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Electron temperatures in low-pressure inductively coupled plasma reactors do not
significantly vary during the rf cycle. There can be, however, considerable modulation of the
rate coefficients and the source functions of electron impact reactions having high threshold
energies. This results from the electron energy distribution being less collisional at higher
energies. In many instances, it is convenient to use cycle-averaged values for these quantities
due to the computational burden in computing and storing space and time-dependent electron
energy distributions. In this thesis a new “On-the-Fly” Monte-Carlo technique is described to
address these time-dependent plasma parameters. The On-the-Fly Monte-Carlo method, unlike
conventional methods, stores only the moments of the electron energy distributions and not the
distributions themselves. This method reduces the computational complexities and is useful in
extending this model to calculate the harmonic components.
The On-the-Fly technique was incorporated in the two-dimensional Hybrid Plasma
Equipment Model to investigate the time-dependence of electron impact source functions. The
consequences of varying the rf electric field frequency, gas pressures, rf magnetic field, and
composition of the gas mixture on the harmonic content of the source functions are quantified.
Even harmonics were more dominant than the odd harmonics. The harmonic content decreased
with increasing frequencies and it increased with increasing pressure. The harmonic content of
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the source functions was more pronounced when N2 content was increased in Ar/N 2 gas
mixtures.
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1. INTRODUCTION

1.1

Development of Plasma Processing Tools
Plasma processing is an important technology for an increasing number of industries,

including semiconductor manufacturing, medical products, and environmental pollution control.1
Due to the increasing cost and time required to develop these complex apparatuses, computer
modeling is becoming more prevalent in the design cycle.

The development of plasma

equipment models for investigating and understanding complex plasma processes has
significantly advanced over the last few years. New algorithms and modeling techniques are
being developed to address both more fundamental and more industrially interesting problems.
Successful use of models for processes like plasma etching critically depends on the validity of
the models. Due to these stringent requirements, plasma equipment models must minimize on
the underlying assumptions that go into their development and use the most fundamental
approach possible.
Traditionally plasma equipment models for low-pressure, partially coupled systems have
used values averaged over radio frequency (rf) cycle in determining the rate coefficients and the
source functions of electron impact reactions.

Although it has been noted that electron

temperatures in low-pressure inductively coupled plasmas do not significantly vary during the rf
cycle, the rate coefficients and the source functions of electron impact reactions do have
significant time dependence during the rf cycle due to the complex behavior of the electron
energy distribution function. As a result, incorporation of the time dependence of such plasma
parameters into plasma equipment models is an important consideration. In particular, including
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time harmonics of the sources will better represent these rates and can hence give a more
accurate representation of the plasma parameters.

1.2

Models Using Time Dependent Rates
Most of the earlier work done in this field addressing time-dependent rates has been on rf

capacitively coupled discharges. Most models assume the discharge electrodes to be parallel
plates with sufficiently large diameters compared to their separation so that the system can be
approximated as depending only on axial position between electrodes. All of the work shown
below has incorporated and shown significant time dependence of the excitation rates and
electron and ion densities.
Bletzinger and DeJoseph2 examined optical emission from 13.56 MHz rf discharges in
nitrogen and obtained the corresponding electron impact excitation rate profiles.

The key

features that they have observed are that the peak in excitation rate occurs around the cathodic
phase of the rf period for each electrode and the peak intensity increases when moving away
from the local electrode. Flamm and Donnely3 measured electron impact excitation rate profiles
in chlorine discharges and found that at 13.2 MHz emission peaked near the positive electrode.
This suggests that electrons accelerate toward the electrode around the anodic part of the cycle,
indicating significant time dependence.
Graves4 developed a hybrid rf discharge model that solves for the ion continuity equation,
electron energy balance equation, Poisson’s equation, and the electron and ion momentum
balance equations simultaneously to obtain the plasma processing parameters. Solutions thus
obtained were expanded in a Fourier series in time and linear finite element basis functions in
space. The use of Fourier series to represent the time dependence of the solution forces time
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periodicity. The solutions in the Fourier domain in this case are symmetric. The coefficients of
odd harmonics are zero at the midplane of the discharge, and gradients of coefficients of even
harmonics are zero at the midplane. In this simulation 35 finite elements in space and 13 Fourier
coefficients were used. The voltage applied in this case is referred to as the push-pull mode,
wherein the voltage is applied symmetrically to both electrodes. As the voltage increases at one
electrode, it decreases at the other. The ion density remained almost a constant within a rf cycle,
while there was significant modulation of the electron density, current density, Joule heating,
temperature, and excitation rates. The time dimension was represented as a fraction of the rf
cycle, and 0.75 corresponds to maximum negative voltage at the electrode. A peak was observed
which originates near the local electrode around time 0.6 and increases in magnitude as it moves
away from the electrode.

