.15 W/cm3.  The temperature at the reactor center increases 

with gas pressure as well as ICP power, but is independent of the gas flow rate.  Cruden et al.44 
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investigated the accuracy of plasma neutral temperature estimation by fitting the rotational band 

envelope of different diatomic gases in the emission.  They performed experiments in CF4 ICP 

sustained in a GECRC reactor.  They observed a wide variation in rotational temperatures for 

different species in the plasma (CF: 1250 K, CO: 1600 K, C2: 1800 K, SiF: 2300 K).  The 

vibrational temperatures also vary from 1750 K to 5950 K, with higher vibrational temperatures 

corresponding to lower rotational temperatures.  They concluded that the species temperatures 

varied significantly as a result of different channels by which it is produced. 

Bukowski et al.45 investigated ICPs in Ar and Cl2 using a 2D, axisymmetric fluid model.  

They predicted that the neutral temperature between the electrodes peaks at about 1000 K in a 20 

mTorr Cl2 discharge with ICP power of 185 W.  Kiehlbauch et al.46 performed two-dimensional 

temperature resolved modeling of plasma abatement of perfluorinated compounds.  They 

investigated neutral heating in a high density ICP sustained in CF4/O2 gas mixture.  The plasma 

conditions were a pressure of 200 mTorr and ICP powers between 300 and 1200 W.  The model 

predicted high neutral temperature in these plasmas at about 2000 K.  They concluded that 

Franck-Condon heating as well as ion/neutral collisions are the largest heating mechanisms, each 

accounting for about 40% of the neutral energy source term. 

Meyyappan et al.47 employed a radially averaged one-dimensional model within a 

multicomponent, multitemperature framework to investigate an electron cyclotron resonance 

(ECR) CF4 discharge.  The plasma conditions were a pressure of 2 mTorr, power of 500 W, and 

gas flow rate of 30 sccm.  They predicted a peak gas temperature of 450 K at 2 mTorr and 

observed an increase in gas temperature to about 600 K at 8 mTorr.  They attributed the gas 

heating to occur mainly due to charge exchange collisions, with a smaller contribution from 

elastic collisions.  Hash et al.48 investigated CF4 ICPs in a GECRC reactor employing a 
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temperature resolved two-dimensional model.  The base case plasma conditions were ICP power 

of 300 W, CF4 flow rate of 20 sccm, and pressure between 10 and 50 mTorr.  The model 

computed an average energy for the neutral fluid.  They concluded that gas heating becomes less 

important at lower pressures due to a reduction in collision frequency.  They also observed a 

reduction in gas temperature with decrease in pressure. 

 

1.4 Three-Dimensional Modeling of ICPs 

Many of the inductively coupled plasma (ICP) systems used for etching and deposition 

application have discrete nozzles and single sided asymmetric pumping under the assumption 

that at low pressure, transport is diffusion dominated.  In this operating regime, the gas sources 

and sinks appear as volume averages, and so their asymmetries should not detrimentally affect 

the uniformity of reactants to the substrate.  However, previous experimental and computational 

investigations of ICP reactors show that reactor asymmetries such as asymmetric pumping result 

in azimuthally asymmetric density profiles.  These asymmetric density profiles above the plane 

of the wafer translate to asymmetric ion fluxes to the substrate, thereby resulting in non-uniform 

etch yields.  The asymmetries introduced by gas inlets, pumping ports, and non-uniform power 

deposition become more important as wafer sizes become larger.  As the semiconductor industry 

makes the transition to larger wafer processing, 3D PEMs and azimuthal measurements of 

plasma properties are essential to design plasma reactors that produce good side to side 

uniformity.  

Panagopoulos et al.49 developed a three-dimensional finite element fluid model for 

studying azimuthal asymmetries and their effect on etch uniformity in ICPs.  The typical 

conditions were a pressure of 10 mTorr, ICP power of 2000 W, and Cl2 gas flow rate of 80 sccm.  
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They observed that when the etching is ion driven such as in Cl2, uniformity of power deposition 

profile determines the etch uniformity.  They concluded that with uniform power deposition, the 

effect of asymmetric pumping becomes more dominant.  Their studies also showed that a focus 

ring can alleviate azimuthal non-uniformities in etch yields.  Kushner50 investigated the 

consequences of asymmetric pumping in Cl2 ICPs employing a 3D model.  The typical discharge 

conditions were a pressure of 10 mTorr, ICP power of 400 W and flow rate of 150 sccm.  He 

concluded that ion densities and fluxes to the substrate are generally more uniform than their 

neutral counterparts due to the dominance of ambipolar forces at lower pressures. 

The azimuthal measurements of plasma properties in these reactors are essential to aid 

the development of 3D PEMs for designing plasma reactors that can process larger wafers.  

However, these measurements are scarce in literature.  At best these measurements are available 

only on the wafer plane.  Kim et al.51,52 measured radial and azimuthal variation of ion flux 

impinging on the wafer surface in Ar/SF6 and Ar/Cl2 discharges maintained in an ICP reactor 

using a 2D array of planar langmuir probes built on a 200 mm Si wafer.  The typical discharge 

conditions were 200 W ICP power, flow rate of 200 sccm and pressure of 10 mTorr.  They 

observed that the ion flux distribution in Ar/SF6 and Ar/Cl2 mixtures show a small local 

maximum near the pump port, which they attribute to reduced ion loss by wall recombination.  In 

argon they obtained nearly azimuthal ion flux distribution on the wafer, while with the addition 

of electronegative gases they observed increased local maximum near the pump port as shown in 

Fig. 1.10.   
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1.5 Summary 

There have been few modeling efforts to investigate transients in pulse modulated ICPs.  

Experimental efforts to characterize plasma properties in pulsed ICPs have been successful.  

Global and 1D models are inadequate to accurately study the effect of pulsed plasmas as they do 

not capture the spatial dynamics of plasma properties.  As most of the commercial reactors have 

complex 3D attributes, 2D or 3D computational models are required to accurately capture the 

plasma dynamics.   

As the semiconductor industry transitions to process larger wafers (300 mm), it is 

essential that the high density plasma reactors produce reactant fluxes with good side-to-side 

symmetry so that uniform etch or deposition yields can be obtained over the entire wafer.  To 

design reactors with good side-to-side symmetry, design engineers require 3D information of 

plasma properties.  The lack of good and inexpensive azimuthal measurement techniques for 

plasma properties in ICPs makes it difficult for experiments to provide this information.  Hence, 

the process design engineers have to heavily rely on 3D PEMs to design plasma reactors with 

good side-to-side uniformity for large area wafer processing.  Therefore, 3D PEMs will be very 

valuable for the design of next generation plasma processing reactors. 

In the present study, 2D and 3D hybrid models were developed employing moderate 

parallelism.  We have investigated the transient phenomena (time variation of plasma properties) 

during pulsed operation of ICPs employing 2D and 3D models.  Employing the 2D model, we 

have demonstrated that utilizing transients during pulsed operation, energetic negative ions can 

be extracted from pulsed ICPs that can aid in reducing charge buildup on wafers.  The results are 

presented in Chapter 4.  The 3D model has been improved with multi-fluid temperature 

equations to better understand the energy transport processes in ICPs operating at low pressures 
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(< 10 mTorr).  We have quantified the impact of asymmetric pumping on plasma properties 

during CW ICP operation.  The consequences of asymmetric pumping in Ar, Cl2, and 

fluorocarbon mixtures are presented in Chapter 5.  In this work, a moderately parallel 

implementation of the improved 3D model was also developed to investigate the impact of 

transients such as during pulsed operation on asymmetries produced by asymmetric pumping.  

We have also quantified the effect of pulse repetition frequency (PRF) and duty cycle on 

reducing these flow induced asymmetries.  The results are reported in Chapter 6. 
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1.6 Figures 

 

 
 
Figure 1.1 Schematic of plasma processing reactor. 
 

 

 

 

 

Figure 1.2 Schematic of plasma potential.  
Ions accelerated in the sheath are capable of 
initiating etching and deposition.   

Figure 1.3 Ions are directed to the bottom of the 
trench by sheath acceleration. This helps in 
attaining high aspect ratio features.  The neutral 
radicals have an isotropic profile and result in 
isotropic etch profile.  
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Figure 1.4 Electron density in a C2F6 
inductively coupled plasma. The conditions 
are pressure of 10 mTorr, flow rate of 100 
sccm, ICP power of 650 W, and substrate bias 
of 100 V.   

Figure 1.5 Trench profile for etching of SiO2 in 
C2F6 plasma for a aspect ratio of 10:1 
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Figure 1.6 Power modulation in argon pulsed plasmas (peak power of 300 W, PRF of 10 KHz, 
and duty cycle of 50%). Two pulses are shown here. The power-on phase is called “activeglow” 
and the power off phase is called “afterglow”. 
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Figure 1.7 Peak electron density (x 1010 cm-3) and plasma potential in Ar pulsed plasmas. 
Properties for four pulses are shown here. The plasma potential peaks at the leading edge during 
power-on.  The conditions are pressure of 20 mTorr, ICP power of 300 W and PRF of 10 kHz, 
and duty cycle of 50%.  
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Figure 1.8 Etch anomalies produced due to differential charging. Stray electric fields deflect the 
incoming positive ions. 
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Figure 1.9 Electron (open symbols) and ion (closed symbols) densities, and electron temperature 
versus time during a 100 µs, 50% duty cycle period of power modulation in a Cl2 pulsed plasma 
at 5 (circles), 10 (squares), and 20 (diamonds) mTorr measured in the center of the reactor with 
the Langmuir probe at 240W average power.17  
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Figure 1.10 Two-dimensional spatial distribution of normalized ion current density impinging on 
the wafer surface in (a) Ar and (b) Ar/Cl2 = 90/10 mixture was measured by Kim et al.52 The 
pumping port is located in the 12 o’clock direction of the figure. The conditions are pressure of 
200 W, power of 200 W, and flow rate of 200 sccm.   
 
 

 



 24

1.7 References 

1. M. A. Lieberman and A. J. Lichtenberg, Principles of Plasma Discharges and Materials 

Processing, (John Wiley & Sons Inc, New York, 1994). 

2. D. Manos and D. Flamm, Plasma Etching, (Academic Press, San Diego, 1989). 

3. W. Z. Collison, T. Q. Ni, and M. S. Barnes, J. Vac. Sci. Technol. A 16, 100 (1998). 

4. H. M. Wu, D. B. Kilgore, and D. B. Graves, Plasma Sources Sci. Technol. 6, 231 (1997). 

5. G. DiPeso, V. Vahedi, D. Hewett, and T. Rognlien, J. Vac. Sci. Technol. A 12, 1387 (1994). 

6. U. Kortshagen, J. Vac. Sci. Technol. A 16, 300 (1998). 

7. T. Panagopoulos, D. Kim, V. Midha, and D. Economou, J. Appl. Phys. 91, 2687-2696 

(2002). 

8. R. W. Boswell and R. K. Porteous, J. Appl. Phys. 62, 3123 (1987). 

9. S. Samukawa, Jpn. J. Appl. Phys. Part 1 32, 6080 (1993). 

10. S. Samukawa and K. Terada, J. Vac. Sci. Technol. B 12, 3300 (1994). 

11. S. Samukawa, Jpn. J. Appl. Phys. Part 1 33, 2133 (1994). 

12. S. Samukawa and T. Meino, Plasma Sources Sci. Technol. 5, 132 (1996). 

13. S. Samukawa and H. Ohtake, J. Vac. Sci. Technol. A 14, 3049 (1996). 

14. S. Samukawa, Appl. Phys. Lett. 68, 316 (1996). 

15. T. Maruyama, N. Fujiwara, S. Ogino, and M. Yoneda, Jpn. J. Appl. Phys. Part 1 36, 2526  

(1997). 

16. G. A. Hebner and C. B. Fleddermann, J. Appl. Phys. 82, 2814 (1997). 

17. M. V. Malyshev, V. M. Donnelly, S. Samukawa, and J. I. Colonell, J. Appl. Phys. 86, 4813 

(1999). 

18. S. Ashida, M. R. Shim,  and M. A. Leiberman, J. Vac. Sci. Technol. A 14, 391 (1996). 



 25

19. K. Takahashi, M. Hori, and T. Goto, Jpn. J. Appl. Phys. Part 2 34, L1088 (1993). 

20. T. Meino and S. Samukawa, Plasma Sources Sci. Technol. 6, 398 (1997). 

21. Y. Yasaka and K. Nishimura, Plasma Sources Sci. Technol. 7, 323 (1998). 

22. N. M. Mackie, N. F. Dalleska, D. G. Castner, and E. R. Fisher, Chem. Mater. 9, 349  (1997). 

23. L. J. Overzet, J. H. Beberman, and J. T. Verdeyen, J. Appl. Phys. 66, 1622  (1989). 

24. A. Kono, M. Haverlag, G. M. W. Kroesen, and F. J. de Hoog, J. Appl. Phys. 70, 2939  

(1991). 

25. M. V. Malyshev and V. M. Donnelly, Plasma Sources Sci. Technol. 9, 353 (2000). 

26. S. K. Kanakasabapathy, L. J. Overzet, V. Midha, and D. Economou, Appl. Phys. Lett. 78, 22 

(2001). 

27. M. Meyyappan, J. Vac. Sci. Technol. A 14, 2122 (1996). 

28. S. Ashida, C. Lee, and M. A. Leiberman, J. Vac. Sci. Technol. A 13, 2498 (1995). 

29. M. A. Leiberman and S. Ashida, Plasma Sources Sci. Technol. 5, 145 (1996). 

30. S. Ashida and M. A. Leiberman, Jpn. J. Appl. Phys. Part 1 36, 854  (1997). 

31. D. P. Lymberopoulos, V. I. Kolobov, D. J. Economou, J. Vac. Sci. Technol. A 16, 564 

(1998). 

32. V. Midha and D. J. Economou, Plasma Sources Sci. Technol. 9, 256 (2000). 

33. R. W. Boswell and D. Vender, IEEE Trans. Plasma. Sci. 19, 141 (1991). 

34. D. Vender, H. B. Smith, and R. W. Boswell, J. Appl. Phys. 80, 4292 (1996). 

35. A. Yokozawa, H. Ohtake, and S. Samukawa, Jpn. J. Appl. Phys. Part 1 35, 2433  (1996). 

36. J. Mostaghimi, K. C. Paul, and T. Sakuta, J. Appl. Phys. 83, 1898 (1998). 

37. V. Midha and D. J. Economou, J. Appl. Phys. 90, 1102 (2001). 

38. B. Ramamurthi and D. J. Economou, J. Vac. Sci. Technol. A 20, 467 (2002). 



 26

39. G. A. Hebner, J. Appl. Phys. 80, 2624 (1996). 

40. G. A. Hebner, J. Appl. Phys. 80, 3215 (1996). 

41. E. J. Tonnis and D. B. Graves, J. Vac. Sci. Technol. A 20, 1787 (2002). 

42. H. Singh, J. W. Coburn, and D. B. Graves, J. Vac. Sci. Technol. A 19, 718-729 (2001). 

43. H. Abada, P. Chabert, J. P. Booth, J. Robiche, and G. Cartry, J. Appl. Phys. 92, 54223 

(2002). 

44. B. A. Cruden, M. V. V. S. Rao, S. P. Sharma, and M. Meyyappan, J. Appl. Phys. 91, 8955 

(2002). 

45. J. D. Bukowski, D. B. Graves, and P. Vitello, J. Appl. Phys. 80, 2614-2625 (1996). 

46. M. W. Kiehlbauch and D. B. Graves, J. Appl. Phys. 89, 2047-2057 (2001). 

47. M. Meyyappan and T. R. Govindan, J. Appl. Phys. 80, 1345-1351 (1996). 

48. D. B. Hash, D. Bose, M. V. V. S. Rao, B. A. Cruden, M. Meyyappan, and S. P. Sharma, J. 

Appl. Phys. 90, 2148-2157 (2001).  

49. T. Panagopoulos, D. Kim, V. Midha, and D. Economou, J. Appl. Phys. 91, 2687-2696 

(2002).  

50. M. J. Kushner, J. Appl. Phys. 82, 5312 (1997). 

51. T. A. Kim, S. J. Ullal, V. Vahedi, and E. S. Aydil, Rev. Sci. Instrum. 73, 3494 (2002). 

52. T. A. Kim and E. S. Aydil, J. Appl. Phys. 92, 6444-6450 (2002). 

 



 27

2. DESCRIPTION OF THE TWO-DIMENSIONAL MODEL 

 

2.1 Hybrid Plasma Equipment Model (HPEM)  

The HPEM is a plasma equipment model developed at the University of Illinois to 

numerically investigate plasma processing reactors in two and three dimensions.1-3  The HPEM 

has the capability of modeling complex reactor geometries and a wide variety of operating 

conditions.  A flowchart of the HPEM is shown in Fig. 2.1.  The main body of the two-

dimensional (2D) HPEM consists of an electromagnetic module (EMM), an electron energy 

transport module (EETM), and a fluid kinetics simulation (FKS).  The EMM calculates 

inductively coupled electric and magnetic fields as well as static magnetic fields produced by the 

inductive coils and permanent magnets.  The EETM spatially resolves the electron energy 

transport by either solving the electron energy conservation equation or using a Monte Carlo 

Simulation (MCS) to track the electron trajectories over many rf cycles to generate the spatially 

dependent electron energy distributions (EEDs).  The EEDs are used to generate sources for 

electron impact processes and electron transport coefficients.  Finally, the FKS solves the 

continuity, momentum, and energy equations coupled with Poisson's equation to determine the 

spatially dependent density of charged and neutral species as well as electrostatic fields.   

In the computationally sequential version of HPEM, the interaction between the modules 

occurs in the following fashion.  The fields produced by the EMM and the FKS are used in the 

EETM while EEDs produced in the EETM are used to calculate electron impact source functions 

for the FKS.  Finally, the spatial density distributions produced by the FKS are used to calculate 

the conductivity for the EMM.  These modules are iterated until a converged solution is 
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obtained.  The HPEM has numerous other modules that are described in greater detail 

elsewhere.1-3 

 

2.2 The Electromagnetics Module (EMM) 

 The electromagnetics module produces the azimuthal electric fields and r-z magnetic 

fields due to the inductively coupled coils and the radial and axial magnetic fields due to 

permanent magnets or dc coils.  To determine the time harmonic azimuthal electric fields, 

Maxwell's equations are solved under time harmonic conditions.  

 −∇⋅ ∇ = −
1 2

µ
ω ε ωφ φ φE E j J        (2.1) 

where µ is the permeability, ε is the permittivity, ω is the driving frequency, and the current Jφ is 

the sum of the driving current Jo and the conduction current in the plasma.  The conduction 

current is assumed to be of the form Jφ=σEφ..  At pressures where the electrons are sufficiently 

collisional, the conductivity of the plasma is 

                                                        σ
ν ω

=
+

q n
m i
e e

e me
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                                               (2.2) 

where q is the charge, ne is the electron density, m is the mass, and νm is the momentum transfer 

collision frequency.  The azimuthal electric field solution is determined by the iterative method 

of successive over relaxation (SOR) where convergence is assumed when the relative change is 

less than 10-6. 

 The static magnetic fields in the axial and radial directions are also determined in the 

EMM.  Assuming azimuthal symmetry allows the magnetic field to be represented by a vector 

potential A with only an azimuthal component.  A can be solved using 
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µ

       AB ×∇=  (2.3) 

where j is the source terms due to closed current loops at mesh points representing permanent 

magnets or dc coils.  This equation is also solved using SOR. 

 The coil, its power supply, and its matching network are represented by solving an 

equivalent circuit model for the coil and matchbox to provide coil currents and voltages.  The 

coil currents are used as the driving current boundary conditions in the EMM, and the voltages 

are used as boundary conditions in the solution of Poisson's equation in the FKS.  The circuit 

model varies the matchbox capacitor values (parallel and series) to minimize the reflected power 

from the plasma.  At the same time, the generator voltage is adjusted to deliver the desired 

inductively coupled power to the plasma. 

 

2.3 The Electron Energy Transport Module (EETM) 

The EETM solves for electron impact sources and electron transport properties by using 

electric and magnetic fields computed in the EMM and FKS. There are two methods for 

determining these parameters. The first method determines the electron temperature by solving 

the electron energy conservation equation in the electron energy equation module (EEEM). The 

second method uses a Monte Carlo simulation to launch electron particles and collect statistics to 

generate spatial EEDs. 

The EEEM solves the zero-dimensional Boltzmann equation for a range of E/N, electric 

field divided by plasma density, to tabulate the EEDs over this range and allow the determination 

of electron transport properties.  This information is used in the solution of the electron energy 

equation 
                                             ( )∇ ∇ + ∇ ⋅ = −k T T P Pe e heating lossΓ                                                   (2.4) 
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where k is the thermal conductivity, Γ is the electron flux determined by the FKS, and Te is the 

electron temperature equal to two thirds the average energy determined from the EEDs.  Pheating 

is the power added due to conductive heating equal to σE E⋅ .  The conductivity is determined in 

the FKS. The electric field is the sum of the azimuthal field from the EMM and the radial and 

axial field found in the FKS. The Ploss is the power loss due to collisions by the electrons. 

 The second method for determining electron transport properties is by the Electron Monte 

Carlo Simulation (EMCS).  The EMCS simulates electron trajectories according to local electric 

and magnetic fields and collision processes.  Initially, the electrons are given a Maxwellian 

distribution and randomly distributed in the reactor weighted by the current electron density.  

Particle trajectories are computed using the Lorentz equation, 

    ( )Bx  v + E
m
q

 = 
dt
vd

e

e                            (2.5) 

and   
dr
dt

 =  v                           (2.6) 

where v, E, and B  are the electron velocity, local electric field, and magnetic field, 

respectively.  Equations (2.5) and (2.6) are updated using a second order predictor corrector 

method.  The electron energy range is divided into discrete energy bins. Within an energy bin, 

the collision frequency νi is computed by summing all the possible collisions within the energy 

range, 
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             (2.7) 

where εi is the average energy within the bin, σijk is the cross section at energy i, for species j and 

collision process k, and Nj is the number density of species j.  The free-flight time is randomly 

determined from the maximum collision frequency.  After the free-flight, the type of collision is 
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determined by the energy of the pseudoparticle.  The corresponding energy bin is referenced and 

a collision is randomly selected from that energy bin, with a null reaction making up the 

difference between the maximum and actual collision frequencies.  Finally, the electron 

temperature, collision frequency, and electron impact rate coefficients are evaluated based on 

EEDs with the process cross section at the specified location. 

 

2.4 The Fluid Kinetics Simulation (FKS) 

The FKS solves the fluid transport equations to provide species densities and fluxes, and 

temperatures.  The module also includes chemical reactions and a solution of Poisson’s equation 

or an ambipolar field solution for the electric potential and time-dependent electrostatic fields.  

Electron transport coefficients and electron impact rates needed to solve the fluid and potential 

equations are obtained from the EETM.  Ion and neutral transport coefficients are obtained from 

a database or by using Lenard-Jones parameters.  The species densities are calculated from the 

continuity equation, 

     ii
i S

t
N

+Γ⋅−∇=
∂

∂               (2.8) 

where Ni, Γi, and Si are the species density, flux, and source for species i.  The flux for each 

species can be determined by using a drift diffusion or a heavy body momentum equation.  

Electron densities are determined using the drift diffusion formulation, 

  Γi i i i s i i =  q N E  -  D Nµ ∇                                    (2.9) 

where µi is the mobility of species i, Di is the diffusion coefficient, qi is the species charge in 

units of elementary charge, and Es is the electrostatic field.  Heavy ion and neutral fluxes can be 

determined by using the previous drift diffusion method or by using the heavy body momentum 

equation,   
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where Ti is the species temperature, vi  is the species velocity given by Γi / Ni, and νij is the 

collision frequency between species i and species j. 

The gas and ion temperatures are determined from the energy equation for each species, 
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where Ni is the density of species i, cv is specific heat, Ti is the species temperature, κi is the 

thermal conductivity of species i, Pi is the partial pressure of species i, vr i is the species velocity, 

ϕr i is the flux of species i, ε i is the internal energy of species i,  Es is the electrostatic field, E is 

the rf field, mi is the mass of species i, mij is the reduced mass, ν i is the momentum transfer 

collision frequency for species i, and Rij is the collision frequency for the collision process 

between species i and j. 

Solutions to Equations (2.9)-(2.11) require knowledge of the local electrostatic fields.  

Electrostatic fields can be determined in two ways. The first method solves Poisson’s equation 

for the electric potential.  Using the drift diffusion Equation, (2.9), an implicit form of Poisson’s 

is 
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where σ is the material conductivity and is nonzero only outside of the plasma region, e is 

elemental charge; qi, µi, Ni, and Γi are the charge state, mobility, density, and the flux of species i 

at time t, respectively; Γj is the flux for species j at time t; and φt + ∆t is the electric potential at 
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time t + ∆t.  The summations over i are taken for those species using the drift diffusion 

formulation, and the summation over j is taken for those species using the momentum equation.  

Equation (2.12) is a modified form of Poisson’s equation and is solved using the successive over 

relaxation (SOR) method.  The time step taken in the charged-particle update requires that the 

fields do not reverse in a single time step.  This is known as the dielectric relaxation time.  It can 

be interpreted as the Courant limit on Poisson’s equation. The implicit method described here 

allows the time steps to be larger than the dielectric relaxation time. 

 The second method for determining the electric potential uses an ambipolar 

approximation.  Using this assumption, the electron density is computed assuming that the 

plasma is quasi-neutral at all points.  The flux conservation equation can be written, after 

substituting the drift diffusion formulation, 

   ( )∑ ∑=∇φ∇µ⋅∇
i i

iiiiiiii Sq  n D- nqq        (2.13) 

where Si is the electron source function.  Equation (2.13) can be rewritten to give a Poisson-like 

equation for the electrostatic potential, 
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where the summation is now taken over all the charged species, including electrons.  This 

Poisson-like equation is discretized and solved using a SOR method.  By solving for the 

electrostatic potential using the ambipolar approximation, the time step is only limited by the 

Courant limit. 

  
2.5 Parallel HPEM 

 As described in Sections 2.2-2.4, HPEM is set up to address disparate time scales 

separately.  In the existing setup, HPEM employs a modular approach consisting primarily of 
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three main modules to address disparate time scales individually.  Currently, HPEM consists of a 

series of quasi-independent modules for electron, ion, and neutral transport, electromagnetics, 

plasma surface interactions, and electrical circuitry.  These modules are designed to exchange 

required input and generated outputs in an independent fashion.  As a result, there is a lag in time 

of information used by different modules to evaluate plasma properties.  This is a hindrance 

when long term transients are to be addressed.  The serial HPEM efficiently addresses disparate 

time scales in plasma simulations.  

 Since the time scales in plasma simulations are so disparate, it is our working premise 

that some type of hybrid scheme is required to model transients.  A strategy to address issues of 

modeling transients is to employ moderate "task parallelism".  

The most common parallel programming paradigms are shared-memory programming, 

message-passing programming, and array programming.  Moderate parallelism with shared 

memory is the preferred method for parallelizing the HPEM.  Task parallelism can be 

implemented using OpenMP compiler directives available for shared memory parallel 

programming.4  This programming style was adapted for parallelizing HPEM, referred to as 

HPEM-P. 

OpenMP is a collection of compiler directives, library routines, and environment 

variables that can be used to specify shared memory parallelism.  An OpenMP program begins 

execution as a single task, called the master thread.  When a parallel construct is encountered, the 

master thread creates a team of threads.  The statements enclosed by the parallel construct, 

including routines called from within the enclosed construct, are executed in parallel by each 

thread in the team.  At the end of the parallel construct the threads in the team synchronize and 
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only the master thread continues execution.  All variables are shared by all tasks executing the 

parallel region unless otherwise specified.  

The task parallelism is implemented using the PSECTIONS compiler directive provided 

by Kuck and Associates (KAI) implementation4 of OpenMP.  Parallelism is specified to execute 

the EMM, EETM, and FKS of the HPEM-P in parallel as different tasks on three different 

processors of a symmetric multi processor computer with shared memory.  HPEM-P starts 

execution as a single thread.  The single thread initializes all variables and accesses the required 

reaction data and geometry information for the plasma processing reactor as was done previously 

in the serial HPEM.  In each iteration of HPEM-P, the single thread generates three tasks by an 

explicit spawning technique.  Explicit spawning is implemented using PSECTIONS compiler 

directives by which the individual tasks of each processor are explicitly specified by the 

programmer.  The three tasks are to execute the EMM, EETM, and FKS simultaneously by three 

different threads. 

HPEM-P is not a sequentially equivalent version as it allows the individual modules to 

use the most recent values of plasma parameters and does not require strict order of the access 

and update of the shared variables.  This type of unordered updates is not desired in many of the 

parallel applications, but is a desired feature in the HPEM-P.  The objective in the HPEM-P is to 

make the most recent values of plasma parameters available for different modules whenever they 

are required.  Hence the variable updates need not be ordered as in the sequential execution.  

Only synchronization of the variable updates needs to be performed so as to avoid race 

conditions arising from a module accessing a variable while it is being updated.  

The updates of a variable and the accessing of a variable have to be synchronized so as to 

avoid race conditions.  Race conditions arise when there are two memory references taking place 
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in two different tasks which are not ordered and the references are to the same memory location 

and one of them is a memory write.  In HPEM-P, race conditions are eliminated by the 

CRITICAL synchronization compiler directives in OpenMP.  The critical directive defines the 

scope of a critical section.  Only one thread is allowed inside the critical section at a time.  The 

name of the critical section has global scope.  Two critical directives with the same name are 

mutually exclusive.  This means that if a thread is executing a critical section with a particular 

name, then any other thread trying to execute the critical section with the same name has to wait 

until the thread currently executing the critical section exits the critical section.  This 

synchronization is performed for all the variables shared between the EMM, EETM, and FKS. 

When performing parallelization, one must perform data dependency analysis to establish 

flow dependence, anti-dependence, and output dependence in the sequential version of the code.  

All these dependencies are potentially dangerous and must be eliminated for the parallel 

execution to be race free.  In HPEM all these dependencies are encountered, as the variables are 

updated and accessed frequently by the three modules.  The dependencies in HPEM are 

eliminated by using critical sections, so that only one operation is performed at a time among the 

dependent operations.  Thus, the dependent operations are synchronized to eliminate any 

dependencies.  The psuedo code for the parallel implementation of HPEM is shown in Appendix 

A. 

 

2.5.1 Variables: Shared or Private 

In the sequential HPEM, Maxwell's equations provide steady state solutions and hence 

need to be solved only once every iteration in the EMM.  While investigating transients, these 

sequential updates cannot capture the physics as there is loss of information between iterations.  
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The HPEM-P solves this problem by updating the plasma conductivity and collision frequency 

continuously during the FKS.  The flow of information in the parallel hybrid model is shown in 

Fig. 2.2.  These updated parameters are made available in shared memory to be accessed by the 

EMM to enable continuous updates of the electromagnetic fields.  The EMM module is executed 

several times in an iteration whenever an update of plasma conductivity is obtained from the 

FKS as opposed to only once in the serial version of HPEM.  More frequent updates of the 

electromagnetic and magnetostatic fields are made available in EETM for the update of electron 

impact source functions and transport coefficients.   

The electron impact source functions and transport coefficients are obtained in the  

EETM using the electromagnetic fields from the EMM and densities, ambipolar electric fields, 

and fluxes from the FKS.  In the sequential HPEM, sources and transport coefficients are 

updated only at the end of the EETM.  In HPEM-P these variables are more frequently updated.  

The sources and transport coefficients are in turn used in the FKS to compute densities, fluxes, 

and fields which are required in the EETM and plasma conductivity and electron collision 

frequency needed in the EMM.  The information needed in different modules is readily made 

available "on the fly".  All the other variables are private and are accessed only within the 

individual modules.  Thus, there is a very tightly knit exchange of information among the three 

different modules.  Each task is dependent on information from the other two tasks to update its 

variables.  Thus it is not required to restrict any order on the updates as such an attempt will 

make the execution sequential, which is not desired.  The employed numerical technique enables 

the EMM, EETM, and FKS to execute in truly parallel mode without necessarily waiting for 

other modules to complete their tasks. 
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2.5.2 Dynamic Load Balancing 

Implementation of dynamic load balancing is required to make the HPEM-P more 

efficient.  Since the three modules execute for disparate times, it is desirable to balance the time 

spent in each module and so ensure that the processors are not idle for a significant amount of 

time.  The bottleneck in these simulations is typically the FKS, which usually takes the 

maximum amount of time as shown in Fig. 2.3.  The EMM typically takes the least amount of 

time.  Electromagnetic fields are required only in the EETM and hence the EMM needs to be 

executed only until the EETM is complete.  Hence, a dynamic load balancing strategy is adopted 

to equal the times of each task.  

First, the time in the MCS is dynamically adjusted between iterations to make the 

execution time of the EETM nearly the same as the FKS.  If the FKS takes a longer time to 

execute than the EETM, then time in the MCS is reduced and vice versa.  The time in the MCS is 

initially just enough to obtain acceptable statistics.  Then the time in the MCS is adjusted by 

changing the time for integrating electron trajectories.  By tracking which processor completes 

the task first in the current iteration, the time in the MCS for the next iteration is correspondingly 

set.  This technique of load balancing was effective, as can be seen from Fig. 2.4.  The imbalance 

between the EETM and the FKS was reduced to a large extent by the load balancing.  However, 

there is a minimum amount of time that needs to be spent in the MCS to generate acceptable 

statistics.  If the time spent in the EETM is more than the time spent in the FKS, then the number 

of particles in the MCS can be decreased so as to decrease the time in the EETM.  For almost all 

simulations the time initially spent in the FKS is significantly greater than the time in the EETM.  

Hence by adopting this strategy, time in the FKS and the EETM can be made nearly equal.  



 39

Next, the execution times in the EETM and the EMM were made nearly equal.  This is 

achieved by executing the EMM several times in an iteration.  The EMM generates fields which 

are used in the MCS.  Hence the strategy adopted is to execute the EMM until the EETM is 

completed in each iteration.  The load balancing between the EMM and the EETM was effective, 

as shown in Fig. 2.4.   

Dynamic load balancing increases the tasks of individual processors when compared to a 

sequential execution of HPEM.  This increase in problem size is desired because as the time 

spent in the MCS increases, better statistics are obtained.  Similarly when investigating 

transients, the EMM needs to be executed several times in an iteration to update the 

electromagnetic fields more frequently so as to capture the transients accurately.  

The significance of dynamic load balancing is shown in Fig. 2.3 and 2.4.  The simulation 

time in different modules as the problem size is increased is shown in Fig. 2.3. The problem size 

is increased either by increasing the number of particles in the EMCS or by increasing the mesh 

size.  As the problem size increases, the disparity between the time spent in each module 

increases, and hence dynamic load balancing becomes essential.  The change in execution time 

with and without dynamic load balancing is shown in Fig. 2.4.  With dynamic load balancing, the 

load on the processor executing the EMM and the EETM is increased to match the load on 

processor executing the FKS. Thus, all three processors execute for nearly the same period of 

time, decreasing the load imbalances. 

 

2.5.3 Validation of the Parallel Hybrid Model  

The parallel implementation is not a sequentially equivalent implementation of the 

HPEM; however, it is a numerically consistent implementation.  HPEM-P was validated by 
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comparing the sequential and parallel execution results for steady state conditions.  To validate 

the model, a typical simulation is performed in a GEC reference cell with Ar gas feed.  The 

simulation was carried out for 100 iterations at a pressure of 20 mTorr.  The peak input power 

was 300 W and the flow rate was 20 sccm.  As shown in Fig. 2.5, the spatial electron density 

distribution from serial and parallel simulations for a steady state case are similar.  The electron 

density estimation by HPEM-P was 3-5% higher than the electron density estimation by the 

serial HPEM.  This disparity is due to the difference in the numerical strategies of HPEM-P and 

HPEM.  The spatial distribution of plasma potential for the serial and parallel simulation is 

shown in Fig. 2.6. The temporal evolution of electron temperature for the serial and parallel 

simulations is shown in Fig. 2.7.  A detailed comparison of the experimental and simulation 

results will be discussed in Chapter 4 for Ar and Cl2 ICPs.  

 

2.5.4 Performance Evaluation  

Though not the primary concern of this thesis, the improvement in computer performance 

obtained with the HPEM-P is also promising.  A speedup of 2.8 is typically achieved on a three 

processor SUN Microsystems 400 MHz workstation.  In each iteration of the sequential HPEM, 

the EMM, the EETM, and the FKS are executed only once.  The time in the EETM is also kept 

constant in the serial HPEM. However, in the HPEM-P, the EMM is executed several times and 

the time in the EETM is typically increased to equal the execution time of the FKS.  When serial 

HPEM took about 12 hours for completing a simulation, the HPEM-P took only 9.5 hours to 

execute the larger task.  

The speedup of 2.8 is nearly linear speedup on a three processor multi computer.  In the 

current implementation of HPEM-P, only a linear speedup was expected.  This may be attributed 
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to the bottleneck in these simulations, which is the FKS module.  Hence, the simulation time can 

be atmost reduced to the time required to execute the FKS module. This then means a lower 

speedup than 2.8.  However, since the EMM and the EETM are executed for the same amount of 

time as the FKS in HPEM-P, the problem size is increased. Since the EMM, and EETM are 

executed for the same amount of time as the FKS, the speedup of 2.8 can be achieved.  The 

speedup is below the expected value of 3, as in each iteration there is some sequential execution 

for post processing, some amount of time spent in acquiring locks and some imbalance as one 

processor waits for the rest of the processors to complete their tasks.  This may be also due to the 

parallel overhead involved in creating threads at the beginning of each iteration.  With all these 

limitation the speedup of 2.8 is encouraging.  

 

2.6 Summary   

The proposed method for addressing transients based on moderate parallelism interfaces 

the short scale plasma time scales with the long term neutral time scales.  Plasma transport, 

neutral fluid transport, and electromagnetics are simultaneously computed on separate 

processors.  Fluid conditions (e.g., changes in pressure, mole fractions, flow fields) which are 

slowly evolving over time are made available to the simultaneous calculation of plasma 

properties (e.g., electron and ion density, electrostatic fields) through shared memory.  The 

plasma properties will therefore “track” (in an almost adiabatic sense) the more slowly varying 

fluid properties while continually updating electron impact sources.  

Thus, moderate parallelism takes the hybrid approach from using quasi-steady-state serial 

updates to using real-time-simultaneous updates and hence becoming truly capable of addressing 

long term transients. 
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2.7 Figures 

EMM EETM FKS
E,B K

E,N,σσ N

 
 

Figure 2.1 Schematic of the main body of 2D hybrid plasma equipment model (HPEM). 
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Figure 2.2 Schematic of 2D parallel HPEM (HPEM-P). 
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Figure 2.3 Plot of time spent in each module for 100 iterations for a steady state case versus the 
problem size. 
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Figure 2.4 Comparison of CPU times for 100 iterations of a steady state case with and without 
dynamic load balancing.  
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Figure 2.5 Comparison of 2D electron density for serial and parallel simulations for a steady 
state case. The conditions are peak input power of 300 W, flow rate of 20 sccm, and pressure of 
20 mTorr. 
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Figure 2.6 Comparison of 2D plasma potential for serial and parallel simulations for a steady 
state case. The conditions are peak input power of 300 W, flow rate of 20 sccm, and pressure of 
20 mTorr. 
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Figure 2.7 Comparison of the temporal evolution of electron temperature for serial and parallel 
simulations for a steady state case. 
 

 

2.8 References 

1. P. L. G. Ventzek, R. J. Hoekstra, and M. J. Kushner, J. Vac. Sci. Technol. B 12, 416 (1993) 

2. A. V. Vasenkov and M. J. Kushner, Phys. Rev. E 66, 066411 (2002). 

3. M. J. Kushner, J. Appl. Phys. 94, 1436 (2003). 

4. Intel, KAI Software Lab, 2000, http://www.kai.com/parallel/kappro/. 

 

   



 46

3. DESCRIPTION OF THE THREE-DIMENSIONAL MODEL 

 

3.1 Hybrid Plasma Equipment Model (HPEM3D)  

The HPEM3D is a plasma equipment model developed at the University of Illinois to 

numerically investigate plasma processing reactors in three dimensions.1  The HPEM3D has the 

capability of modeling complex reactor geometries and a wide variety of operating conditions.  

HPEM3D developed in a similar fashion to HPEM2D, but has the added capability to investigate 

the consequences of asymmetric pumping, side gas injection, and other azimuthal geometrical 

non-uniformities (e.g., load lock bay) in commercial reactors.  A flowchart of the HPEM3D is 

shown in Fig. 3.1.   

The main body of the HPEM3D consists of an electromagnetic module (EMM), an 

electron energy transport module (EETM), and a fluid kinetics simulation (FKS).  The EMM 

calculates inductively coupled electric and magnetic fields as well as static magnetic fields 

produced by the inductive coils and permanent magnets.  The EETM spatially resolves the 

electron energy transport by solving the electron energy conservation equation.  Finally, the FKS 

solves the continuity, momentum, and energy equations coupled with Poisson's equation to 

determine the spatially dependent density of charged and neutral species as well as electrostatic 

fields.  In the sequential version of HPEM3D, the interaction between the modules occurs in the 

following fashion.  The electromagnetics module (EMM) produces the amplitude and phase of 

inductively coupled fields as a function of (r, θ, z).  These fields are then used in the electron 

energy transport module (EETM).  The EETM solves for average electron energy as a function 

of position.  The electron transport coefficients and rate coefficients used in EETM are obtained 

by solving Boltzmann’s equation (BE) using a two-term spherical harmonic expansion.2  BE is 
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parameterized over a range of E/N, and a table of transport coefficients as a function of average 

electron energy is constructed.  The table is then interpolated during the solution in EETM 

module.  The electron energy equation and BE (to generate lookup table) are solved on each 

iteration through the simulation based on updated densities, mole fractions, fluxes, and ICP 

power deposition.  The electron transport coefficients and source functions are subsequently used 

in the fluid-kinetics module (FKS) where species densities, fluxes, and temperatures are 

computed.  Poisson’s equation is also solved in FKS for the electrostatic potential.  The resulting 

densities, electric fields, and conductivities are cycled back to the EMM and EETM, and the 

sequence is repeated until quasi-steady-state conditions are obtained. 

 

3.2 Multi-Fluid Temperature Equations 

In this study, HPEM3D has been improved from that described above.  The major 

improvement is that we additionally employ heavy particle temperature equations in FKS to 

account for gas heating effects.  The heavy particle temperatures are now obtained by solving the 

third moment of the Boltzmann’s equation for each species.  The neutral energy equation is 

written as 
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where iii Tk ∇−=q  is the conductive flux and iBii TkNP =  is the partial pressure of the species 

i.  In Equation (3.1), Ni is the number density, ui is the mean velocity obtained from the solution 

momentum equations, Ti is the temperature, and mi is the mass of species i.  The rate constant 
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and reduced mass for collision between species i and j are Rij and 
ji
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and kB is Boltzmann’s constant.  The thermal conductivity and specific heat capacity at constant 

volume of species i are ki and Cv, respectively.  Energy exchange during elastic collisions is 

treated by hard sphere approximation as represented in the 4th term in the right hand side of 

Equation (3.1).  The energy transfer from ions to neutrals during symmetric charge exchange 

reactions is also included in this term.  The thermal conductivity is computed using3 
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where σij is the Lennard-Jones collision cross-section for species i and j.  The reaction rate 

constant for heavy particle reactions is given by 
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is an effective temperature.  The last term on the right hand side of Equation (3.1) is the heating 

contribution of species due to Franck-Condon effect.4  The summation in this term is over all 

reactions that contribute heat due to Franck-Condon heating.  Rei is the rate constant for 

contributing dissociation reactions, Ne and Nj are respectively electron and neutral densities, and 

∆εr is the dissociation energy for the reaction r.  The Franck-Condon effect is an important 
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heating mechanism in dissociating gas mixtures.  When an electron strikes a neutral molecule 

with enough energy, the neutral molecule is raised to a dissociative state, which then dissociates 

to form individual fragments having some fraction of the dissociation energy.  Due to lack of 

much experimental data, the estimate of Franck-Condon heating is used in this work and is 

approximate.   