It then attenuates and broadens as it merges with the plasma

“continuum” excitation in the center of the discharge. The same emission pattern is observed
near the other electrode. The peak at 0.6 is explained on the basis of the time dependence of the
Joule heating and the temperature profile in the discharge cell. These results were also compared
with experimental results and a close match was obtained.
Sommerer et al.5 investigated a similar system with a discharge gap of 4 cm between the
electrodes. A 0.1 Torr helium discharge system operating at a frequency of 13.56 MHz was
used. A sinusoidal voltage of 500 V was applied. Results for this benchmark case showed an
ion density constant over a cycle while the total current to each electrode was significantly
varying over the cycle. The important result noted by the authors revealed that the bulk electric
field was largely out of phase with the sheath electric field. The ionization rate peaked near the
sheath-bulk boundary because during the cathodic phase the expanding sheath accelerates the
electrons that have migrated toward the electrode during the anodic cycle. In this system, the
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low-energy bulk electrons respond to the bulk field, but require on the order of an rf cycle to
cross the bulk, whereas the high energy electrons can cross the bulk several times per rf cycle.
Because the high-energy electrons can have twice the mean free path, they can cross the bulk and
collide with the sheath at any time. Thus the high-energy electrons increase the total ionization
during the first tracking cycle by 20% whereas the low energy electrons halves the total
ionization.
Meyyappan et al.6-8 studied similar systems.

The authors considered a symmetric,

capacitively coupled, parallel plate electrode and simplified it to a 1-D system. The hybrid
model they developed was applied to electropositive discharges. Ar/molecular gas discharges
were considered. The time dependence of the excitation rates and the ionization rates were
established and compared with the time-averaged values. The ionization rate peaked between
time 0.25 and 0.75 and this position varied with time. The velocity of this shift in the maximum
is computed to be about 5×107 cm-s-1. Surendra et al.9 referred to this phenomenon as a moving
pulse.

1.3

Conclusions
From these examples, the importance of the time dependence of the excitation rates and

the source functions of electron impact reactions is clear. Most of the work on time-dependent
excitation to date has used 1-D models and so does not include spatial variations in two
dimensions. In this work the variation of rates and source functions are studied both spatially in
2-D and in time for inductively coupled plasma reactors. The time variation of the source
functions so determined is also used to update the source functions and to obtain a more realistic
representation of plasma parameters.
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The algorithms developed in this work were incorporated into the 2-D Hybrid Plasma
Equipment Model (HPEM) which is explained in detail in Chapter 2. As an introduction, the
HPEM consists of three modules: the Electromagnetics Module (EMM), Electron Energy
Transport Module (EETM), and Fluid Kinetics Simulation (FKS). The modules are executed
iteratively until convergence. The rates and the source functions of electron impact reactions are
calculated in the EETM module using Monte Carlo techniques.

Investigation of the time

dependence of the rates involves calculating of the corresponding Fourier components in time
(harmonics) which requires obtaining the electron energy distribution functions (EED) both
spatially and temporally.