 For conditions of ICP operation such as few mTorr, the temperature jump at the walls is 

an important consideration in the solution of heavy particle energy equations.5,6  At low 

pressures, the gas species do not undergo sufficient number of collisions to reach a thermal 

equilibrium with the wall.  Due to lack of these collisions, the temperature of the gas and the 

adjacent surface might very well be different.  Hence, the constant wall temperature boundary 

condition does not capture the actual interaction of the surface with the gas.  This temperature 

jump at boundaries is calculated using the method developed by Kennard6 in which the gradient 

of the species temperature near the wall determines the extent of the temperature jump: 
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where Tw is the wall temperature and Tg is the gas temperature at the wall.  The constant g is 

given by 
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where α, γ, and λ are the accommodation coefficient, ratio of specific heats, and mean free path.  

The accommodation coefficient determines the extent of thermal coupling between the gas and 

the adjacent surface. An accommodation coefficient of 0 signifies that the difference between 

wall temperature and gas temperature near the wall is very large.  We have used a value of 0.6 

for α in our simulations.     



 50

For ions, the temperatures are obtained by solving the ion temperature equations with 

additional terms to account for heating due to the inductive and electrostatic fields.  The ion 

temperature equation is written as 
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where νi, ω, E, and Es are the momentum transfer collision frequency of species i, ICP power 

frequency, and the magnitude of the inductive and static electric fields, respectively.  The model 

is employed to investigate the consequences of asymmetric gas heating during asymmetric 

pumping in ICPs.  In these studies, the azimuthal asymmetries are quantified by defining an 

asymmetry factor at a given radius.1  We define the asymmetry factor for quantity φ as 
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where φ is the average value of φ as a function of azimuth at a given radius, and the max 

function denotes that we take the maximum value of  β as a function of the azimuthal location.  

Smaller values of β are more uniform.  The results of our investigation of asymmetric gas 

heating in Ar, Cl2 and fluorocarbon ICPs employing the improved model are reported in chapter 

5. 

 

3.3 Parallel HPEM3D 

 As described in Sections 3.1-3.2, HPEM3D is set up to address disparate time scales 

separately.  In the existing setup, HPEM3D similar to HPEM2D employs a modular approach 
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consisting primarily of three main modules to address disparate time scales individually.  

Currently, HPEM3D consists of a series of quasi-independent modules for electron, ion and 

neutral transport, electromagnetics, plasma surface interactions, and electrical circuitry.  As these 

modules are designed to exchange required input and generated outputs in an independent 

fashion, there is a lag in time of information used by different modules to evaluate plasma 

properties.  This is a hindrance when long term transients are to be addressed.  Since the time 

scales in plasma simulations are so disparate, it is our working premise that some type of hybrid 

scheme is required to model transients.  A strategy to address issues of modeling transients is to 

employ moderate "task parallelism" as described in detail in Chapter 2. 

HPEM3D is parallelized as shown in Fig. 3.2 similar to the HPEM2D discussed in 

Chapter 2.8  In the parallel implementation of the HPEM3D, each of the major modules (EMM, 

EETM, FKS) is executed simultaneously on different processors of a moderately parallel 

computer.  In doing so, parameters from the different modules can be exchanged on a frequent 

basis without interrupting the time evolving calculation being performed in any given module.  

For example, the plasma conductivity and collision frequency are continuously updated during 

the execution of FKS.  These updated parameters are made available in shared memory as they 

are computed so that they can be accessed by the EMM to produce nearly continuous updates of 

the electromagnetic fields.  These more frequent updates of the electromagnetic fields are then 

made available to the EETM through shared memory, along with parameters from the FKS, 

updating electron impact source functions and transport coefficients.  The main difference 

between the 2-dimensional (2D) and 3-dimensional (3D) parallel implementations is in the 

EETM.  In the 2D implementation, Monte Carlo simulation for electrons is performed on one 

processor, while in the 3D implementation, the Boltzmann’s equation is continuously solved to 
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obtain better updates of transport coefficients as a function of average electron energy.  The 

electron impact source functions and transport coefficients computed in the EETM are then 

transferred to the FKS through shared memory, as they are updated, to compute densities, fluxes, 

and electrostatic fields.  Using this methodology, the parameters required by different modules 

are readily made available "on the fly" from other modules.  Also, the race conditions are 

handled differently in the 3D implementation as shown in Appendix B.  

 

3.4 Summary   

The HPEM3D has been improved in this study with solutions of heavy particle energy 

equations to capture the transport processes in 3D plasma processing reactor geometries.  The 

improved model is employed to investigate the consequences of asymmetric gas heating in 

asymmetric reactor geometries.  In order to investigate the effect of transients during pulsed 

operation on the reactor induced asymmetries, a 3D model was developed to address transients.  

The parallel implementation of HPEM3D is employed to investigate the consequences of long 

term transients occurring during pulsed operation on improving azimuthal uniformity of plasma 

properties in reactors with asymmetric pumping.  The results of our investigations are presented 

in Chapter 6. 
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3.5 Figures   
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Figure 3.1 Schematic of the main body of 3D Hybrid Plasma Equipment Model (HPEM3D). 
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Figure 3.2 Schematic of 3D Parallel HPEM (HPEM3D-P). 
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4. TWO-DIMENSIONAL MODELING OF PULSED INDUCTIVELY COUPLED 
PLASMAS WITH AND WITHOUT SUBSTRATE BIAS 

 

4.1 Introduction  

Quantifying transient phenomena such as pulsed operation is important to optimizing 

plasma materials processing.  These long-term phenomena are difficult to resolve in multi-

dimensional plasma equipment models due to the large computational burden.  Hybrid models, 

which sequentially execute modules addressing different phenomena, may not be adequate to 

resolve the physics of transients due to their inherent iterative nature.  In this chapter, a new 

modeling approach described in Chapter 2 based on a moderately parallel implementation of a 2-

dimensional (2D) plasma equipment model is used to investigate pulsed operation of inductively 

coupled plasmas (ICPs).  The computational algorithms were validated by comparing the plasma 

properties for sequential and parallel execution for a steady state case as shown in Chapter 2.  In 

this chapter, the physics model is validated by comparison with experiments.1,2  The model is 

then employed to study the transient behavior of pulsed ICPs with and without substrate bias 

sustained in Ar and Ar/Cl2 gas mixtures.  The consequences of varying pulse repetition 

frequency (PRF) and duty cycle on the plasma properties are quantified. 

 

4.2 Model Validation in Argon 

To validate the physics model, the results of the simulation were compared to 

experiments by Hebner et al.1 who characterized pulse modulated ICPs in argon sustained in a 

Gaseous Electronics Conference Reference Cell (GECRC) reactor as shown in Fig. 4.1.  The 

time dependent electron column density was measured using microwave interferometry as a 

function of duty cycle, PRF, and power.  The ICP power is pulsed at pulse repetition frequencies 



 56

between 5 and 20 kHz with duty cycles between 10% and 70%.  The time relationships for PRF, 

power-on period, power-off period, and duty cycle for the pulsed operation are shown in Fig. 4.2.  

The base case conditions are pressure of 20 mTorr, ICP power of 300 W, gas flow rate of 10 

sccm, PRF of 10 kHz, and duty cycle of 50%.  The Ar reaction chemistry is given in appendix C.  

The plasma attains a periodic steady state under pulsed operation as shown in Fig. 4.3.  The 

parameterizations varying pressures, powers, PRFs, and duty cycles in argon and Ar/Cl2 

mixtures were described in detail previously.3,4  For validation purposes, an equivalent electron 

column density was obtained from the model by radially integrating the electron density at a 

height of 2 cm above the substrate.    Computed and experimental results for a peak power of 300 

W, PRF of 10 kHz, and duty cycle of 50% at 20 mTorr are shown in Fig. 4.4.  The experimental 

and computed results are in good agreement, and within experimental uncertainty.   

 

4.3 Model Validation in Cl2 With and Without Substrate Bias 

Pulsed inductively coupled plasmas (ICPs) sustained in electronegative gas mixtures such 

as Cl2 with and without continuous wave (CW) substrate biases are being investigated to achieve 

improved etching characteristics in microelectronics fabrication.5-7  Experiments1,2,7 have shown 

that the electron temperature in pulsed ICPs without a substrate bias monotonically decreases 

during the afterglow.  Under select conditions when using a substrate bias, the electron 

temperature increases in the late afterglow.  These trends suggest a transition in the mode of 

power deposition from inductive to capacitive.   

 In this section, results from our computational investigation of Cl2 pulsed ICPs with and 

without a continuous rf substrate bias are validated with experiments by Malyshev et al.2  The 

model was employed to investigate pulsed Cl2 plasmas with and without a continuous substrate 
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bias.  The ICP reactor geometry, shown in Fig. 4.5, is based on the experiments of Malyshev et 

al.2  The Cl2 reaction chemistry is given in appendix B.  The base case conditions are 10 mTorr, 

time averaged ICP power of 300 W (peak power 600 W) at 10 MHz, continuous substrate bias of 

250 V at 10 MHz (approximately 70 W), PRF of 10 kHz, and duty cycle of 50%.  The electron 

temperature (Te) and density (ne) as a function of time at the reference point without and with a 

substrate bias are shown in Fig. 4.6.  The ramp-up in ne during the ICP power-on pulse is similar 

in both cases, reaching a maximum of ≈8 x 1010 cm-3 at the end of the power-on period (50 µs).  

Upon termination of the power, ne begins a rapid decay, due largely to the decrease in ionization 

rates and increase in the rate of attachment to Cl2 which accompanies the decrease in Te.  The 

decay in ne is more rapid without the bias, a difference attributed to the more positive time 

averaged plasma potential with the bias. With the bias, the rate of decay in ne significantly slows 

with an increase in Te late in the afterglow as discussed below.  If the afterglow period is 

extended to a few 100s µs, ne eventually attains a quasi-steady state corresponding to a 

capacitively coupled discharge. 

The electron temperature during the steady state of the ICP power-on portion of the pulse 

is nearly the same, 2.5-3 eV, with or without the bias.  When the ICP power is first turned on, Te 

peaks in both cases, a consequence of power being deposited into the initially smaller inventory 

of electrons remaining at the end of the previous afterglow.  A higher Te is required for the 

smaller inventory of electrons to dissipate the desired power.  The peak in Te is approximately 9 

eV without the substrate bias and 5 eV with the bias, a consequence of the smaller electron 

inventory at the end of the afterglow without a bias.  During the first 25 µs of the afterglow, Te 

monotonically decreases in both cases, a result of electron thermalization in the absence of 

heating by the inductively coupled electric field and due to the more rapid loss of energetic 
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electrons by diffusion (diffusion cooling).  During this time, the electron density is still 

sufficiently large, and sheath thickness sufficiently small, that sheath heating by the bias is not 

important.  Therefore, there is little difference in electron temperature with or without the bias. 

Te in the late afterglow is quite different with and without the bias.  Without the bias, Te 

continues to fall until it thermalizes with the gas, accompanied by a monotonic decrease in the 

plasma potential.  After 25 µs into the afterglow, Te  with the bias begins to increase.  Recall that 

sheath heating scales with the square of the sheath speed vs, the sheath thickness λ scales as ne
-1/2 

and vs ≈ ωλ.8  The total rate of sheath heating H therefore scales as  H ∼ vs
2ne, which is then not a 

function of electron density.  The specific heating rate h (power per electron), scales as H/ne ∼ 

1/ne.  Therefore, as the electron density decays, primarily by dissociative attachment to Cl2, the 

sheath thickness λ increases producing an increase in vs and a net increase in specific heating 

rate h.  This results in an increase in (or slowing in rate of decrease of) Te.  When h is sufficiently 

large (ne sufficiently small) in the late afterglow that the electron sheath heating exceeds the rate 

of collisional loss, Te increases.  

Results from the model for Te and ne are compared with the experiments by Malyshev et 

al.2 in Fig. 4.6.  The experimental trends are well captured both with and without the substrate 

bias.  

The ne without a substrate bias as a function of position for different times during the 

power cycle is shown in Fig. 4.7.  At the end of the late afterglow ne is only ≈ 106 cm-3.  In Cl2, 

ne decreases rapidly in the afterglow due to an increased rate of dissociative attachment at lower 

Te.   

      −+→+ ClClCle 2           (4.1) 

As the power is turned on, the electrons gain energy from the inductive fields.  The high 
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energy electrons undergo further ionization reactions to produce more electrons.  The ne peaks 

below the coils as the power deposition occurs mostly in the skin layer.  The electrons produced 

near the coils then diffuse to the bulk, resulting in a shift in the peak ne from below the coils to 

the bulk of the plasma.  As the power is turned off, electrons are lost by ambipolar diffusion to 

the walls as well as dissociative attachment.  Hence without the presence of a bias, ne decays 

several orders of magnitude during the afterglow.  The 2D dynamics of Te without a bias are 

shown in Fig. 4.8.  At the leading edge of the power-on pulse, power is deposited in to a smaller 

inventory of electrons, which then causes Te to increase to ≈ 10 eV close to the coils.  As more 

electrons are produced, Te drops to ≈ 3 eV.  In the afterglow, the electrons lose energy through 

inelastic collisions and thermalize within 10 µs into the afterglow with temperatures close to gas 

temperature.  

The ne with a bias of 250 V as a function of position for different times during the power 

cycle is shown in Fig. 4.9.  As the plasma is sustained by a bias, ne is ≈ 109 cm-3 in the late 

afterglow.  As the power is turned on, similar to the case without bias, ne increases due to an 

increase in the rate of ionization reactions.  In the late activeglow, ne profiles with and without 

substrate bias are similar.  This is due to the fact that the plasma is mainly inductively coupled 

during the activeglow phase, with only a small fraction of the plasma density contributed by 

capacitive coupling from the bias.  In the afterglow, as the power is turned off, while still 

maintaining the bias, ne does not decay several orders of magnitude.  The peak ne shifts from 

near the coils in the activeglow to near the substrate in the late afterglow.   

Te with a bias as a function of position for different times during the power cycle is 

shown in Fig. 4.10.  After 2 µs into the power-on period, Te peaks near the coils with an 

extended skin depth due to the low initial ne.  At this early time, ne is still sufficiently small, and 
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sheath thickness sufficiently large, that sheath heating is still important and there is a second 

peak in Te near the substrate.  After 10 µs, ne has started to increase, thereby reducing the sheath 

thickness and heating source, and so Te near the substrate decreases.  Te peaks only under the coil 

in a more confined region due to the shorter skin depth.  At 50 µs in the late activeglow, the peak 

in Te has decreased due to the larger ne which is able to dissipate the desired power at a lower 

temperature.  Te is also more uniform due to the higher thermal conductivity.  Sheath heating at 

the substrate is negligible due to the high ne and small sheath width.  At 80 µs (30 µs into the 

afterglow), Te is low throughout the reactor in the absence of ICP heating.  ne is still sufficiently 

large (and sheath width small) that sheath heating does not dominate, although there is a small 

increase in Te near the substrate.  At 95 µs (near the end of the afterglow), Te becomes 

increasingly larger first near the substrate and later over much of the reactor as ne approaches its 

minimum value and sheath heating is near its maximum.  By 85 µs, the discharge has 

transitioned into a capacitively coupled mode. 

 The transition to a capacitive mode, as indicated by an increase in Te during the 

afterglow, occurs when the specific heating rate is sufficiently large that it dominates over 

thermalization and inelastic losses.  One would therefore expect the onset to the capacitive mode 

to occur at shorter times into the afterglow with higher substrate biases.  This expectation is 

confirmed by the results in Fig. 4.11 which show the time for onset of the capacitive mode, as 

indicated by the sharp rise in Te, as a function of bias voltage.  (The afterglow begins at 50 µs.)  

Larger biases produce capacitive heating at shorter times.  An afterglow period of 50 µs is not 

long enough for the onset of the capacitive mode with biases less than 50 V.  When operating 

with a higher ICP power, the plasma density at the end of the activeglow is larger and the decay 

rate in the afterglow resulting from attachment is smaller due to the larger degree of dissociation 
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of Cl2.  As a consequence, the critical electron density and sheath thickness required to trigger 

the onset of the capacitive mode should occur later in the afterglow as the ICP power is 

increased.  This scaling is illustrated by the results shown in Fig. 4.11. 

One of the purposes of pulsed ICP sources with biases is to accelerate negative ions into 

features.  The onset of the capacitive mode, as indicated by the increase in  Te, in large part 

prevents this from happening due to the reestablishment of large positive plasma potentials.  

These results indicate that for a given set of operating conditions (e.g., power, pressure, gas 

mixture, PRF, duty cycle), there is a critical bias voltage (and frequency) above which a 

capacitive mode will be established during the afterglow.  Operating below this critical value is 

necessary in order to optimally extract negative ions.  In the next section, a new method for 

extraction of negative ions from pulsed ICPs with substrate biases is discussed. 

 

4.4 Negative Ion Extraction from Pulsed ICPs 

 As device sizes continue to decrease in microelectronics fabrication, undesirable 

characteristics such as notching become more pronounced.9  Notching, thought to be due to 

differential charging in features, may be alleviated if negative ions can be injected into the 

features to neutralize charge deposited by the positive ions.  Experiments have shown that pulsed 

electronegative plasmas may perform this function.6,7  Many previous studies have addressed 

pulsed inductively coupled plasmas (ICPs) in the absence of substrate biases and found that the 

plasma transitions from an electron-ion to an ion-ion plasma commensurate with a decay in the 

plasma potential during the afterglow.1,5,6  This transition bodes well for being able to extract 

negative ions; however, the use of a substrate bias is additionally required to accelerate the 

negative ions into features. 
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In Cl2 plasmas, low energy Cl- ions can be extracted after the sheath potential decays in 

pulsed ICPs without substrate bias.4  The extraction of negative ions during the power-off phase 

is generally possible because the electron density and electron temperature drop to sufficiently 

small values that charge balance is sustained between negative and positive ions.  Negative ions 

are able to escape the plasma with the correspondingly low plasma potential.  In principle, 

application of an rf substrate bias should accelerate these ions into features.  In practice, this goal 

is not always achieved.  In this section we computationally investigate the extraction of negative 

ions in the afterglow of pulsed ICPs having rf substrate biases sustained in Ar/Cl2 gas mixtures.   

The ICP reactor geometry is  based on the experiments of Malyshev et al.2  The reactor 

height and radius are approximately 24 cm and 18 cm, respectively.  The feedstock stock gases 

enter through nozzles located below the dielectric window.  The reaction products are pumped 

out through a port surrounding the substrate.  The ICP power is deposited from a four turn coil 

placed on top of the dielectric window.  The substrate diameter is about 16 cm.  Validation of the 

model by comparison to experiments by Malyshev et al.2 was described in the previous section.  

The base case conditions are a pressure of 10 mTorr, time averaged ICP power of 225 W (peak 

power 450 W) at 10 MHz, CW substrate bias of 250 V at 10 MHz, PRF of 10 kHz, and duty 

cycle of 50%.  The gas flow rate is 100 sccm.  These conditions correspond to a 50 µs power-on 

pulse followed by a 50 µs afterglow.  The base case plasma properties are shown in Fig. 4.12(a) 

where electron and Cl- densities are shown at the end of the activeglow (power-on period) at 50 

µs.  The maximum electron density is 8 × 1010 cm-3, peaked in the vicinity of the maximum 

power deposition beneath the coils, a distribution resulting from the collisional and attaching 

conditions.  The peak plasma potential also occurs there, resulting in a maximum Cl- density of 9 

× 1010 cm-3.  The maximum electron temperatures are ≈3 eV. 
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Reactor averaged densities of Cl+, Cl2
+, Cl- and electrons, and the electron temperature 

are shown in Fig. 4.13(a) as a function of time for the base case.  At the leading edge of the 

power-on pulse, the electron density is low, ≈3 × 109 cm-3, whereas the positive and negative ion 

densities are 4 × 1010 cm-3, thereby constituting an ion-ion plasma.  Upon application of ICP 

power, the electron temperature spikes, as a finite power is dissipated into a small inventory of 

electrons.4  The resulting avalanche increases the Cl2
+, Cl+, and electron densities while not 

significantly increasing the Cl- density.  The rate coefficient for electron impact dissociative 

attachment to Cl2 decreases with Te, and so the rate of attachment decreases as Te increases in the 

early activeglow.  Electron heating by the substrate bias is negligible after about 10 µs of the 

power-on period due to the increase in electron density and decrease in sheath thickness, which 

reduces sheath heating.  When the ICP power is terminated at 50 µs, the rapid decrease in Te 

effectively shuts off further ionization while allowing the rate of attachment to increase.  The 

electron and positive ion densities decrease while the negative ion density increases.  In the 

absence of the rf substrate bias, Te would continue to fall, eventually thermalizing with the gas 

temperature.  Here the electron temperature increases in the late afterglow.  

As described in the previous section, the application of continuous rf substrate bias 

resulted in the transition to a capacitive mode late in the afterglow.  For example, the electron 

density and temperature are shown in Fig. 4.14 for CW rf biases of 0, 75, 150, and 250 V for 

otherwise the base case conditions.  In the absence of the bias, [e] and Te monotonically decrease 

during the afterglow.  Increasing the bias slows the rate of decay of the electron density and 

raises Te in the afterglow at an earlier time due to the onset of sheath heating.  Note that the 

spiking in Te at the leading edge of the power-on pulse lessens with increasing bias due to the 

larger initial inventory of electrons.  If the afterglow period is extended to a few hundreds of µs, 
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the electron density eventually attains a quasi-steady state corresponding to a capacitively 

coupled discharge.  The substrate bias does not appreciably alter the plasma during the 

activeglow, as the electron temperature is nearly independent of bias, ≈2.5 eV.  During the 

power-on pulse the resulting large electron density shrinks the sheath and correspondingly 

reduces sheath heating from the bias.  

The fluxes of electrons, and positive and negative ions to the substrate without and with a 

CW substrate bias are shown in Fig. 4.15.  The positive ion flux is the sum of the fluxes of Ar+, 

Cl+, and Cl2
+.  Without the substrate bias, the fluxes of electrons and positive ions to the 

substrate are essentially equal during the power-on pulse, ≈2 × 1015 cm-2s-1.  There are no 

negative ions extracted in the activeglow due to the large positive plasma potential.  In the 

afterglow, the electrons decay due to dissociative attachment and diffusion to the walls.  At about 

25 µs into the power-off phase the electron density has decreased to the point that charge 

neutrality is maintained by negative ions.  That is, the electron density falls below the ambipolar 

limit and negative ion extraction begins.  If the power-off period is long enough, the positive and 

ion fluxes will equilibrate with only a small fraction of the flux to the substrate being contributed 

by electrons.   

With a CW substrate bias of 250 V, plasma quasi-neutrality is maintained by electrons 

and positive ions for the entire pulse period and no negative ions are extracted.  The flux to the 

substrate consists exclusively of electrons and positive ions, as shown in Fig. 4.15(b).  The small 

differences between electron and positive ion flux are due to the fluxes collected at other 

surfaces in the reactor.  With or without a substrate bias, the activeglow is electron dominated 

with a large positive plasma potential and no negative ion extraction is obtained.  With a CW 

substrate bias, sheath thickening in the afterglow and the maintenance of a large plasma potential 
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prevents negative ion extraction.  In extreme cases, the onset of capacitive coupling and an 

increase in electron temperature merely add to the potential barrier preventing extraction of 

negative ions.   

One of the purposes of pulsed ICP sources with substrate biases is to accelerate negative 

ions into features.  The onset of a capacitive heating mode, as indicated by the increase in Te, in 

large part prevents this from happening due to the reestablishment of large positive plasma 

potentials.  Results in the previous section10 indicated that for a given set of operating conditions 

(e.g., power, pressure, gas mixture, PRF, duty cycle) there is a critical bias voltage above which 

a capacitive heating mode will be established during the afterglow.  Operating below this critical 

value is necessary in order to optimally extract negative ions. 

Sheath heating can be decreased by maintaining the electron density above a critical 

value.  This can be accomplished by decreasing the electronegativity of the Cl2 plasmas by 

adding Ar.  To this end, we investigated pulsed Ar/Cl2 ICPs with a continuous substrate bias 

varying the Ar percentage from 0% to 60%.  The base case conditions are 10 mTorr, time 

averaged ICP power of 225 W (peak power 450 W) at 10 MHz, continuous substrate bias of 250 

V at 10 MHz, PRF of 10 kHz, and duty cycle of 50%.  The Ar/Cl2 reaction chemistry is given in 

Appendix E.  The base case plasma properties for an Ar/Cl2 = 40/60 mixture with a CW rf bias 

are shown in Fig. 4.12(b), where electron and Cl- densities are shown at the end of the 

activeglow (power-on period) at 50 µs.  The maximum electron density is 1.5 × 1011 cm-3, 

peaked in the vicinity of the maximum power deposition beneath the coils.  The peak plasma 

potential also occurs there, resulting in a maximum Cl- density of 6 × 1010 cm-3.   

Plasma properties for an Ar/Cl2 = 40/60 mixture are shown in Fig. 4.13(b) as a function 

of time.  The electron density and temperature, and Cl- density for different Ar fractions are 
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shown in Fig. 4.16.  As the Ar percentage is increased, the modulation in electron density during 

the power-off phase decreases as the total rate of attachment to the smaller percentage of Cl2 

(which is also more highly dissociated) decreases.  The electron density in the late afterglow 

increased from about 8 × 109 cm-3 to 8 × 1010 cm-3 as the Ar fraction increased from 20% to 60% 

as shown in Fig. 4.16(a).  The transition from an electron-ion plasma to an ion-ion plasma is 

delayed at higher Ar fractions as the electron loss due to dissociative attachment is decreased, 

thereby delaying the thickening of the sheath.  This delay is evident from the smaller ratio of 

negative ion density to positive ion density at larger Ar fractions. 

To extract negative ions, the plasma should transition to an ion-ion plasma with quasi-

neutrality maintained by positive and negative ions.  Although this condition is favored at lower 

Ar percentages, it is not a sufficient condition for negative ion extraction as one must also avoid 

capacitive coupling and heating.  Sheath thickening at lower Ar percentages eventually prevents 

extraction of negative ions by enabling this capacitive transition.  For example, the higher 

electron temperatures in the late afterglow shown in Fig. 4.16(b) indicate sheath heating at lower 

Ar percentages.  In pure Cl2, the electron temperature in the late afterglow can be greater than the 

steady state electron temperature in the late activeglow due to sheath heating.   

The Cl- density as a function of Ar fraction, shown in Fig. 4.16(c), also indicates that the 

plasma is progressively less electronegative as the Ar fraction increases.  Not only is the Cl- 

density smaller, but there is also a smaller increase of Cl- during the afterglow.  If the goal is to 

extract negative ions in the afterglow, the plasma should transition to an ion-ion plasma with a 

minimum of sheath heating.  In this regard a gas mixture of Ar/Cl2 = 40/60 is the best candidate 

as sheath heating is delayed until the end of the afterglow and there is a reasonably rapid 

transition to an ion-ion plasma.   
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 The extraction of energetic negative ions with a substrate bias will always be difficult due 

to there being a fairly narrow window of operation.  Large biases produce a capacitive heating 

mode early in the afterglow.  Low electronegativities delay the onset of an ion-ion plasma.  In 

this regard, we have investigated Ar/Cl2 = 40/60 pulsed ICPs with both CW and pulsed rf 

substrate biases.  The plasma conditions are a peak ICP power of 300 W at 10 MHz, rf bias of 

100 V at 10 MHz, pressure of 10 mTorr, and flow rate of 100 sccm.  Based on previous 

arguments, in this gas mixture we might expect negative ion extraction as the plasma potential is 

low in the afterglow and the negative ion density is large.  However, with a CW substrate bias of 

about 100 V, negative ions were extracted for shorter duration in the afterglow, as shown in Fig. 

4.17(a).  This result is attributed to the plasma transitioning to capacitive heating mode in the 

afterglow  

 To reduce the capacitive coupling, an alternate rf substrate bias sequence as shown in Fig. 

4.17 was investigated.  This is similar to the ion-ion synchronous biasing scheme employed by 

Kanakasabapathy et al.,7 who defined such a scheme as a bias whose modulation envelope 

pulsed at an integral harmonic or sub-harmonic of the frequency of modulation of the ICP power.  

The ON and OFF periods of the substrate bias are phase locked to the ion-ion and electron-ion 

periods of pulsed operation, respectively, such that the bias is exclusively applied to the ion-ion 

plasma.  In their studies, the ICP power (13.56 MHz) and the substrate bias (20 kHz) were pulsed 

at a PRF of 1 kHz and negative ion extraction was obtained.  The low frequency bias was applied 

during the afterglow after an initial delay of 15 µs, resulting in alternating pulses of negative and 

positive ion fluxes to the substrate.   

Our interest here is in the use of bias frequencies of many MHz, commensurate with the 

conventional ICP and capacitively coupled systems, and PRFs of the order of 10 kHz.  With 
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larger biases (> 100 V) we observed that negative ion extraction is generally not obtained with a 

CW bias but can be obtained when the bias is applied only during the later portion of the 

afterglow.  We attribute these trends to capacitive coupling being larger at higher biases and 

higher frequencies.  Although an rf bias would normally be applied during the ICP power-on 

period for rapid etching, in this study, we apply the bias primarily during the afterglow.  The bias 

scheme we demonstrate has the rf bias on during the last 50 µs of a 100 µs afterglow (PRF = 

6.67 kHz, duty cycle 33%) and the first 10 µs of the power-on cycle.  With this scheme for a bias 

amplitude of 100 V, significant negative ion extraction is obtained during the afterglow, as 

shown in Fig. 4.17(b).  As there is no rf bias in the early afterglow, negative ions are extracted 

but, more importantly, the negative ions migrate from the core of the plasma to the sheath edge 

where they were previously excluded.  When the bias is applied, the sheath thickens and electron 

flux are increased to sustain the current while the flux of negative ions decreases to ≈2 × 1014 cm-

2s-1 from a pre-bias value of ≈4 × 1014 cm-2s-1.  Nevertheless, the negative ions still contribute 

about 10% of the negative flux to the substrate.   

The division of the negative charged particle flux between electrons and ions is largely a 

function of the duty cycle of the bias and the rf voltage amplitude.  For example, ion and electron 

fluxes are shown in Fig. 4.18 with a CW and pulsed bias of 50 V.  With a 50 V CW bias, 

negative ions can be extracted in the afterglow starting at ≈ 110 µs both at an earlier time and 

with a larger flux than the 100 V CW bias.  Using the pulsed scheme for a 50 V bias, negative 

ions are extracted prior to application of the bias, beginning at 70 µs, albeit with a low energy, 

and continue during the bias. 

The magnitude of the applied bias voltage and the duration of the bias are keys to 

obtaining negative ion extraction in pulsed ICPs.  These dependencies are summarized by the 
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modulation of the electron density and negative ion fluxes shown in Fig. 4.19(a).  With a CW 

bias of 50 V, the electron density monotonically decays during the afterglow, reaching 2 × 106 

cm-3 at the end of the ICP power-off period, indicating a near absence of capacitive heating or 

electrostatic confinement.  With a CW bias of 100 V, the electron density has a slower rate of 

decay in the afterglow, reaching only 4 × 107 cm-3 at the end of the ICP power-off period, a 

factor of 20 larger than with the 50 V bias.  This indicates that the plasma is to some degree 

sustained by capacitive heating.  With a pulsed bias of 100 V (beginning at 100 µs) the electron 

density decays more rapidly early in the afterglow in the absence of a bias, falling to about 2 × 

107 cm-3, but is then clamped at this value when the bias starts, again indicating some degree of 

capacitive heating or electrostatic confinement.  When using a pulsed 50V bias, the decay of 

electron density is essentially the same as with the pulsed 100 V bias during the early afterglow; 

however, the electron density continues to decay when the lower bias is applied, indicating a 

near absence of capacitive heating or electrostatic confinement.  These conditions should be 

more conducive to negative ion extraction.  Note that during the early afterglow, the electron 

density decays slower with the CW 50 V bias than with the pulsed biases, indicating some small 

degree of capacitive heating or electrostatic confinement. 

The corresponding negative ion fluxes to the substrate are shown in Fig. 4.19(b) starting 

at 75 µs, 25 µs after the ICP power is terminated.  In the absence of a bias (75-100 µs for the 

pulsed bias cases), as the plasma transitions to being ion-ion, the negative ion flux to the 

substrate increases, albeit with thermal energies, as discussed below.  With application of the 

pulsed bias, there is an initial transient when the capacitive fields are established and the more 

mobile electrons provide current continuity.  The negative ion fluxes eventually recover, more 

rapidly with the lower pulsed 50 V bias.  With CW biases, negative ion fluxes slowly develop 
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later in the afterglow than with the pulsed biases.  The negative ion fluxes do eventually reach 

the same value late in the afterglow with either a CW or pulsed bias.  With the CW biases, 

however, the fluence of negative ions is less since a longer period of time is required to initiate 

the flux, as discussed below. 

Oscillations in predicted electron and ion fluxes in Fig. 4.19(b) have been observed for 

select plasma conditions.  The amplitudes of the oscillations are as large as 10-20% but are 

typically smaller.  Oscillations in electron densities, electron temperatures, and ion fluxes in 

electronegative inductively and capacitively coupled plasmas have recently been investigated by 

others in the context of ionization-attachment instabilities.11,12  The frequencies of these 

instabilities vary with the feedstock gases, pressures, and power.  For conditions comparable to 

ours, the frequencies are a few to 10s kHz which are commensurate with our PRF.  The 

oscillations we observe are 150-200 kHz.  These oscillations are likely not a result of attachment-

ionization instabilities as the time constants for either attachment or ionization, which in large 

part determine the frequency of the instability, are longer than our oscillation periods.  We also 

do not observe significant changes in plasma densities.  

The oscillations we observe are likely initiated by the impulsive application of ICP power 

or bias voltage and are likely electrostatic wave-like in origin.  For example, the ion fluxes to the 

substrate and plasma potential are shown in Fig. 4.19(c) for the pulsed 50 V bias case.  The ion 

fluxes for Cl-, Cl+ and Cl2
+ are normalized to approximately the same amplitude.  The plasma 

potential in the presheath 1 cm above the substrate has been low-pass filtered to show only the 

deviation from its rf cycle averaged value.  The oscillation of the plasma potential and positive 

ion fluxes are approximately in phase, whereas the oscillation of the negative ion flux is 180° out 

of phase.  The interpretation is that an electrostatic oscillation locally modulates the plasma 
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potential, alternately increasing or decreasing the electric field which accelerates ions into the 

substrate.  This enhances the flux of positive and negative ions on alternate half cycles.  For this 

case, oscillations from previous impulses have damped out prior to the turn-on of the rf bias and 

are reinitiated by the re-establishment of the sheath by the impulsive turn-on of the bias.  The 

frequencies of the oscillations are akin to ion acoustic waves.  The amplitude of the oscillations 

in the flux of the heavier Cl2
+ is smaller than those for Cl+, and the damping periods are 

commensurate with ion collision frequencies, which would be consistent with this mechanism. 

 To alleviate charge buildup in the bottom of features, the negative ions should have an 

anisotropic angular distribution with energies which are significantly above thermal energies.  

Employing the PCMCS, we investigated the ion energy and angular distributions of the positive 

and negative ion fluxes to the substrate in the late afterglow.  We observed that for rf biases of 50 

V and 100 V at 10 MHz, although there is a significant flux of negative and positive ions to the 

substrate, the ions arrived with thermal energies having isotropic angular distributions.   

These thermal distributions of ions are due in large part to the lack of a distinct sheath 

structure.  At bias frequencies of 10s of MHz, which are large compared to ion plasma frequency 

(~1 MHz), and with the sheath thickening in the late afterglow, the rf period is much shorter than 

the ion transit time through the sheath.  Ions experience time averaged electric fields over several 

rf cycles, and at these low pressures they should strike the substrate with an energy of about half 

the rf amplitude.  The complex sheath structure of ion-ion plasmas at these frequencies 

moderates incident ion energies. 

For example, the plasma potential is shown in Fig. 4.20 for an Ar/Cl2 = 40/60 ICP at 10 

mTorr with a peak ICP power 300 W at 10 MHz, PRF of 6.67 kHz, duty cycle of 33.3%, and a 

pulsed rf bias of 100 V at 10 MHz.  The plasma potential is shown at the end of the afterglow 
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when the plasma is dominantly ion-ion for rf phases of 0, π/2, π, and 3π/2.  The electrode is most 

positive (100 V) at phase π/2 and most negative (-100 V) at phase 3π/2.  At these phases the 

voltage is dropped over the bulk of the plasma rather than dominantly in the sheath with the 

electric field being monotonic across the plasma.  The discharge has the appearance of a 

modulated dc glow discharge.  The resulting electric fields are directed so that negative ions and 

positive ions are alternatively accelerated into the substrate, but the fields are too weak to 

produce energetic ions.  At φ = 0 and φ = π the electric field is non-monotonic.  At these times 

there is an inverted sheath near the electrode where the electrostatic field reverses direction away 

from the electrode and should accelerate negative ions into the substrate.  The duration and the 

magnitude of the field reversal are, however, insufficient to do so.  Due to the lack of a 

significant sheath potential as the applied potential is largely dropped across the bulk plasma and 

due to a strong inverse field region near the electrodes, both positive and negative ions reach the 

substrate with only thermal energies and nearly isotropic angular distributions. 

 Midha et al.,13 found that the frequency of the rf bias during the afterglow is important in 

determining the characteristics of the ion flux to the substrate.  They concluded that operating at 

low bias frequencies (100s of kHz) is favorable for extracting high energy ions from the plasma.  

To this end, we investigated pulsed substrate biases with frequencies of 1–10 MHz comparable 

to the ion plasma frequency ( ≈ 1 MHz) and commensurate with bias frequencies used in 

conventional reactors.  For the lower frequencies, ions transit through the sheath in less than one 

rf cycle.  The plasma potentials as a function of height at a radius of 1 cm for bias frequencies of 

1, 2, and 8 MHz are shown in Fig. 4.21.  At 8 MHz, the discharge still has the appearance of a 

modulated dc glow discharge with the applied bias largely dropped across the bulk of the plasma.  

The sheaths at φ = π/2 and φ = 3π/2 should accelerate negative ions and positive ions 
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(respectively) into the substrate, but the electric fields are too weak.  At 2 MHz a sheath structure 

begins to form at φ = π/2 and φ = 3π/2, although there is still a significant voltage drop across the 

bulk plasma indicative of the more resistive ion-ion plasma compared to an electron-ion plasma.  

The inverted sheath is present at all phases which tends to slow negative ions at φ = π/2 and 

positive ions at φ = 3π/2.  Since the fraction of the potential contained in the inverted sheath is 

small, the ions (both negative and positive) retain much of their inertia to the substrate.  

Alternatively, negative ions close to the electrodes are accelerated into the surface at φ = π and 

3π/2, as are the positive ions at φ = 0 and π/2.  As the frequency is reduced to 1 MHz, the 

magnitude of the electric field in the sheath increases, with most of the bias voltage dropped 

within a distance of 1 cm.  The inverted sheath is present only at φ = 0 and φ = π, enabling 

unhindered acceleration of negative ions (φ = 0) and positive ions (φ = π).   

 To quantify the effect of bias voltage and frequency on ion extraction, the fluence and 

average energy of ions striking the substrate were determined as a function of frequency.  The 

conditions are an Ar/Cl2 = 40/60 ICP at 10 mTorr with a peak power 300 W at 10 MHz, PRF of 

6.67 kHz, duty cycle of 33%, and a pulsed rf bias varied from 50 V to 125 V for a bias frequency 

of 10 MHz.  Fluences of Cl- ions incident on the substrate during 50 µs in the afterglow (with 

bias) as a function of CW and pulsed rf bias voltage are shown in Fig. 4.22(a).  At low voltage, 

the CW and pulsed biases yield comparable fluences, as capacitive coupling is not significantly 

different.  However at higher voltages, the onset of capacitive coupling occurs earlier with CW 

biasing, increasing the plasma potential and thereby trapping more negative ions in the bulk of 

the plasma. The delay in capacitive coupling with the pulsed bias increases the total negative ion 

fluence.  

The average energies of Cl2
+, Cl+, and Cl- ions as a function of bias frequency as 
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computed with PCMCS are shown in Fig. 4.22(b).  The positive ion flux is composed of 0.6% 

Ar+, 99% Cl2
+, and 0.4% Cl+.  The negative charged particle flux is composed of 99.4% Cl- and 

0.6% electrons.  The larger proportion of Cl2
+ is a result of charge exchange from Ar+ and Cl+ 

with Cl2 which, in the absence of ionization in the afterglow, converts the majority of the ions to 

Cl2
+.  Although negative and positive ions are extracted from the plasma at the end of the 

afterglow for a pulsed rf bias of 100 V at 10 MHz, they have thermal energies and an isotropic 

angular distribution due to the absence of a distinct sheath.  As the frequency decreases, the 

sheath begins to thin producing larger electric fields closer to the substrate.  The average ion 

energy incident on the substrate thereby increases with decreasing frequency.  The average 

energy of negative ions at first increases more rapidly with decreasing frequency before positive 

ions become more energetic.  At 1 MHz, the average energy of Cl2
+ ions and Cl- ions is about 7 

eV.  These disparities result from subtle differences in the sheath structure.  For example, the 

plasma potential at 1 MHz is not symmetric between the cathode and anodic phases.  The lack of 

symmetry results from different mole fraction weighted mobilities of positive and negative 

charge carriers.   

The ion energy distributions incident onto and averaged over the substrate as obtained 

from the PCMCS are shown in Fig. 4.23 for an Ar/Cl2 = 40/60 ICP with a peak ICP power of 

300 W at 10 MHz, PRF of 6.67 MHz, duty cycle of 33% and a pulsed rf bias of 100 V.  Results 

are shown for 1 and 2 MHz.  Negative ions having energies of 2-25 eV are extracted from the 

plasma.  Negative ions are more energetic by a few eV at 2 MHz compared to 1 MHz, whereas 

Cl+ is more energetic at 1 MHz.  The Cl+ ion energy distribution broadens at the lower frequency 

as the plasma ion transit time becomes a smaller fraction of the bias period.  In this regime, the 

ions begin to see the instantaneous bias voltage, a trend not seen with the heavier ion.  The 
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angular spreads of the ion distributions are less than 4o, sufficient to reach the bottom of 

moderate aspect ratio trenches. 