The conventional technique requires the explicit calculation and

storing of the EEDs, which requires more computer memory. This increases the computational
complexity, and due to binning less accurate solutions are obtained. To this end, a new “On-theFly” technique has been proposed and developed, wherein only the moments of the distribution
functions are calculated as opposed to the distribution functions themselves. The On-the-Fly
technique and its extension to the study of harmonic components of source functions are
explained in Chapter 2 as well.
This model is then used to investigate Ar/N 2 gas mixtures in an ICP reactor and the
results of the simulations are presented in Chapter 3. The process parameters are studied for
low-pressure systems. The variation of the harmonic content of source functions of electron
impact reactions are quantitatively analyzed as a function of the threshold energy of the
reactions, pressure, frequency, and rf magnetic fields. The consequences of gas mixtures are also
obtained. Finally, conclusions are presented in Chapter 4.
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2. DESCRIPTION OF THE MODEL

2.1.

Introduction
In this chapter, the models and the techniques used for these investigations are described.

All the algorithms developed in this work have been integrated in the Hybrid Plasma Equipment
Model (HPEM).

An overview of the HPEM is given here so that the thesis work can be

understood in the context of the entire hierarchy. The new Monte Carlo On-the-Fly technique in
HPEM will be described. The On-the-Fly technique is validated, and its extension to calculate
harmonic components of the source functions is also discussed in this chapter.

2.2

Hybrid Plasma Equipment Model (HPEM)
The HPEM is a plasma equipment model developed by the Computational Optical and

Discharge Physics Group to numerically investigate low-pressure and low temperature plasma
processing reactors in two and three dimensions

1-10

. The HPEM can model a variety of reactor

geometries, and it can analyze different gas chemistries and generate the corresponding plasma
parameters. The HPEM addresses the plasma physics and plasma chemistry in a modular
fashion. The main modules are the Electromagnetics Module (EMM), Electron Energy Transport
Module (EETM), and Fluid Kinetics Simulation (FKS). The HPEM iterates on these different
coupled modules to generate the plasma parameters. The inductively coupled electromagnetic
fields and magnetostatic fields are computed in the EMM, which is discussed in Section 2.3.
These fields are used in the EETM to generate the electron energy distribution functions;
electron temperature and electron impact rate coefficients as a function of position either by
using an Electron Monte Carlo simulation (EMCS) or by solution of the fluid electron energy
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equation coupled with a solution of the Boltzmann equation. This module is discussed in Section
2.4. Results of the EETM are transferred to the FKS module to determine plasma source and
sink terms. The FKS solves the fluid continuity equations for species densities and plasma
conductivity and solves Poisson’s equation for the electrostatic fields.

The densities,

conductivity, and electric fields obtained from the FKS are then transferred to the EMM and
EETM. These three modules are solved successively until a converged solution is obtained or
until a preset number of total iterations is finished.
Several off-line modules of the HPEM have been developed for other specific purposes.
The Plasma Chemistry Monte Carlo Simulation (PCMCS) computes energy and angular
dependencies of fluxes at specified surface locations by using outputs from HPEM.8 The Monte
Carlo Feature Profile Model (MCFPM) uses the result of the PCMCS to simulate micro-scale
feature profile.10 The structure of these modules are described in greater detail elsewhere [1-10].
A flow diagram of the HPEM is shown in Fig. 2.1.

2.2.1

The Electromagnetics Module
The solution for the electromagnetic fields requires knowledge of the plasma

conductivity, which is obtained from the other modules. The EMM provides time-harmonic
azimuthal electromagnetic fields, and it provides the static magnetic fields generated by the
permanent magnets or by equivalent dc loops, that is, currents that change on time scales which
are long compared to the time in which the plasma reaches quasi-equilibrium.
The EMM module calculates the spatially dependent azimuthal electric fields by solving
Maxwell’s equation under time harmonic conditions. Assuming azimuthal symmetry, Maxwell’s
equation for electric fields is reduced to
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−∇⋅

1
∇ Eφ = ω2 εEφ − i ωJ φ ,
µ

(2.1)

where µ is the permeability, Eφ is the azimuthal electric field, ω is the frequency of the source
current, ε is the permittivity, and Jφ is the total current consisting of driving and conduction
currents. The conduction current Jc is calculated from Jc = σEφ, where σ is the conductivity. At
pressures where the electrons are sufficiently collisional, the conductivity of the plasma is