 

4.5 Conclusions 

 A 2D model has been employed to investigate pulsed operation of Cl2 and Ar/Cl2 ICPs 

with CW and pulsed rf substrate biases.  In Cl2 plasmas without a substrate bias, Cl- ions are 

extracted with low energy after the sheath decays, and the plasma transitions from an electron-

ion to an ion-ion plasma.  With a CW substrate bias, the plasma transitions to a capacitive 

heating mode in the afterglow, which prevents negative ion extraction.  Though reducing the 

electronegativity of the plasma reduces sheath heating, it may not necessarily aid in negative ion 

extraction.  When using a pulsed rf bias in the afterglow, capacitive coupling is reduced and 

negative ion extraction is improved even at moderate biases of 100 V.  The key to extraction of 

negative ions is to prolong the transition of the plasma to a capacitive mode.  With a 10 MHz 

bias frequency, the ions extracted in the afterglow have only thermal energy as the applied rf 

voltage is largely dropped across the bulk plasma.  At lower bias frequencies of 1-2 MHz 

negative ions with 2-25 eV energy are extracted with an anisotropic angular distribution.  
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4.6 Figures 
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Figure 4.1 Schematic of the GEC reference cell reactor. 
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Figure 4.2 Time relationships for PRF, power-on period, power-off period, and duty cycle.  For 
the conditions of interest, the power-on and power-off periods are much longer than the 
electromagnetic rf period shown in inset A. 
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Figure 4.3 Peak electron density and plasma potential in Ar pulsed ICP for the base case 
conditions of peak input power of 300 W, PRF of 10 kHz, and duty cycle of 50%.  A periodic 
steady state is attained during pulsed operation. 
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Figure 4.4 Comparison of experimentally measured electron column density with results from 
the simulation for a peak power of 300 W, PRF of 10 kHz, and duty cycle of 50% in argon. 
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Figure 4.5 Schematic of the ICP reactor based on the experiments of Malyshev et al.2 
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Figure 4.6 Electron densities and temperature in Cl2 plasmas at 10 mTorr with a time averaged 
power of 300 W, PRF of 10 kHz, duty cycle of 50%, and gas flow rate of 100 sccm with and 
without substrate bias. (a) Comparison of model predictions with measurements by Malyshev et 
al.2 at the reference point shown in Fig. 4.5 without a substrate bias, and (b) electron density and 
temperature with a substrate bias.  The time averaged substrate power of 70 W was produced 
with a bias voltage of 250 V. 
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Figure 4.7 Electron density in Cl2 ICP without substrate bias at different times during the pulse.  
The base case conditions are pressure of 10 mTorr, peak ICP power of 600 W, PRF of 10 kHz, 
and duty cycle of 50%.  The electron density decays several orders of magnitude in the afterglow 
without a bias. 
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Figure 4.8 Electron temperature in Cl2 ICP without substrate bias at different times during the 
pulse.  The base case conditions are pressure of 10 mTorr, peak ICP power of 600 W, PRF of 10 
kHz, and duty cycle of 50%.  The electrons thermalize to gas temperature within 10 µs into the 
afterglow without a bias. 
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Figure 4.9 Electron density in Cl2 ICP with a substrate bias of 250 V at different times during the 
pulse.  The base case conditions are pressure of 10 mTorr, peak ICP power of 600 W, PRF of 10 
kHz, and duty cycle of 50%.  The plasma is sustained in the afterglow with application of a bias 
with electron density of about 109 cm-3. 
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Figure 4.10 Electron temperature in Cl2 ICP with a substrate bias of 250 V at different times 
during the pulse.  The base case conditions are pressure of 10 mTorr, peak ICP power of 600 W, 
PRF of 10 kHz, and duty cycle of 50%.  Sheath heating is observed after 25 µs into the afterglow 
with the plasma transitioning to capacitive mode. 
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Figure 4.11 The onset time for capacitive mode as indicated by a sharp increase in electron 
temperature.  The ICP power is turned off at 50 µs.  The onset time decreases as the bias voltage 
and ICP power increases. 
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Figure 4.12 Typical plasma properties at the end of the activeglow for pulsed operation of ICPs 
with CW substrate biases.  a) Cl2 plasma properties: electron density (x 1011 cm-3) and Cl- 
density (x 1010 cm-3). b) Ar/Cl2 = 40/60 plasma properties: electron density (x 1011 cm-3) and Cl- 
density (x 1010 cm-3).  The conditions are a peak power of 450 W, PRF 10 kHz, gas flow rate 100 
sccm, and pressure 10 mTorr.  The CW substrate bias is 250 V at 10 MHz. 
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Figure 4.13 Typical plasma properties for pulsed operation of ICPs with a CW substrate bias of 
250 V at 10 MHz.  a) Cl2 plasma properties b) Ar/Cl2 = 40/60 plasma properties.  Other 
conditions are ICP power 450 W, PRF 10 kHz, gas flow 100 sccm, and pressure 10 mTorr. 
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Figure 4.14 Plasma properties in a Cl2 ICP as a function of time for different rf bias voltages.  a) 
Reactor averaged electron density and b) reactor averaged electron temperature.  Operating 
conditions are peak ICP power 450 W, PRF 10 kHz, gas flow 100 sccm, and pressure 10 mTorr. 
Steady state electron densities at the end of active glow are similar for all bias voltages.  The 
plasma transitions to being capacitively coupled at higher bias voltages with electron densities ~ 
109 cm-3 in the afterglow. 
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Figure 4.15 Positive ion (Cl+ and Cl2
+), electron and Cl- fluxes to the substrate in Cl2 ICPs with a 

peak ICP power of 450 W, PRF of 10 kHz, gas flow of 100 sccm, and pressure of 10 mTorr.  a) 
Without a substrate bias and b) with substrate bias of 250 V.  With a bias, the sheath thickens 
during the afterglow, the plasma transitions to a capacitive heating mode, and there is no 
negative ion extraction. 
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Figure 4.16 Plasma properties in an Ar/Cl2 ICP as a function of time for different Ar fractions 
(20%, 40%, and 60%). a) Electron density, b) electron temperature, and c) Cl- density and ratio 
of negative ion density to positive ion density. Conditions are: peak ICP power 450 W, rf bias 
250 V, PRF 10 kHz, gas flow 100 sccm, and pressure 10 mTorr.  Sheath heating decreases as the 
plasma becomes less electronegative with addition of Ar.   
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Figure 4.17 Positive ion, negative ion, and electron fluxes to the substrate as a function of time 
for CW and pulsed bias schemes.  a) Fluxes to the substrate with a CW substrate bias, b) 
schematic of sequencing of pulsed ICP power and pulsed rf bias, and c) fluxes to the substrate 
with a pulsed bias.  Conditions are Ar/Cl2 = 40/60 with a peak ICP power of 300 W, PRF of 6.67 
kHz, duty cycle of 33%, gas flow of 100 sccm, and pressure of 10 mTorr. 
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Figure 4.18 Positive ion, electron, and Cl- fluxes to the substrate in an Ar/Cl2 = 40/60 ICP.  a) 
CW rf bias of 50 V and b) pulsed rf bias of 50 V using the scheme shown in Fig. 4.17(b).  
(Operating conditions: peak ICP power 300 W, PRF 6.67 kHz, duty cycle 33%, gas flow 100 
sccm and pressure 10 mTorr.)  With a pulsed bias, negative ion extraction starts at about 75 µs 
and continues even after the application of the bias.   
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Figure 4.19 Plasma parameters as a function of time for time for CW and pulsed rf biases. a) 
Electron density, b) negative ion flux, and c) normalized fluxes and plasma potential, φ.  
(Operating conditions: Ar/Cl2 = 40/60, peak ICP power 300 W, PRF 6.67 kHz, duty cycle 33%, 
gas flow 100 sccm, and pressure 10 mTorr).  “P-50 V” denotes a pulsed, 50 V bias.  The 
negative ion flux in b) is shown only for the last 75 µs of the afterglow.  The ion fluxes in c) are 
normalized.   
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Figure 4.20 Plasma potential at different phases during the rf period for an Ar/Cl2 = 40/60 ICP. 
a) φ = 0 (closeup), b) φ = 0, and c) φ = π/2, d) φ = π (closeup), e) φ = π, f) φ = 3π/2.  (Operating 
conditions: peak ICP power 300 W at 10 MHz, PRF 6.67 kHz, duty cycle 33%, and pulsed rf 
bias of 100 V at 10 MHz.  The substrate voltage is largely dropped across the bulk of the plasma 
at 10 MHz.  Weak inverted sheaths are formed near the substrate at φ = 0 and φ = π. 
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Figure 4.21 Plasma potential as a function of height above the substrate at a radius of 1 cm for 
different phases in the rf period for an Ar/Cl2 = 40/60 plasma.  a) Bias frequency of 8 MHz, b) 2 
MHz, and c) 1 MHz.  (Operating conditions: peak ICP power 300 W at 10 MHz, PRF 6.67 kHz, 
duty cycle 33%, and a pulsed rf bias 100 V.)  At 8 MHz, the plasma has the appearance of a DC 
plasma with a large proportion of the applied bias dropped across the bulk of the plasma.  At 1 
MHz, most of the applied voltage is dropped close to the substrate. 
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Figure 4.22 Fluence of negative ions and average energy of ions incident on the substrate for an 
Ar/Cl2 = 40/60 plasma.  a) Negative ions fluence during the last 50 µs of the afterglow as a 
function of bias voltage and b) average energy of Cl2

+, Cl+ and Cl- incident on the substrate as 
function of bias frequency.  (Operating conditions:  peak ICP power 300 W at 10 MHz, PRF 6.67 
kHz and duty cycle 33%.)  Due to reduced capacitive heating with a pulsed bias, a larger fluence 
of negative ions are extracted.  As the bias frequency decreases, the formation of sheaths 
increases the energy of negative ions incident on the substrate.  Negative ions are extracted with 
an average energy of 9 eV at 2 MHz.      
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Figure 4.23 Ion energy distributions onto the substrate at the end of the afterglow in an Ar/Cl2 = 
40/60 ICP with pulsed 100 V biases at a) 2 MHz and b) 1 MHz.  (Operating conditions: peak ICP 
power 300 W at 10 MHz, PRF 6.67 kHz, and duty cycle 33%).  Negative ions are extracted with 
about 2 – 25 eV in the afterglow with a substrate bias of 2 MHz. 
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5. THREE-DIMENSIONAL MODELING OF ASYMMETRIC GAS HEATING IN 
PLASMA PROCESSING REACTORS 

 

5.1 Introduction 

 Low temperature, high plasma density reactors are widely used for etching and 

deposition during microelectronics fabrication.1-3  As the semiconductor industry transitions to 

process larger wafers (300 mm), it is more critical that reactant fluxes have good side-to-side 

symmetry so that uniform etch or deposition rates can be obtained across the entire wafer.  Gas 

injection and pumping are well characterized process parameters in high pressure (> 100s mTorr) 

systems; however, the impact of the symmetry of gas injection and pumping on process 

uniformity is less well characterized in low pressure (< 10s mTorr) systems.  Many of the 

inductively coupled plasma (ICP) systems used for etching and deposition applications have 

discrete nozzles and single sided asymmetric pumping4,5 under the assumption that at low 

pressure, transport is diffusion dominated.  In this operating regime, the gas sources and sinks 

appear as volume averages, and so their asymmetries should not detrimentally affect the 

uniformity of reactants to the substrate.  However, previous experimental5,6 and computational 

investigations7,8 of ICP reactors have shown that reactors having asymmetric pumping also 

produce azimuthally asymmetric density profiles.  These asymmetric density profiles translate to 

asymmetric ion fluxes to the substrate, thereby producing non-uniform etch yields.  These 

asymmetries become more important as wafer size increases.9  

In this chapter, the consequences of asymmetric pumping on side-to-side uniformity of 

neutral and ion densities, temperatures, and fluxes are discussed using results from a 3-

dimensional plasma equipment model.  We found that non-uniformities in species densities feed 

back through the plasma conductivity, resulting in a non-uniform power deposition.  This 
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positive feedback leads to larger asymmetries.  The asymmetries typically increase with increase 

in flow rate, decrease in pressure and increase in ICP power.  The model validation is presented 

in Section. 5.2.  The consequences of asymmetric pumping during ICP operation in Ar and Cl2 

ICPs are discussed in Section. 5.3.  The etch non-uniformities produced during fluorocarbon 

etching of SiO2 are discussed in Section. 5.4. 

 

5.2 Model Validation 

The model is validated with experiments by Abada et al.10  They measured CF rotational 

temperature in CF4 ICPs.  Typical conditions were 10 mTorr, 300 W, and 25 sccm.  They 

observed that T-CF increases with power and pressure.  The model also predicts similar trends as 

shown in Fig. 5.1.  In CF4 discharges, CF heating primarily occurs through Franck-Condon 

mechanism.  T-CF increases with power as a result of increased rate of dissociation owing to a 

higher electron density.  As the power is increased from 100 W to 400 W for a pressure of 33 

mTorr, CF4 and electron density changes from 4.5 x 1014 cm-3 and 5.5 x 1010 cm-3, respectively, 

to 2.8 x 1014 cm-3 and 2.1 x 1011 cm-3.  For these conditions, T-CF is expected to increase from 

540 K (190 K above Tw (350 K)) at 100 W to 800 K (450 K above Tw) at 400 W.  As CF4 is 

heavily dissociated under these conditions, the energy gained by the neutrals during dissociation 

is also redistributed among other neutrals during neutral-neutral collisions.  Hence the model 

predicts a slightly lower temperature of ≈ 785 K at 400 W. 

As the pressure was changed from 5 mTorr to 33 mTorr for a constant power of 100 W, 

CF4 and electron density changes from 7.3 x 1013 cm-3 and 6.3 x 1010 cm-3, respectively, to 4.5 x 

1014 cm-3 and 5.5 x 1010 cm-3.  For these conditions, T-CF is expected to increase from 393 K (43 

K above Tw) at 5 mTorr to 570 K (220 K above Tw) at 33 mTorr.  The model predicts a T-CF of 
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≈ 540 K at 33 mTorr.  These studies were performed in an azimuthally symmetric reactor.  In 

Section. 5.3, the results of the consequences of asymmetric pumping on plasma properties in 

different gas mixtures are discussed. 

  

5.3 Asymmetric Gas Heating in Ar and Cl2 ICPs  

Investigations of asymmetric gas heating were performed in the ICP reactor 

schematically shown in Fig. 5.2.  The reactor has azimuthally symmetric coils and gas injection, 

but an asymmetric pump port.  The pump port occupies the 60o segment on the right hand side of 

the (r, θ) plane.  The antenna is two nested annuli set on top of a dielectric window with uniform 

azimuthal conduction currents to eliminate asymmetries that may result from either transmission 

line effects or the shape of the antenna.  The gas injection is through a showerhead placed below 

the coils.  The base case conditions are ICP power of 500 W, pressure of 10 mTorr, and flow rate 

of 150 sccm.  Species densities are shown in the (r,θ) plane below the dielectric (Height-A) and 

above the wafer (Height-B).  Sources for electrons and power deposition are shown at Height-A.  

The species temperatures are shown at the midplane of the reactor.       

Azimuthal asymmetries are quantified by defining an asymmetry factor at a given radius.  

For a quantity )r,(θφ  

                                                     
( )

)r(

)r(r,
max)r(

φ

φθφ
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−
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where )r(φ is the average value of )r,(θφ  as a function of azimuth at a radius r, and the max 

function denotes that we take the maximum value of  β as a function of the azimuthal location.  

Smaller values of β  are more uniform. 

 

5.3.1 Ar ICPs 

In this section, results from our investigation of asymmetric gas heating in argon ICPs are 

presented.  Typical plasma properties for the base case conditions (10 mTorr, 500 W, 150 sccm, 

13.56 MHz) in a symmetric reactor are shown in Fig. 5.3.  The gas phase reaction mechanism is 

given in Appendix C.  All the plasma properties are azimuthally symmetric with symmetric 

pumping.  The power deposition has two separate peaks (maximum ≈ 2 W-cm-3) that are 

azimuthally symmetric just below showerhead as the two coils are placed widely apart from each 

other.  The plasma conductivity peaks in the center of the discharge (σp= 0.35/Ω-cm), closely 

mapping the peak in the electron density.  The electron impact ionization sources have a 

maximum ( ≈ 6 x 1015 cm-3-s-1) at the location of maximum power deposition.  As the energy 

relaxation length is small compared to the size of the reactor, the electron temperature as well as 

the electron impact ionization sources peak off-center.  However, Ar+ ions that are produced by 

ionization reactions can diffuse to the center without any volume loss.  The plasma density peaks 

in the center of the discharge with a maximum of ≈ 2.5 x 1011 cm-3 below the dielectric (Height-

A).   

Ar+ ions gain energy from the static electric fields which is then transferred to neutrals 

during charge exchange collisions.  This heating mechanism for ions is proportional to Ar+ 

density, square of the electrostatic field, and is inversely proportional to momentum transfer 

collision frequency.  T-Ar+ is mainly determined as a balance between the net heating by 
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electrostatic fields and loss of energy through charge exchange reactions.  As these effects play 

out, T-Ar+ has a centrally peaked distribution.  However, close to the outer walls, a much higher 

peak in T-Ar+ (1.5–1.6 eV) is observed as a consequence of increased heating of ions in the pre-

sheath and reduced losses due to charge exchange collisions.  In Ar plasmas, neutral-neutral 

collisions and ion-neutral collisions lead to exchange of energy between these species.  The most 

important gas heating mechanism for Ar neutrals is symmetric charge exchange with energetic 

Ar+ ions.  At the midplane, Ar+ density and T-Ar+ in the center and periphery (R = 10 cm) are 6.2 

x 1011 cm-3 and 910 K, and 4.9 x 1011 cm-3, and 750 K, respectively.  For these conditions, T-Ar 

is expected to decrease by a factor of ≈ 0.3.  The model predicts 705 K in the center and 580 K in 

the periphery. 

Plasma properties for asymmetric pumping for the base case conditions are shown in 

Figs. 5.4 and 5.5.  The asymmetries in these properties are caused by a feedback between the 

asymmetries in species densities and power deposition through plasma conductivity.  

Asymmetries which produce a non-uniform plasma conductivity result in non-uniform power 

deposition, thereby reinforcing the asymmetries.  Asymmetric pumping produces small 

asymmetries in neutral densities with lower densities near the pump port.  In addition to 

pumping, the absence of a wall at the pump port, which otherwise would have acted as a virtual 

source for neutrals due to ion-ion recombination further depletes the neutral density.  The 

asymmetric pumping in this reactor also produces a non-uniform residence time distribution.  

Species injected opposite the pump port have a longer residence time than those injected near the 

pump port.  The difference in residence times is 10s of ms for a gas flow rate of 150 sccm.  As 

the neutral densities and residence time are larger in the dead zones, the likelihood for ionizing 
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reactions is also greater.  A smaller peak in Ar+ density also occurs close to the pump port as the 

walls that act as a sink for ions are at a larger radius.   

The neutral and ion temperatures peak slightly off center to the side of pumping.  The 

likelihood of symmetric charge exchange reactions is greater in the dead zones of the reactor, 

which would have then resulted in higher T-Ar in these remote locations.  However, in this 

geometry as the walls near the dead zones are at a shorter distance, the hot neutrals in the dead 

zones also thermalize with the walls quickly.  Ar+ density and T-Ar+ are 5.7 x 1011 cm-3 and 824 

K in the dead zones, and 4.9 x 1011 cm-3 and 750 K in the periphery near the pump port.   These 

conditions would have predicted the T-Ar to be 20% lower near the pump port.  The walls on the 

side of pumping are at R = 20 cm, while near the dead zones they are at R = 15 cm.  As thermal 

conduction is inversely proportional to R2, T-Ar near the pump port is expected to be higher by 

60%.  As these two effects play out in favor of thermalization, the T-Ar is ≈ 580 K near the 

pump port and 530 K in the dead zones.   

Ar+ ions lose energy during inelastic collisions and gain energy from electrostatic fields 

during their drift towards the pump port from the dead zones.  The neutral density is ≈50% 

lower in the center compared to the dead zones, while the ion density is reduced only by 8%.  

Therefore, the ion energy losses are reduced (due to lower neutral densities) further compared to 

the gain (due to lower ion densities).  Thus T-Ar+ is higher near the side of pumping.   

 As the pressure is decreased from 10 mTorr to 5 mTorr, while maintaining power and 

flow rate there is a significant increase in asymmetries.  This result is somewhat counter 

intuitive.  As the pressure is reduced while maintaining a constant gas flow rate, the residence 

time for the feedstock gas is reduced.  The reduction in gas residence time reduces the time for 

the plasma to equilibrate.  At lower pressures, as a result of reduced collision frequency for 
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heavy particle collisions, the likelihood of collisions homogenizing the asymmetries also 

becomes less.  Power deposition below the inner coils increases from 2.6 W/cm3 to 3.2 W/cm3 

while the neutral density decreases from 2.5 x 1014 cm-3 to 1.25 x 1014 cm-3 as the pressure is 

reduced.  Hence the power deposition per atom increases at lower pressures, which then results 

in increased feedback coupling which further reinforces the asymmetries.  The asymmetry 

factors for ion densities increased from 7% to 17%, and the asymmetry in electron impact 

sources increased from 15% to 37% as the pressure was lowered from 10 mTorr to 5 mTorr. 

 Azimuthal uniformity of species densities and temperatures was improved at lower gas 

flow rates.  Ar+ density, T-Ar, and T-Ar+ for 10 sccm and 300 sccm are shown in Fig. 5.6.  The 

uniformity was improved at lower gas flow rates as a result of an increase in the residence time, 

which allows diffusion and thermal conductivity to equilibrate asymmetries.  Peclet number (Pe) 

quantifies the relative significance of convective transport to diffusive transport.  Pe is given by 

D
vRPe =          (5.3) 

where v is the flow bath velocity, R is radius of reactor (20 cm), and D is the diffusivity of the 

neutrals (1 x 104 cm2-s-1).  For a flow rate of 10 sccm, v and Pe are computed to be ≈ 78 cm-s-1 

and 0.2 respectively.  As the flow rate is increased to 300 sccm, v increases to 2350 cm-s-1 and 

Pe is computed to be ≈ 4.0.  A Pe >>1 indicates that convective transport is more dominant than 

diffusive transport.  As Pe ≈ 1.0 in this system, both diffusive and convective transport are 

equally important with convective transport dominating at higher flow rates.  Hence, the flow 

induced asymmetries dictated by convective transport are more significant at higher flow rates.  

β  for Ar+ density decreased from 9% to 5% and for electron impact ionization sources from 

19% to 12% as the flow rate was decreased from 300 sccm to 10 sccm. 
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Azimuthal uniformity of species densities and temperatures was improved at lower ICP 

powers as shown in Fig. 5.7.  The azimuthal symmetry improved as the reinforcing contribution 

from non-uniform power deposition through the positive feedback is reduced at lower powers.  

β  decreased from 8% to 3% for Ar+ density, and for electron impact ionization sources from 

17% to 7% as the power was decreased from 900 W to 100 W.  The maximum in neutral gas 

temperature at the midplane increased from 520 K to 720 K as the power increased from 100 W 

to 900 W. 

The asymmetry factors for Ar+ density above the wafer (Height-B), T-Ar at the midplane, 

and power deposition, conductivity, and electron impact ionization sources below the dielectric 

(Height-A) for various plasma conditions are given in Table 5.1.  The asymmetries in plasma 

properties increased at higher flow rates as the residence time for the feedstock gas in the reactor 

is reduced.  Plasma parameters also become more non-uniform at larger powers and lower 

pressures owing to an increased feedback between non-uniform species density and power 

deposition.  The asymmetries in plasma properties increase with radius.  Hence, the effects of 

asymmetric pumping are more critical while processing larger wafers.  

 

5.3.2 Cl2 ICPs 

In molecular gases which undergo electron impact dissociation, such as chlorine, the 

Franck-Condon effect is an important additional heating source.  The gas phase reaction 

mechanism is given in Appendix D.  Franck Condon (FC) heating was included for11  

−+→+ ClClCle 2          ∆εij = 1.5 eV       (5.4)  

eClClCle 2 ++→+       ∆εij= 1.0 eV       (5.5)  
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Power deposition, conductivity, and electron impact ionization sources below the dielectric 

(Height-A), positive ion density ([Cl2
+] + [Cl+]) above the wafer (Height-B), and T-Cl2 and T-Cl 

at the midplane are shown in Fig. 5.8.  The base case conditions are 10 mTorr, 500 W, and 150 

sccm.  Power deposition peaks at ≈ 1.6 W/cm3 below the inner coils due to a maximum in 

plasma conductivity at the same azimuthal location.  Cl radicals are produced primarily by 

dissociation of Cl2 below the showerhead.  Cl radicals also have a virtual source at the wall 

resulting from wall recombination of Cl+ ions.  A 15% reduction in Cl density is observed 

towards the pump port as this virtual source is at a larger distance at the side of the pumping.  

These radicals also get consumed on the wafer during their drift to the pump port.  The electron 

impact sources are higher in the dead zones, which then causes Cl+ and Cl2
+ densities to peak 

further away from the pump port.  The neutral densities in the dead zones and near the pump port 

are 1.95 x 1014 cm-3 and 1.6 x 1014 cm-3, respectively.  Owing to a lower neutral density, the 

electron impact sources are expected to decrease by ≈ 20% at the side of pumping.  The model 

predicts a 25% reduction in positive ion density at the side of pumping, which is well in 

agreement with the expected reduction in electron impact sources.       

The dominant heating mechanism for Cl2 neutrals is symmetric charge exchange whereas 

that for Cl radicals is FC heating.  Without FC heating, T-Cl2 and T-Cl were 502 K and 475 K, 

respectively, as a result of heating primarily due to symmetric charge exchange.  As the Cl2+ ions 

(T-Cl2
+ = 3700 K) are hotter than Cl+ ions (T-Cl+ = 2300 K), the energy transfer to the neutrals 

during charge exchange is higher for Cl2, which then results in a higher temperature for Cl2.  

With FC heating, T-Cl increases to 730 K, with 70% of the heating contributed by FC heating.  

As the plasma is heavily dissociated at these low pressures, T-Cl is greater than T-Cl2.  However, 

T-Cl2 also increases to 700 K with FC heating as the heat gained by Cl radicals is also transferred 
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to Cl2 neutrals during neutral-neutral collisions.  Like T-Ar, T-Cl2 and T-Cl peak slightly off-

center towards the pump port because the walls that act as a sink for thermal energy are at a 

larger radius near the pump port.   

The uniformity of Cl and positive ion density improved with increase in pressure, 

decrease in flow rate, and decrease in power as shown in Fig. 5.9.  Ion density showed similar 

trends as observed in an argon ICP.  The asymmetry factors for species densities and 

temperatures are given in Table 5.2.  As the pressure was lowered from 10 mTorr to 5 mTorr, 

power deposition increased from 2.5 W-cm-3 to 4.0 W-cm-3, while the neutral density decreased 

from 2.5 x 1014 cm-3 to 1.1 x 1014 cm-3.  Hence, the power deposition per atom increases by a 

factor of ≈ 3.5, which then results in increased feedback coupling.  At 5 mTorr, Cl+ density is 

less uniform compared to Cl2
+ density.  As these ions are primarily produced by the electron 

impact ionization or charge exchange reactions with their neutral counterparts, uniformity of the 

ion densities is determined by the uniformity of neutral densities.  Asymmetry factors for Cl and 

Cl2 densities increased from 4.5% and 4.8% to 11% and 7.0% as the pressure was decreased 

from 10 mTorr to 5 mTorr, which then resulted in greater non-uniformities in Cl+ density.  As 

the convective transport becomes less significant at lower flow rates, the species densities 

become more uniform.  As the ICP power is increased from 500 W to 900 W, power deposition 

per atom increases by ≈ 15%, which then results in greater non-uniformities in ion densities.  

The uniformity of T-Cl2 and T-Cl also improved with decrease in flow rate and power as shown 

in Fig. 5.10.  However, the asymmetries in neutral temperatures were worsened at higher 

pressures. 
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5.4 Etch Non-Uniformities in Fluorocarbon Etching of SiO2 

The consequences of asymmetric pumping on uniformity of etch yields of SiO2 are also 

quantified in this study.  The feedstock gas was a mixture of C2F6/CF4 = 40/60.  The plasma 

conditions are 500 W, 5 mTorr, 150 sccm, and a substrate bias of 250 V.  The gas phase reaction 

mechanism is similar to that reported by Kiehlbauch et al.12 with additional reactions for CF, 

CF2
+ and dissociation (both neutral and dissociative attachment) of F2.  The gas phase reaction 

mechanism is given in Appendix F. 

  With asymmetric pumping, azimuthal asymmetries in power deposition, species 

densities, and temperatures were observed as shown in Fig. 5.11.  Contrary to Ar and Cl2 

plasmas, power deposition in C2F6/CF4 plasmas peaks below the outer coils  at ≈ 1.4 W-cm-3.  

The asymmetries in densities are skewed further away from the pump port compared to Ar and 

Cl2 ICPs.  The peak in electron density (1.6 x 1011 cm-3) resulting from larger ionization sources 

at the periphery closely maps the peak in power deposition below the outer coils.  The 

asymmetry factors for power deposition and plasma conductivity below the dielectric are 17% 

and 25%, respectively.  Wall recombination of CF2
+ ions results in a virtual source of CF2 (4 x 

1013 cm-3) at the walls.  The returning CF2 radicals undergo electron impact dissociation 

reactions, forming CF radicals and F atoms.  Due to the higher rates of dissociation in the dead 

zones, a peak in CF (1 x 1013 cm-3) and F (7.6 x 1011 cm-3) densities is observed away from the 

pump port. The asymmetry factors for the species densities above the wafer (Height-B) are ≈10-

15%.  

In C2F6/CF4 plasmas, T-CF3 and T-F are much greater than T-C2F6 due to Franck-Condon 

heating for these fragments produced by dissociation.  The heating of C2F6 is only through 

collisional processes with these hot neutrals (CF3, CF2 and F).  The symmetric charge exchange 
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heating mechanism is also not available for C2F6.  Hence the maximum C2F6 temperature is only 

≈450 K.  The temperature of C2F6 peaks in the dead zones of the reactor as a result of larger 

residence times in these remote sites, which then increases the likelihood of energy transfer 

collisions.  The asymmetry factor for T-C2F6 is ≈ 6%.  Without FC heating, T-CF3 and T-F is 

only ≈30 K above Tw as the heat gained by these species during charge exchange is redistributed 

among neutral species through neutral-neutral collisions.  With FC heating, T-CF3 and T-F are 

≈ 800 K and 5000 K, respectively, and ≈ 99% of the heating is produced by dissociation 

reactions.  Though the rate of dissociation reactions producing hot neutrals is larger in the dead 

zones, the heat gained by these neutrals is also redistributed among a larger inventory of species 

as well as lost by faster thermalization with the close-in walls.  Hence a smaller peak in 

temperature of CF3 and F is observed in the dead zones while a larger peak in temperature is 

observed on the side of pumping, where the heat is redistributed into a smaller inventory of 

species and as the close-in walls are absent.  The asymmetries in T-CF3 and T-F are ≈ 4% and 

10%, respectively.   

The ion fluxes to the wafer peak farther away from the pump port owing to a maximum 

in ion densities in the dead zones as shown in Fig. 5.12.  Therefore, a die  placed away from the 

pump port experiences a larger ion flux compared to a die placed close to the pump port.  To 

quantify the non-uniformities in etch yields, a feature profile simulator was used with these 

fluxes as input.13  We found that the etch rate on die 2 was reduced by 20% compared to die 4.  

Hence, an overetch was required to obtain a complete etch on die 2, which then results in a wider 

trench on die 4.  

 

 



 111

5.5 Conclusions  

The consequences of asymmetric pumping have been computationally investigated in 

ICPs sustained in Ar, Cl2, and fluorocarbon mixtures.  The plasma properties were azimuthally 

symmetric with asymmetry factors <0.5% with symmetric pumping.  Asymmetric pumping 

results in asymmetries in species densities, which then feeds back through plasma conductivity 

making power deposition non-uniform even though the coils are symmetric.  Non-uniform power 

deposition produces asymmetric electron impact sources, which further reinforces the 

asymmetries in species densities.  At 5 mTorr, the asymmetries in power deposition were ≈25% 

in fluorocarbon gas chemistries.  In Ar, the neutral gas heating primarily occurs through 

symmetric charge exchange.  While in Cl2 and fluorocarbon chemistries, neutral fragments 

produced by dissociation reactions gain energy through Franck-Condon heating.  Ion densities 

typically peak farther away from the pump port as a result of increased rate of electron impact 

reactions in the dead zones of the reactor.  A second peak in ion density might be observed near 

the pump port as the close-in walls are at a larger radius.  Asymmetry factors in densities were 

≈5 - 20% while the temperatures were more uniform ( ≈10%).  The etch yields were reduced by 

≈20% on a die placed towards the pump port.  
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5.6 Figures 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 5.1 CF neutral temperature in a CF4 discharge.  Typical conditions are 250 W, 5 mTorr, 
25 sccm.  The temperature of neutrals increase with pressure and power. 
 
 
 
 
 
 



 113

 

Figure 5.2 Schematics of the ICP reactor in the (r,z) plane showing showerhead and pump port 
locations. The section markers show the heights at which the densities in the (r,θ) will be shown.  
a) (r,z) section through azimuth of the reactor without a pump port. b) (r,z) section through 
azimuth with pump port.  c) Top view of the reactor in an asymmetric reactor. A symmetric 
reactor has the (r,z) section in (b) for full a 360o. 
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Figure 5.3 Plasma parameters in an Ar ICP with symmetric pumping.  a) - c) Power deposition, 
plasma conductivity, and reaction source of electrons below the dielectric (Height-A). d) Ar+ 
density above the wafer (Height-B). e) – f) T-Ar, and T-Ar+ at the midplane (500 W, 10 mTorr, 
150 sccm).  The plasma properties are azimuthally symmetric with asymmetry factors below 
0.5%.   
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Figure 5.4 Plasma parameters in an Ar ICP with asymmetric pumping.  a) Power deposition, b) 
plasma conductivity, and c) electron impact ionization sources below the dielectric (Height-A) 
(500 W, 150 sccm) for pressures of 5 and 10 mTorr.  Non-uniform plasma conductivity results in 
non-uniform power deposition even with symmetric coils. 
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Figure 5.5 Plasma parameters in an Ar ICP with asymmetric pumping.  a) Ar+ density above the 
wafer (Height-B), b) – c) T-Ar and T-Ar+ at the midplane (500 W, 150 sccm) for pressures of 5 
and 10 mTorr.  Ion densities show asymmetries > 10% at 5 mTorr. 
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Figure 5.6 Plasma parameters in an Ar ICP with asymmetric pumping.  a) Ar+ density above the 
wafer (Height-B), b) – c) T-Ar and T-Ar+ at the midplane (500 W, 10 mTorr) for gas flow rates 
of 10 and 300 sccm.  The asymmetries induced by flow are pronounced at higher flower rates. 
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Figure 5.7 Plasma parameters in an Ar ICP with asymmetric pumping.  a) Ar+ density above the 
wafer (Height-B), b) – c) T-Ar and T-Ar+ at the midplane (150 sccm, 10 mTorr) for ICP powers 
of 100 and 900 W.  The asymmetries are larger at higher ICP powers. 
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Figure 5.8 Plasma parameters in Cl2 ICP with asymmetric pumping.  a) - c) Power deposition, 
plasma conductivity, and reaction source of electrons below the dielectric (Height-A). d) Positive 
ion density ([Cl2

+]+[Cl+]) above the wafer (Height-B). e) – f) T-Cl2, and T-Cl at the midplane 
(500 W, 10 mTorr, 150 sccm).  Temperature of Cl radicals is greater than Cl2 due to Franck-
Condon heating. 
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Figure 5.9 Cl radical and positive ion densities above the wafer (Height-B) for various plasma 
conditions in Cl2 ICP.  a) Cl density and b) positive ion density.  The base case conditions are 
500 W, 10 mTorr, and 150 sccm.  The pressure was varied to 5 mTorr, flow rate to 10 sccm and 
power to 900 W separately from the base case conditions.  Asymmetries in densities increase 
with decrease in pressure, increase in ICP power, and increase in flow rate. 
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Figure 5.10 Temperature of neutrals at the midplane for various plasma conditions in Cl2 ICP.  a) 
T-Cl2 and b) T-Cl.  The base case conditions are 500 W, 10 mTorr, and 150 sccm.  The pressure 
was varied to 5 mTorr, flow rate to 10 sccm, and power to 900 W separately from the base case 
conditions.  The asymmetry factors for temperatures were below 5% in the parameter regime 
investigated. 
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Figure 5.11 Plasma parameters in C2F6/CF4= (40/60) ICP with asymmetric pumping.  a) - c) 
Power deposition below the dielectric (Height-A), electron and CF2 densities above the wafer 
(Height-B), and d) - f) T-CF3, T-F and T-C2F6 at the midplane (500 W, 5 mTorr, 150 sccm).  
Temperature of CF3 and F radicals is higher than that of C2F6 due to contribution from Franck-
Condon heating.  The asymmetries in species densities are about 25%.   
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Figure 5.12 Ion flux distribution and etch yields with asymmetric pumping.  a) Ion flux 
distribution and the die placement on the wafer (500 W, 5 mTorr, 150 sccm).  Etch profiles on b) 
die 2, and c) die 4 predicted by the feature profile simulator (500 W, 5 mTorr, and 150 sccm).  
The etch profiles are shown at two specific times during etching.  The etch rate on die 4 is 20% 
greater than the etch rate on die 2 owing to a larger ion flux. 
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5.7 Tables 

 
Table 5.1 Asymmetry factors ( β ) for plasma properties in an argon ICP. 

Plasma Conditions [Ar+] T-Ar Power σp S-e 

5 mTorr, 500 W, 150 sccm 16.7 4.3 15.9 28.0 36.7 

10 mTorr, 500 W, 150 sccm 6.7 5.9 3.4 8.5 15.2 

10 mTorr, 500 W, 10 sccm 5.0 5.2 2.4 6.4 12.1 

10 mTorr, 500 W, 300 sccm 8.4 6.3 4.5 10.8 18.5 

10 mTorr, 100 W, 150 sccm 3.4 0.9 3.1 4.8 6.9 

10 mTorr, 900 W, 150 sccm 7.6 9.7 3.0 9.7 17.0 

 
 

 

Table 5.2 Asymmetry factors ( β ) for plasma properties in a Cl2 ICP. 

Plasma Conditions [Cl2
+] [Cl+] [Cl] T-Cl2 T-Cl 

5 mTorr, 500 W, 150 sccm 11.7 20.7 10.3 2.4 4.3 

10 mTorr, 500 W, 150 sccm 8.5 8.9 4.5 7.9 7.9 

10 mTorr, 500 W, 10 sccm 6.5 7.0 2.5 7.7 6.7 

10 mTorr, 900 W, 150 sccm 8.6 16.0 5.9 10.3 11.1 
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6. THREE-DIMENSIONAL MODELING OF  
PULSED INDUCTIVELY COUPLED PLASMAS 

 

6.1 Introduction  

Low temperature, high density plasma reactors are widely used for etching and 

deposition during microelectronics fabrication.1-5  As the wafer size increases, the requirements 

for side-to-side uniformity and azimuthal symmetry become more stringent.  Gas injection and 

pumping and their effects on process uniformity are well characterized parameters in high 

pressure (> 100s mTorr) systems.  However, the impact of the symmetry of gas injection and 

pumping on the uniformity are less well characterized in low pressure (< 10s mTorr) systems.  

Many of the inductively coupled plasma (ICP) systems used for etching and deposition have 

discrete nozzles or single sided pumping.6,7  These systems were designed assuming that at low 

pressure transport is diffusion dominated and the gas sources and sinks appear as volume 

averages.  As such, their asymmetries should not adversely affect the uniformity of reactants to 

the substrate.  However, previous experimental7,8 and computational investigations9 of ICP 

reactors show that asymmetric pumping may result in azimuthally asymmetric plasma 

parameters which ultimately translate to, for example, non-uniform etch yields.  The 

asymmetries introduced by gas inlets, pumping ports, and non-uniform power deposition become 

more important as the wafer sizes become larger.10 

Kim et al.7,8 measured the radial and azimuthal variation of ion fluxes impinging on the 

wafer surface in ICPs sustained in Ar/SF6 and Ar/Cl2 using a two-dimensional array of planar 

langmuir probes built on a 200 mm Si wafer.  The typical conditions were 200 W, flow rate of 

200 sccm, and pressure of 10 mTorr.  They observed that the ion fluxes had a maximum near the 

pump port, a condition which they attributed to reduced loss of charged species by 

recombination on the walls.   
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Khater et al.6 investigated the consequences of the uniformity of gas flow resulting from 

a single gas inlet on plasma density and etch rate uniformity in an ICP reactor.  Typical 

conditions were a 6 mTorr SF6/Ar= 50/50 mixture, 700 W, bias of 50 W and flow rates between 

20 and 70 sccm.  They observed that etch rates varied by 30% along the direction of gas flow, 

but were uniform perpendicular to the gas flow.  Langmuir probe measurements of ion saturation 

current showed that a plasma density gradient was sustained laterally across the reactor and as a 

function of height despite the symmetric pumping and the relatively large mean free path of ions 

and radicals.  

Panagopoulos et al.9 developed a three-dimensional (3D) finite element fluid model to 

investigate azimuthal asymmetries and their effects on etch uniformity in ICP reactors.  Typical 

conditions were 10 mTorr of Cl2, 2000 W, and flow rate of 79 sccm.  They observed that when 

etching is ion driven, the power deposition is most important for etch uniformity because 

azimuthal non-uniformities in electron impact sources can persist down to the substrate.  They 

also observed that asymmetric pumping causes azimuthal variation in species densities. 

In this chapter, results from a 3D computational investigation of pulsed operation of Ar 

and Cl2 ICPs with asymmetric pumping are discussed.  Previous works on this class of pulsed 

plasmas were recently reviewed.11,12  We found that flow induced non-uniformities in species 

densities can feed back through the plasma conductivity.  This feedback makes the power 

deposition asymmetric, which in turn reinforces the flow induced asymmetries.  This positive 

feedback can be reduced by diffusion during the afterglow between pulses and so produce more 

uniform power pulses.  We found that lowering the duty cycle and pulse repetition frequency 

(PRF) reduces these flow induced asymmetries. 

In pulsed ICP systems, the rf power is square wave modulated.  The pulse repetition 
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frequency (PRF) is the number of power-on, power-off modulation periods of the ICP power per 

second.  The duty cycle is the fraction of a given modulation period that the power is on.  The 

peak-power is the maximum instantaneous power applied during the power-on portion of the 

pulse.  Typical modulation parameters are PRFs of 10s – 100s of kHz and duty cycles of 30 - 

70%.   

The computational approach for simulating pulsed operation was to specify a duty cycle, 

PRF, and either an rf power or a time averaged power.  HPEM3D is then executed on a 

continuous wave (CW) basis using the time averaged power to establish a steady state in electron 

and ion density, gas temperature, and gas flow field.  Acceleration techniques are used during the 

CW operation to speed the numerical convergence.    Once the steady state is reached, the 

acceleration is turned off and the power is pulsed at the specified PRF and duty cycle.  The ramp 

up interval to the peak power and ramp down interval to the "off power" state are 5 µs and 15 µs, 

respectively.  Successive pulses are computed until a pulse periodic steady state is achieved, 

which typically requires 4-10 pulses. The power was reduced to 5 x 10-3 W during the 15 µs 

ramp-down and kept at this value for the off period.  The off power is not set to zero due to 

numerical issues which require a non-zero power.  The off period power is sufficiently low that 

no significant electron heating occurs. 