σ=

qe2 n e
1
,
me νme + i ω

(2.2)

where qe is the unit electron charge, ne represents electron density, me denotes electron mass, νme
is the momentum transfer collision frequency of electrons, and ω is the driving frequency.
Maxwell’s equations are solved using the method of successive over relaxation (SOR). The
weighting coefficients and the convergence criterion for the SOR are adjustable simulation
parameters.
The static magnetic fields are solved in the radial and vertical directions assuming
azimuthal symmetry. Under these conditions, the magnetic field can be represented as a vector
potential which has only a single component in the φ direction. The current loops, which provide
source terms when solving for vector potential A, by differentiation, yields the static magnetic
fields

9

∇×A = B; ∇×

1
∇ × A = j,
µ

(2.3)

where µ is the permeability, and j is the current density of the source current loops. The vector
potential is solved as a boundary value problem using SOR, with the same convergence criteria
as the electric field.
A circuit module (CM) is included in the EMM which models a matchbox circuit as well
as the coils. The impedance of the matchbox is matched to the coil impedance, allowing the
deposited power to be maximized. The source voltage is also adjusted from iteration, to iteration
allowing the power specified by the input file to be matched and maintained.

2.2.2

The Fluid Kinetics Simulation
In the FKS, the continuum transport equations for the gas species are solved

simultaneously with the electrostatic potential to determine the spatial distribution of species
densities as well as the momentum flux fields within the reactor. To solve for these plasma
properties, the electron transport properties and the chemical reaction rates are obtained from the
EETM. Ion and neutral transport coefficients are obtained from a database or by using LenardJones parameters. To self consistently consider the electrostatic fields, either Poisson’s equation
can be included, or quasi-neutrality allowing ambipolar fields can be assumed. The continuity
equation for all species is

∂N i
= - ∇⋅ Γi + S i
∂t
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(2.4)

which can be used to solve for the species densities where Ni, Γi, and Si are the respective
density, flux, and sources for species i.
The electron flux Γi is determined by the drift diffusion equation

Γi = µi q i N i E s - Di ∇N i

(2.5)

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. The ion and neutral flux calculation
can be done using the drift diffusion equation or by including the effects of momentum by the
replacement of the diffusional term with terms for pressure, advection, and collisionality

mj
∂Γi
q
1
=∇ (N i kTi ) - ∇ ⋅ ( N i v i v i ) + i N i E - ∑
N i N j (v i - v j )ν ij
∂t
mi
mi
j mi + m j

(2.6)

where Ti is the species temperature, vi is the species velocity given by Γi / Ni, and ν ij is the
collision frequency between species i and species j. The viscosity is included for neutrals only.
Determination of the time-dependent electrostatic fields is accomplished either by solution of
Poisson’s equation or based on quasi-neutrality allowing an ambipolar approximation. Poisson’s
equation is given by






∇ ⋅   ε - ∆t σ + ∆t ∑ q i 2 µi N i 2 ∇ φ t + ∆t  = - ρ t + ∆t∇ ⋅  ∑ q i Di ∇N i t - ∑ q j Γj t 
i



 i
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(2.7)

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 flux of species i at
time t, respectively; Γj is the flux for species j at time t; and φ t + ∆t is the electric potential at time t
+ ∆t. Poisson’s equation is calculated semi-implicitly by approximating the charge density
linearly as

ρt + ∆t = ρt + ∆t ⋅

∂ρ
∂t

t + ∆t

(2.8)

where ρt+∆t is the charge density at time t+∆t, and ρt is the charge density at time t. The evolution
rate of the charge density ∂ρ/∂t is determined by the divergence of the total current density j:

∂ρ
= −∇ ⋅ j + S ,
∂t

(2.9)

where S is the source function of charges. In the plasma region, j = q i ( −D i ∇ n i + q i ì i ( −∇φ))
for electrons and j = qΓ for ions. In materials, j = σ( −∇φ) where σ is the material conductivity.
By making the potential fully implicit in this scheme while using explicit terms for the
assumedly more slowly varying species properties such as density and temperature, the time step
used in the SOR solution can be lengthened beyond the dielectric relaxation time and greatly
accelerate solution over the fully explicit formulation.
The second option is to compute electrostatic fields using a quasi-neutrality
approximation over the entire plasma region. Under such an assumption the electron density can
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be set equal to the total ion density at all locations. To maintain this charge neutrality requires
that

− ∇ ⋅ Γe + S e = Σ q i (−∇ ⋅ Γi + S i )

(2.10)

∇ ⋅ ( µe ne ∇ φ + De ∇ ne ) + S e = Σ qi ( ∇ ⋅ ( −µi ni ∇ φ + Di ∇n i ) + S i )

(2.11)

i

or
i

where Se and Si represent electron and ion source functions, respectively, due to both internal and
external sources such as electron beams. The flux terms are replaced by their drift diffusion
approximations and the terms are rearranged to get

∑ q i ∇ ⋅ (q i n i µ i ∇ φ - D i ∇ n i ) = ∑ q i S i
i

(2.12)

i

where the summations are taken over all charged species including both electrons and ions. By
reducing the system to a steady-state solution, the dielectric relaxation time is removed as a limit
allowing much larger time steps to be taken, which are limited only by the Courant limit.
A semi-analytic sheath model (SM) has also been integrated with the FKS to represent
the fields and fluxes at gas-solid boundaries under conditions where the actual sheath thickness is
less than the mesh spacing. A multi-species form of Riley’s unified sheath model11 is used to
relate the sheath charge Q and boundary conditions to the potential drop. This potential drop
across the sheath produced by the semi-analytic sheath model is then applied as a jump condition
at plasma wall boundaries in solving Poisson’s equation for the entire reactor.

13

2.2.3

The Electron Energy Transport Module
In the Electron Energy Transport Module, the power deposition into the electrons, as well

as the electron impact sources, is modeled and the electron transport properties are computed.
These can be solved in two different ways in the HPEM. The first method is to solve the 2-D
electron energy equation. Electron transport properties as a function of temperature are obtained
by solving the 0-D Boltzmann equation. The second method is to run a Monte Carlo simulation,
in which electron pseudo-particles are moved in the computed fields and have collisions with the
other plasma species. The trajectories are integrated over a period of time and the statistics are
collected to generate the electron energy distribution functions (EEDs), which are then used to
calculate the rate coefficients.

2.2.3.1 The Electron Energy Equation Method
The Electron Energy Equation Method first numerically solves the 0-D Boltzmann
equation for a range of values of electric field divided by total gas density (E/N) in order to
create a table of values, which correlate E/N with an EED. The Boltzmann equation is expressed
as

∂f e
e (E + v × B)
 δf 
+ v⋅∇r fe −
⋅∇v fe =  e 
,
∂t
me
 δt  collision

(2.13)

where f e = f e(t, r, v) is the electron distribution function, ∇ r is the spatial gradient, ∇ v is the
 δf 
velocity gradient, me is the electron mass, and  e 
represents the effect of collisions.
 δt  collision
The resulting values are then used as a lookup table, which yields electron mobility, thermal
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conductivity, energy-loss rate due to collisions and electron impact rate coefficients as a function
of electron temperature. Te is defined as 3/2 <ε>, where <ε> is the average energy computed
from the EEDs.
With the EEDs known as a function of temperature, the steady state electron energy
equation is solved as follows

∇κ∇ Te + ∇ ⋅ (Γe Te ) = Ph − Pl ,

(2.14)

where κ is the thermal conductivity, Te is the electron temperature, Γe is the electron flux, Ph is
the electron heating due to deposition, and Pl is the power loss due to inelastic collisions. The
electron flux Γ is computed in the FKS, and the power deposition rate is computed from the
time-averaged value of j.E, where j = σE − qD∇n e . The electric field is both the inductive field
computed in the EMM and the capacitively coupled field computed in the FKS. The above
equation is discretized and solved by SOR, with the transport coefficients updated based on the
local electron temperature.

2.2.3.2 The Electron Monte Carlo Method
The Monte Carlo method is a fully kinetic treatment, which resolves the gyro motion of
electrons in magnetic fields using a semi-implicit technique.