The effects of pulsed operation relative to CW operation on the uniformity of a given 

plasma parameter ( )θφ ,r  are quantified by factors α and β .  α  is a measure of the absolute 

RMS deviation ( )θφ ,r  from its azimuthal average )r(η , which is then averaged over all radii. 

                                                       ( )( )∫ −=
π
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α < 1 implies improved uniformity during pulsed operation compared to CW operation.  α  is an 

absolute measure of the uniformity.  β , which is a relative measure of uniformity, is normalized 

by the average value of ( )θφ ,r . 
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β < 1 implies improved uniformity during pulsed operation compared to CW operation.     

A brief description of the parallel hybrid model used in this study was presented in 

Chapter 3.  The 3d dynamics of pulsed Ar and Cl2 plasmas are discussed in Sections. 6.2 and 6.3, 

respectively.  Our concluding remarks are in Section. 6.4. 

 

6.2 Pulsed Ar Inductively Coupled Plasmas 

Pulsed ICPs sustained in Ar in an asymmetric reactor were first investigated.  The 

reaction mechanism for Ar is discussed in Ref. 11.  The reactor, schematically shown in Fig. 6.1, 

has azimuthally symmetric coils and gas injection, but an asymmetric pump port.  The pump port 
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occupies the 60o segment on the right hand side of the (r, θ) plane.  The antenna is two nested 

annuli set on top of a dielectric window with uniform azimuthal conduction currents to eliminate 

asymmetries that may result from either transmission line effects or the shape of the antenna.  

The gas injection is through a showerhead placed below the coils. 

CW operation in this reactor produces azimuthal asymmetries in plasma properties 

(power, electron source and Ar+ density) as shown in Fig. 6.2.  The base case conditions are a 

pressure of 10 mTorr, CW power of 250 W at 10 MHz, and flow rate of 50 sccm.  Species 

densities are shown in the (r,θ) plane at Height-A (1 cm below the showerhead) and Height-B (1 

cm above the plane of the wafer) as indicated in Fig. 6.1(a).  Sources for electrons and power 

deposition are shown at Height-A.   

Asymmetric pumping results in a non-uniform distribution of residence times in this 

reactor.  Species generated farther from the pump port (dead zones) have a longer residence time 

than those produced closer to the pump port.  The difference in the residence time is 10s of ms 

for a gas flow rate of 50 sccm.  The absence of the close-in wall near the pump port has two 

important consequences.  The diffusion length is longer for ions and excited states near the pump 

port, thereby reducing their losses by recombination on the wall. Second, the reduced 

recombination also decreases the virtual source for neutrals on the walls resulting from 

recombination.  

As the residence time is longer and neutral densities are larger in the dead zones, there is 

a greater likelihood for ionizing reactions further from the pump port.  This non-uniform source 

of ionization results in larger ion densities at sites which are remote from the pump.  A second 

peak in the Ar+ ion density also occurs in front of the pump port resulting from the absence of 

recombination on the wall.  Depending on the operating conditions, one of these two peaks may 
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dominate.  As the electron density is azimuthally asymmetric, the plasma conductivity is also 

non-uniform.  A non-uniform plasma conductivity produces non-uniform power deposition 

which results in asymmetric electron impact sources, thereby reinforcing the asymmetries in 

species densities.  It is our premise that azimuthal symmetry can be improved by reducing this 

positive feedback between non-uniform electron density and power deposition using pulsed 

operation. 

Parameterizations were performed for pulsed Ar ICPs by varying the duty cycle and PRF.  

The base case conditions were 10 mTorr, 50 sccm, a peak power of 500 W modulated at a PRF 

of 10 kHz, and a duty cycle of 50%.  The reactor averaged electron density (ne) and electron 

temperature (Te) as a function of time for duty cycles of 30%, 50%, and 70% are shown in Fig. 

6.3.  The electron density did not attain a quasi-steady state during the activeglow even for a duty 

cycle of 70%.  The reactor averaged electron densities at the end of the activeglow were 2.2 x 

1011 cm-3, 2.8 x 1011 cm-3 and 3.2 x 1011 cm-3 for duty cycles of 30%, 50%, and 70% reflecting 

the increase in average power.  

As the ICP power is turned on, the electrons that survive the afterglow of the previous 

pulse gain energy from the inductive fields.  During the initial stages of the power-on ramp, the 

power is deposited into a smaller number of electrons, and Te attains a maximum of ≈ 4.2 eV 

compared to the steady state value of 3.6 eV.  As longer afterglows result in larger losses of 

electrons by ambipolar diffusion, ne = 1.7 x 1011 cm-3 at the end of the afterglow for a duty cycle 

of 30% compared to 2.5 x 1011 cm-3 for a duty cycle of 70%.  Correspondingly the peak Te at 

power-on is larger for lower duty cycles as the subsequent power pulse begins with a lower ne. 

As the electron density increases in the activeglow with the increase in Te, the ICP power 

is deposited into a larger number of electrons and the energy gained by electrons is lost through 
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collisions.  As a balance is reached between these processes in the late activeglow, the Te attains 

a quasi-steady state value of 3.6 eV for duty cycles > 50%.  However, for a duty cycle of 30%, 

the activeglow is not long enough to attain this balance and Te declines to only 4 eV. 

When the power is turned off, Te falls rapidly as electrons cool by inelastic collisions 

dominantly with Ar metastables.  The rate of inelastic collisions is higher during the initial stages 

of the afterglow as the Ar metastable density is higher (4.5 x 1011 cm-3).  However, as the 

electrons cool and the Ar metastable density decreases (3.6 x 1011 cm-3) after about 15 µs into the 

afterglow, the rate of decay of Te decreases.  At lower duty cycles, the afterglow is long enough 

that the electrons essentially thermalize. 

The reactor averaged ne and Te for PRFs of 5, 10 and 20 kHz for a 50% duty cycle are 

shown in Fig. 6.4.  For a fixed duty cycle, higher PRFs produce shorter on-and-off periods.  For 

example, for a PRF of 5 kHz, the on period is barely sufficient to achieve the steady state 

electron density of 3.2 x 1011 cm-3.  At higher PRFs, the power-on time is not sufficient for 

electron density to reach a CW value within a given pulse; however, a periodic steady state is 

attained.  The time averaged ne are 2.7 x 1011 cm-3, 2.5 x 1011 cm-3, and 2.1 x 1011 cm-3, 

respectively for 5 kHz, 10 kHz, and 20 kHz.  The time averaged electron temperature reaches the 

CW value for PRFs of 5 and 10 kHz. 

The effects of duty cycle and PRF on flow induced asymmetries are quantified by 

comparing the plasma properties averaged over a pulse period for successive pulses.  Pulse 

averaged Ar+ densities for pulses 2 through 5 following CW operation are shown in Fig. 6.5.  

During CW operation, the peaks in Ar+ density below the dielectric (1.1 x 1011 cm-3) and above 

the wafer (1.3 x 1011 cm-3) are offset 2.5 cm from the center of the wafer to the side opposite to 

the pump port.  This offset is ultimately due to the non-uniform gas density due to the residence 
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time effect.  The peak in ion density shifts to the center of the reactor over a period of several 

pulses.   

The improvement in uniformity results from reducing the positive feedback between non-

uniform plasma conductivity and power deposition.  During the afterglow, the reduction in Te 

rapidly quenches the asymmetric ionization processes which would otherwise feed back to the 

power deposition by providing a non-uniform conductivity.  The diffusion which then occurs 

during the afterglow mediates these non-uniformities during a time when there is no feedback to 

the power.  At the end of the afterglow, species densities and the conductivity, in particular, are 

more uniform providing a more uniform set of initial conditions for the subsequent pulse.  The 

power deposition during the next pulse is therefore more symmetric, which in turn improves the 

uniformity of electron impact sources.  These effects play out over several pulses to make the 

plasma conductivity, power deposition, and reaction sources more azimuthally uniform.  As 

such, these intrapulse dynamics will depend on the length of the afterglow relative to the power-

on pulses. 

During CW operation, a larger peak in ion density (2.2 x 1011 cm-3) occurs in the pump 

plenum compared to the maximum at the top of the reactor opposite the pump port due to the 

longer diffusion length afforded by the pump cavity.  This geometrical asymmetry does not 

change with pulsing.  As such, the local maximum in conductivity remains even after several 

pulses due to the absence of a uniform sink to reduce this asymmetry in the afterglow. 

Power deposition and electron impact ionization sources below the dielectric (Height-A) 

for pulses 2 through 5 following CW operation are shown in Fig. 6.6.  Through several pulses, 

the sources and power deposition become more uniform as the positive feedback through the 

plasma conductivity is lessened.  During CW operation, the peak in the ionization source (3.7 x 
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1015 cm-3s-1) is located ≈ 3 cm off center away from the pump port owing to power deposition 

also peaking opposite the pump port.  With successive pulses, the ionization source becomes 

essentially azimuthally uniform.  The asymmetries at the wafer level in Ar+ density then result 

dominantly from the geometrical effects of the pump plenum. 

Ar+ densities at the end of 6 pulses averaged over a pulsed cycle are shown in Fig. 6.7 for 

duty cycles of 30% to 70% and an average power of 250 W.  Power deposition and electron 

impact ionization sources are shown in Fig. 6.8.  As the duty cycle is decreased, the afterglow 

period is extended.  The non-uniform sources are therefore absent and the mitigating diffusion is 

active for a longer duration.  The positive feedback coupling during the power pulse also occurs 

for a shorter duration.  On this basis, one should expect monotonic improvements in uniformity 

with decreasing duty cycle.  Having said that, to deposit the same average power with a shorter 

duty cycle, the peak power deposition during the activeglow must be larger.  Previous studies 

have shown that the azimuthal uniformity of plasma densities is degraded at larger ICP powers 

due to increased positive feedback coupling.  Hence a non-monotonic improvement in 

uniformity with duty cycle may occur.  As the duty cycle is lowered while maintaining a 

constant peak power a monotonic improvement in uniformity is expected.  

 The azimuthal uniformity of species densities improved as the duty cycle was reduced 

from 70% to 30% for a constant average power.  For example, α and β for Ar+ density are 1.2 

and 1.0 for a duty cycle of 70% and are reduced to 1.0 and 0.6 for a duty cycle of  30%.  The 

uniformity was worse for a duty cycle of 70% compared to the CW operation (250 W).  In this 

case, the larger ICP power (360 W) during the activeglow produced non-uniformities which 

could not be mitigated by the short afterglow period.  Improving uniformity using pulsed 

plasmas has a dependency on peak or average power, as well as PRF and duty cycle. 
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Power deposition, ionization sources, and Ar+ density for PRFs of 5 kHz and 20 kHz are 

shown in Fig. 6.9 for a 50% duty cycle.  As the PRF is decreased from 20 kHz to 5 kHz, the 

afterglow is increased from 25 µs to 100 µs.  Increased afterglow times result in improved 

symmetries due to the longer time for mitigating diffusion.  Smaller PRFs, however, also 

increase the activeglow period.  The tradeoff between longer activeglow which reinforces non-

uniformities and the longer afterglow which reduces them is in favor of the afterglow for a 50% 

duty cycle.  For example, the uniformity in Ar+ density improved by 15% as the PRF was 

decreased from 20 kHz to 5 kHz.  The uniformities of power deposition and ionization sources 

were improved by 10% and 8%.     

The effect of duty cycle on asymmetries is quantified for a constant time averaged power 

of 250 W in Fig. 6.10.  α for the Ar+ density is non-monotonic as the duty cycle was decreased.  

With lower duty cycle, the peak power during the power pulse must be increased to maintain a 

constant average power, which in turn increases the positive feedback coupling.  α increases as 

the duty cycle is reduced to 80% because the tradeoff between increased feedback during the 

activeglow and the mitigating effects of diffusion favors the positive feedback.  For duty cycles < 

80%, α decreases as the longer afterglow offsets the increased feedback coupling.  For constant 

average power, low duty cycles (< 50%) are required to achieve improved symmetry compared 

to CW operation.  β follows a similar trend as α.  Unlike the Ar+ density, α and β for power 

deposition and electron impact ionization sources monotonically decreases with decreasing duty 

cycle.  A more optimum chamber design will likely be able to take advantage of this scaling and 

achieve similar improvements for the ion density. 

 The effects of PRF (5-20 kHz) on asymmetries in Ar+ density, ionization source, and 

power deposition are shown in Fig. 6.11 for a duty cycle of 50%.  The relative asymmetry factor 
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β decreases (becomes more uniform) in all cases due to the increase in afterglow period with 

decreasing PRF.  

 

6.3 Pulsed Cl2 Inductively Coupled Plasmas 

 In this section, the results from our computational investigation of Cl2 pulsed ICPs with 

asymmetric pumping are presented.  The base case conditions are 10 mTorr, peak ICP power of 

300 W (average power of 150 W), flow rate of 150 sccm, PRF of 10 kHz, and duty cycle of 50%.  

The reaction mechanism for Cl2 is discussed in Ref. 12.  As a comparison, power deposition, 

electron impact sources for electrons and Cl radicals, electron density, Cl density, and the 

positive ion density (Cl2
+ and Cl+) are shown in Fig. 6.12 for CW operation.  The ICP power 

deposition peaks at ≈ 0.4 W/cm3 below the inner coil opposite the pump port due to a maximum 

in plasma conductivity at that location.  The power deposition produces asymmetric source 

functions, which produce maxima in the electron and Cl+ ion densities away from the pump port.  

The peak positive ion density is ≈ 1.4 x 1011 cm-3.  

 The reactor averaged electron density, Cl- density, and electron temperature as a function 

of time for different duty cycles are shown in Fig. 6.13.  The dynamics of the electron density are 

in large part determined by electron impact ionization, whose rate coefficient increases with 

increasing Te, and dissociative attachment 

   Cl        Cl    Cl         e -
2 +→+              (6.5) 

whose rate coefficient increases with decreasing Te.  When power is terminated at the end of the 

activeglow, Te thermalizes within ≈ 15 µs, a time determined largely by the inelastic collision 

frequency with Cl2.  The resulting increase in dissociative attachment produced a rapid decrease 

in ne, and a corresponding increase in [Cl-].  The maximum [Cl-] occurs when its source is 
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diminished by depletion of the electrons.  At this time, the [Cl-] begins to decrease due to ion-ion 

neutralization and diffusion.  The latter is enabled by the system transitioning to an ion-ion 

plasma. 

 The Cl- density continues to decrease well into the power pulse.  As Te peaks at the 

leading edge of the power pulse, while the electron density is still low, the rate of attachment 

decreases while the rate of non-attaching dissociation increases, resulting in a decrease in [Cl-].  

At ≈ 20 µs into the activeglow, Te decreases to ≈ 3.0 eV, corresponding to CW operation 

decreasing non-attaching rates and increasing attaching rates, and the Cl- density begins to 

increase.  

The reactor averaged ne, Cl- density and Te are shown in Fig. 6.14 for PRFs of 5 kHz, 10 

kHz, and 20 kHz for 300 W and duty cycle of 50%.  As the PRF was lowered to 5 kHz a quasi-

steady state for ne and Te was achieved during the activeglow.  However, as the power remains 

off for a longer duration at lower PRFs, ne decays to lower values and correspondingly there is a 

higher peak in Te at the leading edge of the power pulse.    At lower PRFs the afterglow is also 

long enough that the Cl- density has an opportunity to decay by diffusion during the longer ion-

ion phase.  The plasma potential decays to a sufficiently small value to enable diffusion losses to 

dominate over the production of Cl- ions by dissociative attachment by the depleted electrons.   

The positive ion and Cl densities above the wafer (Height-B) averaged over a pulse 

period at the end of 6 pulses are shown in Fig. 6.15 for duty cycles of 30% - 70% (peak power 

300 W, 150 sccm, 10 mTorr, 10 kHz).  As the peak power during the activeglow is constant, the 

time averaged positive ion density increases with increasing duty cycle and increasing average 

power.  As the duty cycle is decreased, the longer afterglow allows more diffusion smoothening 
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of the radical and ion densities, and hence the Cl density becomes more azimuthally uniform at 

lower duty cycles. 

Highly attaching chemistries such as Cl2 tend to be more sensitive to pulsing as a method 

of improving uniformity than electropositive plasmas.  For example, comparing the plasma 

parameters for CW operation in Fig. 6.12 with pulsed operation in Fig. 6.15, any degree of 

pulsing which significantly depletes the electrons during the afterglow will break the positive 

feedback which occurs through residual non-uniform plasma conductivity.  The fact that 

attachment dominates electron loss during the afterglow results in residual electrons generally 

being more uniform.  For 30% and 50% duty cycle, the electrons are depleted significantly in the 

afterglow and the resulting uniformity is similar.  For 70% duty cycle, there is less uniformity as 

the electrons are not depleted in the afterglow.  Moderately attaching gas chemistries such as 

CF4, in which pulsing typically does not completely deplete the electron density, are not so 

sensitive. 

The positive ion and Cl radical densities above the wafer (Height-B) averaged over a 

pulse period at the end of six pulses for PRFs of 5 kHz and 20 kHz are shown in Fig. 6.16 (peak 

power 300 W, 150 sccm, 10 mTorr, 50%).  The increased afterglow times for lower duty cycles 

result in improved symmetry.  The uniformity in species densities improved by ≈  15% as the 

PRF was reduced to 5 kHz from 20 kHz.  The power deposition correspondingly improved by 

20% and reaction sources by 10%.  These scalings reflect that ne is more depleted at lower PRFs 

due to the longer afterglow periods. 

 

6.4 Conclusions 

CW operation of ICP reactors with flow asymmetries resulting from pumping can result 

in asymmetric plasma parameters due to a positive feedback loop between non-uniform plasma 
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conductivity and power deposition.  Pulsed plasma operation of ICPs can reduce this feedback 

and hence can be employed as a potential method for reducing azimuthal asymmetries.  A 

moderately parallel 3D model has been employed to investigate the pulsed operation of Ar and 

Cl2 ICPs.  We found that diffusion during the afterglow between pulses smoothens the species 

density.  As the electron density at the end of the afterglow becomes more symmetric, the power 

deposition during subsequent pulses is more uniform.  In Ar ICPs, the azimuthal uniformity of 

plasma parameters generally improved relative to CW operation when decreasing duty cycle or 

PRF due to the longer afterglow period, although these improvements were not necessarily 

monotonic.  Similar improvements were also observed in Cl2 pulsed ICPs.  As dissociative 

attachment dominates in the afterglow of Cl2 pulsed plasmas, it provides a more uniform sink for 

electrons during the afterglow compared to ambipolar diffusion, and so these highly 

electronegative plasmas have uniformities which are more sensitive to pulsing.   
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6.5 Figures 

 
 

 

 

Figure 6.1 Schematics of the ICP reactor in the (r,z) plane showing showerhead and pump port 
locations. The section markers show the heights at which the densities in the (r,θ) will be shown.  
a) (r,z) section through azimuth of the reactor without a pump port. b) (r,z) section through 
azimuth with pump port.  c) Top view of the reactor in an asymmetric reactor. A symmetric 
reactor has the (r,z) section in (b) for full a 360o. 
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Figure 6.2 Plasma properties for CW operation in an asymmetric reactor (10 mTorr, 250 W, 50 
sccm).  a) Power deposition, b) reaction source of electrons, and c) Ar+ density below the 
dielectric (Height-A).  d) Ar+ density above the wafer (Height-B).  Non-uniform power 
deposition results in non-uniform reaction source for electrons.  The absence of a wall produces a 
maximum in Ar+ density near the pump port. 
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Figure 6.3 Reactor averaged plasma properties in Ar as a function of time for different duty 
cycles for a constant peak power of 500 W, PRF of 10 kHz, and gas flow of 50 sccm. a) Electron 
density and b) electron temperature.  Steady state electron densities are attained for duty cycles > 
80%. 
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Figure 6.4 Reactor averaged plasma properties in Ar as a function of time for different PRFs for 
a constant peak power of 500 W, duty cycle of 50%, and gas flow of 50 sccm. a) Electron 
density and b) electron temperature.   
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Figure 6.5 Ar+ density averaged over a pulse period for pulses 2, 3, 4, and 5 following pulsed 
operation (peak power 500 W, 10 mTorr, 50 sccm, PRF 10 kHz, duty cycle 50%).  a) Below the 
dielectric (Height-A) and b) above the wafer (Height-B).  The Ar+ densities at both locations 
gradually become more uniform during pulsed operation. 
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Figure 6.6 Time averaged a) power deposition and b) electron impact ionization sources below 
the dielectric (Height-A) for pulses 2, 3, 4, and 5 following CW operation (peak power 500 W, 
10 mTorr, 50 sccm, PRF 10 kHz, duty cycle 50%).  The power deposition and reaction sources 
become more uniform during pulsed operation. 
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Figure 6.7 Ar+ density averaged over a pulse period at the end of six pulses following CW 
operation for duty cycles of 30%, 50%, and 70% (250 W, 10 mTorr, 50 sccm and PRF of 10 
kHz).  a) Below the dielectric (Height-A) and b) above the wafer (Height-B).  Lower duty cycles 
resulted in a better azimuthal symmetry as the longer afterglow enables diffusion smoothen 
density profiles. 
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Figure 6.8 Plasma parameters below the dielectric (Height-A) at the end of six pulses following 
CW operation for duty cycles of 30%, 50%, and 70% (250 W, 10 mTorr, 50 sccm, and PRF of 
10 kHz).  a) Power deposition and b) ionization source.  The reaction sources become more 
uniform for a duty cycle of 30% with an improvement of about 40% compared to CW operation. 
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Figure 6.9 Plasma parameters averaged over a pulse period at the end of six pulses for 5 kHz and 
20 kHz  (250 W, 10 mTorr, 50 sccm and duty cycle of 50%).  a) Power, b) electron source below 
the dielectric (Height-A), and c) Ar+ density above the wafer (Height-B). Lower PRFs result in 
better azimuthal symmetry. 
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Figure 6.10 The absolute (α) and relative (β) asymmetry factor for a) Ar+ density above the 
wafer, b) ionization sources, and c) power deposition below the dielectric as a function of duty 
cycle.  (250 W, 10 mTorr, 50 sccm, 10 kHz). 
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Figure 6.11 The relative asymmetry factor (β) for plasma parameters as a function of PRF (250 
W, 10 mTorr, 50 sccm).  The asymmetry factor decreases with PRF. 
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Figure 6.12 Plasma properties for CW operation in an asymmetric reactor (10 mTorr, 150 W, 
150 sccm).  a) Power deposition, b) reaction source of electrons, and c) reaction source of Cl 
radicals below the dielectric (Height-A).  d) Electron density, e) Cl radical density, and f) 
positive ion density (Cl2

+ and Cl+) above the wafer (Height-B).  Non-uniform power deposition 
results in non-uniform reaction sources and azimuthally asymmetric species densities.  
 



 152

 

Figure 6.13 Reactor averaged plasma properties in Cl2 as a function of time for different duty 
cycles for a constant peak power of 300 W, PRF of 10 kHz, and gas flow of 150 sccm.  a) 
Electron density b) Cl- density and c) electron temperature.  Electron density reaches a quasi 
steady state for duty cycles > 30% and decays several orders of magnitude during the afterglow. 
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Figure 6.14 Reactor averaged plasma properties in Cl2 as a function of time for different PRFs 
for a constant peak power of 300 W, duty cycle of 10 kHz, and gas flow of 150 sccm.  a) 
Electron density b) Cl- density, and c) electron temperature.   
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Figure 6.15 Plasma parameters above the wafer (Height-B) at the end of six pulses following 
CW operation for duty cycles of 30%, 50% and 70% (peak power of 300 W, 10 mTorr, 150 
sccm, and PRF of 10 kHz).  a) Sum of positive ion densities ([Cl2

+] + [Cl+]) and b) Cl radical 
density.  The reaction sources become more uniform for a duty cycle of 30% with an 
improvement of about 40% compared to CW operation.  Lower duty cycles resulted in a better 
azimuthal symmetry of species density as the afterglow is extended during which attachment 
dominates to smoothen density profiles. 
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Figure 6.16 Plasma parameters above the wafer (Height-B) averaged over a pulse period at the 
end of six pulses for 5 kHz and 20 kHz  (peak power of 300 W, 10 mTorr, 50 sccm, and duty 
cycle of 50%).  a) Sum of positive ion densities ([Cl2

+] + [Cl+]) and b) Cl radical density.  Lower 
PRFs resulted in more uniform species density profiles at the plane above the wafer. 
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7. CONCLUSIONS 

 

7.1 Conclusions 

In this thesis, two-dimensional (2D) and three-dimensional (3D) models were developed 

to address the transient and transport phenomena in low temperature plasma reactors.  The 

models were applied to investigate the pulsed operation of inductively coupled plasma (ICP) 

reactors.  The goal of the 2D investigations was to utilize the transients to extract energetic 

negative ions from the plasma that can aid in reducing charge buildup on wafers.  The 3D 

analysis was aimed to quantify the impact of asymmetric pumping on azimuthal uniformity of 

plasma properties and the effect of the transients on these flow induced asymmetries. 

In Cl2 pulsed ICPs without a bias, negative (Cl-) ions can be extracted with low energy 

after the sheath decays in the afterglow.  With a CW bias, the plasma transitions to a capacitive 

heating mode in the afterglow, which then prevents negative ion extraction.  When using a 

pulsed radio frequency (rf) bias in the afterglow, capacitive coupling is reduced and negative ion 

extraction is improved even at moderate biases of 100 V.  The key to extraction of negative ions 

is to prolong the transition of the plasma to a capacitive mode.  With a 10 MHz bias frequency, 

the ions extracted in the afterglow have only thermal energy as the applied rf voltage is largely 

dropped across the bulk plasma.  At lower bias frequencies of 1-2 MHz, negative ions with 2-25 

eV energy are extracted with an anisotropic angular distribution which can reduce the differential 

charging in features and aid in damage free etching.  

Asymmetric pumping results in asymmetries in species densities, which then feedback 

through plasma conductivity, making power deposition non-uniform even though the coils are 

symmetric.  Non-uniform power deposition produces asymmetric electron impact sources, which 
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further reinforces the asymmetries in species densities.  Pulsed plasma operation of ICPs can be 

employed as a potential method for reducing these azimuthal asymmetries as it reduces the 

positive feedback between species density and power deposition.  Diffusion during the afterglow 

between pulses smoothens the species density.  As the electron density at the end of the 

afterglow becomes more symmetric, the power deposition during subsequent pulses is more 

uniform.  In Ar ICPs, the azimuthal uniformity of plasma parameters generally improved relative 

to CW operation on decreasing duty cycle or PRF due to the longer afterglow period, although 

these improvements were not necessarily monotonic.  Similar improvements were also observed 

in Cl2 pulsed ICPs.  As dissociative attachment dominates in the afterglow of Cl2 pulsed plasmas, 

it provides a more uniform sink for electrons during the afterglow compared to ambipolar 

diffusion, and so these highly electronegative plasmas have uniformities which are more 

sensitive to pulsing. 

From a computational standpoint, the 2D and 3D models for addressing transients can be 

improved by employing two levels of parallelism.  As computational time is at a premium when 

one attempts to accurately address complex physics phenomena, this technique has the advantage 

of speeding the computations of each module in the hybrid modeling hierarchy in addition to 

more accurately representing the physics.  A parallel version of the 3D Electron Monte Carlo 

Simulation (EMCS) must be developed to quantify the impact of transient behavior on flow 

induced asymmetries at very low pressures (< 10 mTorr).  It may also be worthwhile to extend 

the 2D model to investigate the characteristics of pulsed dual frequency capacitively coupled 

plasma (CCP) reactors sustained in process relevant gas chemistries. 
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APPENDIX A: PARALLEL IMPLEMENTATION OF HPEM 

 

The three modules of HPEM, namely EMM, EMCS and FKS are executed in parallel by 

using an OPENMP parallel directive called “PARALLEL SECTIONS”.  When the source code 

is compiled and linked without invoking the OPENMP directives, these statements are like any 

other comment in the fortran code.  For example, 

f77 –c –O4 –fast –xl icp.f 

When the source code is compiled using the guide compiler on Sun Solaris machines or 

the OPENMP compiler on the Compaq alpha, the OPENMP directives are enabled for the 

simultaneous execution of these three modules. The compiler option –mt is used for correct input 

output (I/O) file handling on the Sun machines.   

guidef77 –c –O4 –WGprocess –mt icp.f (Sun Solaris) 

f77 –c –omp –O4 icp.f   (Compaq Alpha) 

 

Pseudo Code 

! 
!$OMP PARALLEL SECTIONS 
! 
!$OMP SECTION  
! PROCESSOR 1 
CALL EMM 
! 
!$OMP SECTION 
! PROCESSOR 2 
CALL EMCS 
! 
!$OMP SECTION  
! PROCESSOR 3 
CALL FKS 
! 
!$OMP END PARALLEL SECTIONS 
! 
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Elimination of Race Conditions 

 
 Race conditions arising due to a processor attempting to read or write a variable while 

another processor attempts to write or read the same variable is avoided by using CRITICAL 

statements within the individual subroutines.  For example, the race condition arising due to the 

EMM updating the inductive fields, while the EMCS is attempting to read, is avoided in the 

following manner: 

  

Pseudo Code 
! 
! IN EMM ELECTRIC FIELDS ARE UPDATED 
!INSIDE EMM 
! 
!$OMP CRITICAL(cric_ef)   
EF(I,J) =……………… 
!$OMP END CRITICAL(cric_ef) 
! 
! IN EMCS ELECTRIC FIELDS ARE ACCESSED 
!INSIDE EMCS 
! 
!$OMP CRITICAL(cric_ef)   
TE = f (……,EF(I,J),…) 
!$OMP END CRITICAL(cric_ef) 
! 
 
 

Load Balancing 
 

Since the three modules execute for disparate CPU times, it is desirable to balance the 

time spent in each module. The EMM takes the least amount of CPU time, followed by the 

EMCS. The FKS module is the bottleneck in these simulations.  Load balancing is done by 

forcing the EMM to repeat execution several times per iteration until the EMCS is completed.  

The execution time for EMCS and FKS is adjusted by varying the time spent in EMCS for 

collecting statistics.  This scheme balances the load between the three processors. 



 161

 

Pseudo Code 

! 
EMCS_VALUE=0 
! 
!$OMP PARALLEL SECTIONS 
!$OMP& SHARED (EMCS_VALUE) 
! 
!$OMP SECTION 
! 
1 CONTINUE  
CALL EMM 
! 
IF (EMCS_VALUE.EQ.0) GO TO 1 
! 
!$OMP SECTION  
EMCS_VALUE=0  
CALL EMCS 
! 
!LOAD BALANCING   
! 
IF (CPU_TIME_FKS > CPU_TIME_MCS)  THEN 
       MCS_TIME =1.25*MCS_TIME 
ELSE (CPU_TIME_FKS < CPU_TIME_MCS)  THEN 
       MCS_TIME =0.80*MCS_TIME 
END IF 
EMCS_VALUE=1  
! 
!$OMP SECTION  
CALL FKS 
!  
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APPENDIX B: ELIMINATION OF RACE CONDITIONS IN HPEM3D 

 

In HPEM3D, race conditions are eliminated by defining new local variables within the 

individual subroutines in the three modules for every shared variable.  For the variable EF(I,J,K), 

a global variable EF_G(I,J,K) for sharing the updated inductive fields between the modules is 

defined. We also define private variables EF_EF, EF_EETM and EF_FKS in the individual 

modules for their execution.  The private variables are updated from the global variables within a 

CRITICAL section to eliminate races.  This update is done as frequently as required to capture 

the transients. 

 

Pseudo Code 
 
! 
! EMM  (PROCESSOR1) 
! 
! UPDATE OF PRIVATE VARIABLE EF_EF IN EMM 
! 
 EF_EF(I,J,K) = ………….. 
! 
! COPY TO SHARED VARIABLE EF_G WITHIN CRITICAL STATEMENT 
! 
!$OMP CRITICAL(cric_ef)     

EF_G(I,J,K) = EF_EF(I,J,K)  
!$OMP END CRITICAL(cric_ef) 
! 
! END EMM 
! 
! 
!EETM (PROCESSOR2) 
! 
! READ FROM SHARED VARIABLE EF_G WITHIN CRITICAL STATEMENT 
! 
!$OMP CRITICAL(cric_ef)  

EF_EETM(I,J ,K) = EF_G(I,J,K) 
!$OMP END CRITICAL(cric_ef)  
! 
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! PRIVATE VARIABLE EF_EETM USED FOR ITS UPDATES IN EETM 
! 

TE = f (……,EF_EETM(I,J,K),…) 
! 
! END EETM 
! 
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APPENDIX C: LIST OF REACTIONS FOR Ar 
 

        Reactiona          Rate Coefficient (cm-3s-1)      Reference 

e + Ar → Ar* + e      b    1 

e + Ar → Ar** + e    b    1 

e + Ar → Ar+ + e + e    b    2 

e + Ar* → Ar+ + e + e   b    3 

e + Ar* → Ar + e      b    d  

e + Ar* → Ar** + e      b    4 

e + Ar** → Ar + e      b    d 

e + Ar** → Ar+ + e + e     b    5 

e + Ar** → Ar* + e      b    d 

Ar* + Ar* → Ar+ + Ar + e   5 x 10-10   c 

Ar** + Ar** → Ar+ + Ar + e   5 x 10-10   b 

Ar** + Ar* → Ar+ + Ar + e   5 x 10-10   b 

Ar** → Ar*      1 x 107    c 

Ar*→ Ar      -    c 
aOnly reactions which change the density of a species are shown. All pertinent electron impact 

processes, such as elastic collisions, are included in the EMCS.  Ar* is nominally the Ar (4s) 

manifold.  Ar** is nominally the Ar (4p) manifold. 

bRate coefficients are calculated from electron energy distribution obtained in the EMCS. 

cEstimated. 

dCross section obtained by detailed balance.  
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APPENDIX D: LIST OF REACTIONS FOR Cl2 
 

        Reactiona          Rate Coefficient (cm-3s-1)      Reference 

e + Cl2 → Cl- + Cl      b    1 

e + Cl2 → Cl + Cl + e      b    1 

e + Cl2 → Cl2
+ + e + e      b    1 

e + Cl → Cl* + e      b    1 

e + Cl → Cl+ + e + e      b    1 

e + Cl* → Cl+ + e + e      b    1 

Cl* → Cl       1.0 x 105 s-1   c 

e + Cl- → Cl + e + e      b    1 

e + Cl2
+→ Cl + Cl      1.0 x 10-7/Te1/2   c 

Cl- + Cl+ → Cl + Cl      1.0 x 10-7   c 

Cl- + Cl2
+ → Cl2 + Cl      1.0 x 10-7   c 

Cl + Cl + Cl → Cl2 + Cl     1.28 x 10-32 cm6/s  c, 2 

Cl + Cl + Cl2 → Cl2 + Cl2    5.4 x 10-32 cm6/s  c, 2 

Cl+ + Cl2 → Cl2
+ + Cl      5.4 x 10-10   c, 3 

Cl+ + Cl → Cl + Cl+      1.0 x 10-9    c 

Cl2
+ + Cl2 → Cl2 + Cl2

+     0.8 x 10-9   c 

 
aOnly reaction which change the density of a species are shown. All pertinent electron impact 

processes, such as elastic collisions, are included in the EMCS. 

bRate coefficients are calculated from electron energy distribution obtained in the EMCS. 

cEstimated. 
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APPENDIX E: LIST OF REACTIONS FOR Ar/Cl2 
 

        Reaction           Rate Coefficient (cm-3s-1)      Reference 

e + Ar → Ar* + e      b    1 

e + Ar → Ar+ + e + e    b    2 

e + Ar* → Ar+ + e + e   b    3 

e + Ar* → Ar + e      b    d 

Ar* + Ar* → Ar+ + Ar + e   5 x 10-10   c 

Ar+ + Ar → Ar + Ar+     5.7 x 10-10   c 

e + Cl2 → Cl- + Cl      b    4 

e + Cl2 → Cl + Cl + e      b    4 

e + Cl2 → Cl2
+ + e + e      b    4 

e + Cl → Cl* + e      b    4 

e + Cl → Cl+ + e + e      b    4 

e + Cl* → Cl+ + e + e      b    4 

Cl* → Cl       1.0 x 105 s-1   c 

e + Cl- → Cl + e + e      b    4 

e + Cl2
+→ Cl + Cl      1.0 x 10-7/Te1/2   c 

Cl- + Cl+ → Cl + Cl      1.0 x 10-7   c 

Cl- + Cl2
+ → Cl2 + Cl      1.0 x 10-7   c 

Cl2 + Ar* → Cl2
+ + Ar + e    7.1 x 10-10   c 

Cl- + Ar+ → Cl + Ar      1.0 x 10-7   c 

Cl + Ar* → Cl* + Ar      7.0 x 10-10   c 

Cl2 + Ar+ → Cl2
+ + Ar     8.4 x 10-9   5 

Cl2 + Ar+ → Cl+ + Cl + Ar     6.4 x 10-9   5 

Cl + Ar+ → Cl+ + Ar      2.0 x 10-10   5 

Cl + Cl + Ar → Cl2 + Ar     1.28 x 10-32 cm6/s  5  

Cl + Cl + Cl → Cl2 + Cl     1.28 x 10-32 cm6/s  6 

Cl + Cl + Cl2 → Cl2 + Cl2    5.4 x 10-32 cm6/s   6 
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Cl+ + Cl2 → Cl2
+ + Cl      5.4 x 10-10   c, 5 

Cl+ + Cl → Cl + Cl+      1.0 x 10-9    c 

Cl2
+ + Cl2 → Cl2 + Cl2

+     0.8 x 10-9   c 

 
aOnly reaction which change the density of a species are shown. All pertinent electron impact 

processes, such as elastic collisions, are included in the EMCS. 

bRate coefficients are calculated from electron energy distribution obtained in the EMCS. 

cEstimated. 

dCrosssection obtained by detailed balance.  
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APPENDIX F: LIST OF REACTIONS FOR C2F6/CF4 
 

                     Dissociation      
        Reactiona                                   Rate Coefficient (cm-3s-1)     Energy (eV)     Reference 
        
e + CF4 → CF3

- + F                          b   0.3     1                                           

e + CF4 → CF3 + F + e                 b   6.6     1 

e + CF4 → CF3
+ + F + e + e       b   2.3     1  

e + CF4 → CF2 + F + F + e        b   5.0     1 

e + CF4 → CF3
+ + F- + e           b   2.0     1  

e + CF3 → CF2 + F + e             b   4.0     2 

e + CF3 → CF3
+ + e + e            b   0.0     2  

e + CF2 → CF + F + e              b   5.0     2 

e + CF2 → CF2
+ + e + e            b   0.0     2 

e + C2F6 → CF3
+ + CF3 + e + e    b   1.7     3 

e + C2F6 → CF3 + CF3
-             b   0.0     3 

e + C2F6 → C2F5 + F-              b   5.0     3  

e + C2F6 → CF3 + CF3 + e         b   5.3     3 

e + C2F4 → CF2 + CF2 + e         b   2.3     3 

e + C2F4 → C2F4
+ + e + e          b   0.0     3 

e + C2F4 → F- + C2F3              b   6.0     3 

e + C2F5 → CF3
- + CF2             b   0.0     3 

e + C2F5 → CF3 + CF2 + e         b   4.0     3 

e + C2F5 → CF3
+ + CF2 + e + e    b   4.5     3  
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e + F2 → F- + F                   b   0.5     2 

e + F2 → F + F + e                b   1.6     2  

e + F2 → F2
+ + e + e              b   0.0     2 

e + F2
+ → F + F                 2.0 x 10-7/Te1/2             5.0                      c 

e + CF3
+ → CF2 + F                2.0 x 10-7/Te1/2             5.0                      c 

e + CF2
+ → CF + F                 2.0 x 10-7/Te1/2             5.0                      c 

e + C2F5
+ → CF3 + CF2             2.0 x 10-7/Te1/2             5.0                      c 

e + C2F4
+ → CF2 + CF2             2.0 x 10-7/Te1/2             5.0                      c 

F2
+ + CF4 → CF3

+ + F + F2           1.00 x 10-10                        0.0     c 

F2
+ + CF3 → CF3

+ + F2                1.00 x 10-10                        0.0     c 

F2
+ + C2F4 → C2F4

+ + F2              1.00 x 10-10                        0.0     c 

F2
+ + C2F5 → C2F5

+ + F2              1.00 x 10-10                        0.0     c 

F2
+ + F2 → F2

+ + F2                  1.00 x 10-9                          0.0     c     

F2
+ + CF2 → CF2

+ + F2                1.00 x 10-9                          0.0     c     

CF3
+ + CF3 → CF3

+ + CF3             1.00 x 10-9                          0.0     c 

CF3
+ + C2F6 → C2F5

+ + CF4           3.50 x 10-11                        0.0     c 

CF2
+ + C2F6 → C2F5

+ + CF3           3.50 x 10-11                        0.0     c  

CF2
+ + CF3 → CF3

+ + CF2             4.00 x 10-9                         0.0     c 

C2F5
+ + C2F5 → C2F5 + C2F5

+         4.00 x 10-9                         0.0     c     

C2F4
+ + C2F4 → C2F4 + C2F4

+         4.00 x 10-9                         0.0     c 

F- + F2
+ → F + F2                    1.00 x 10-7                         0.0     c 

F- + CF3
+ → F + CF3                  1.00 x 10-7                         0.0     c 
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F- + C2F4
+ → F + C2F4                1.00 x 10-7                         0.0     c 

F- + CF2
+ → F + CF2                              1.00 x 10-7                         0.0     c  

F- + C2F5
+ → F + C2F5                            1.00 x 10-7                         0.0     c 

CF3
- + F2

+ → CF3 + F2                 3.00 x 10-7                         0.0     c  

CF3
- + CF3

+ → CF3 + CF3             3.00 x 10-7                         0.0     c 

CF3
- + C2F4

+ → CF3 + C2F4           3.00 x 10-7                         0.0     c 

CF3
- + C2F5

+ → CF3 + C2F5           3.00 x 10-7                         0.0     c 

CF3
- + CF2

+ → CF3 + CF2             3.00 x 10-7                         0.0     c 

CF3
- + F → CF3 + F-                  5.00 x 10-8                         0.0     c     

F + F + M → F2 + M                   6.77 x 10-34 cm6/s               0.0     c  

F + C2F4 → CF3 + CF2                 4.00 x 10-11                        0.0     c 

F + C2F5 → CF3 + CF3                 1.00 x 10-11                        0.0     c 

F + C2F3 → C2F4                      1.00 x 10-12                        0.0     c 

F + CF3 + M → CF4 + M              1.60 x 10-28 cm6/s               0.0     c 

F + CF2 → CF3                        1.70 x 10-11                        0.0     c 

F + CF → CF2                         1.00 x 10-11                        0.0     c 

F2 + CF2 → CF3 + F               4.56 x 10-13                        0.0     c  

F2 + CF3 → CF4 + F                   1.88 x 10-14                        0.0     c 

CF3 + CF3 + M → M + C2F6            3.94 x 10-29 cm6/s               0.0     c 

CF2 + CF2 → C2F4                     5.00 x 10-14                        0.0     c 

CF2 + CF3 → C2F5                     8.00 x 10-12                        0.0     c 

CF3
- + CF3 → C2F6 + e                1.00 x 10-10                        0.0     c 
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aOnly reaction which change the density of a species are shown. All pertinent electron impact 

processes, such as elastic collisions, are included in the EETM. 

bRate coefficients are calculated from electron energy distribution obtained in the EETM. 

cEstimated. 
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