Noncollisional heating is

kinetically resolved by producing electron currents, which are used to correct the assumption of
collisional power deposition in the EMM.
The Electron Monte Carlo Simulation (EMCS) tracks the trajectory of electron pseudoparticles by moving them in the computed electric and magnetic fields as a function of time. A
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group of electrons is initialized from a Maxwellian distribution and randomly distributed within
the rf period, with starting locations randomly determined within the reactor volume weighted by
the electron density computed in the FKS. The electron energy range is divided into discretized
energy bins for collision determination and this binning also helps in collecting statistics. The
collision frequency ν i within any energy bin is computed by summing all possible collision
within the energy range

1

 2ε  2
νi =  i 
 me 

∑σ

ijk

Nj

(2.15)

j,k

where ε i 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 time between the collisions is
randomly determined using the maximum collision frequency for all energy bins. ∆t =

−1
ln( r ) ,
υ

r= (0,1). At the time of a collision, the reaction that occurs is chosen randomly from all the
possible reactions for that energy bin. A null collision cross section makes up the difference
between the actual collision frequency and the maximum collision frequency at any given spatial
location. In this work electron-electron collisions are not considered. The velocity of the
electrons is adjusted based on the type of collision it undergoes. If the collision is null then the
electron’s trajectory is unaltered. Particles are integrated using the Lorentz equation.

dv q e
=
(E + v x B )
dt m e
and
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(2.16)

dr
= v
dt

(2.17)

where v, E, and B are the electron velocity, local electric field, and magnetic field respectively.
Eq. (2.16) and (2.17) are updated using a second-order predictor corrector scheme. Electric
fields are both the inductive fields computed in the EMM and the time-dependent static fields
computed in the FKS. Time steps are chosen to be less than both 1% of the rf period and 1% of
the cyclotron frequency, and small enough that the particles do not cross more than one-half
computational cell in one time step. Several hundred to a few thousand particles are integrated
in time for many rf cycles, typically greater than 100 rf cycles.
The statistics for computing the electron energy distributions (EEDs) are updated every
time an electron is moved in the mesh, which is at every time step. These statistics are collected
into an array for energy i and location l.

r
r r
Fil = ∑ w jδ ((ε i ± 1 2 ∆ε i ) − ε j )δ ((rl ± ∆r ) − rj )

(2.18)

j

where the summation is over particles, wj is the weighting of the particle, ε i is the energy and rk
is the bin location. The weighting wj is a product of three factors; the relative number of
electrons each pseudo-particle represents, the time step used to advance the trajectory, and a
spatial weighting obtained using the method of finite-sized particles (FSP). At the end of the
EMCS, the electron temperature, collision frequency and electron-impact rate coefficients are
computed as a function of position from the EEDs. The EEDs fik are obtained from the raw
statistics Fik by requiring normalization of each spatial location.
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1

∑ Fik ∆ε i = ∑ f ikε i2 ∆ε i =1
i

(2.19)

i

The electron temperature is defined by convention to be 2/3 <ε>. The electron impact
rate coefficient (km) for electron impact process m and location l is computed as

∞

 2ε
kml = ∫ 
0  me

1
2


 2ε
 σ m (ε ) f l (ε )ε dε = ∑  i
i  me

1
2

∑ F υ σ ∆ε
=
∑ F ∆ε
il

kml

i

mi

1
2

1

 σ mi f il (ε )ε i2 ∆ ε


i

i

il

(2.20)

(2.21)

i

i

2.3

On-the-Fly Method
This method is an improvisation on the existing Monte Carlo algorithm and is a Mont

Carlo based algorithm in which only moments of the distribution function are calculated On-theFly. As a result, in contrast to the original Monte Carlo method, the distribution functions are
not calculated explicitly and thus are not stored either. The basic algorithm for launching and
moving the electrons in the mesh and for keeping track of the collisions remains the same. As
before the statistics are collected at each mesh point as and when an electron is touched. But in
the On-the-Fly method the intermediate step of calculating the distribution function is avoided,
an instead only the moments of the distribution function is stored.
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In this method the collection of raw statistics Fil is replaced by a continuing summation
whose asymptotic value produces the kml described by Eq. (2.21). That is, at time step s, we
compute

r
r r
∆k mls = ∑ w j δ ((rl ± ∆ r ) − r j )σ m (ε j )υ j ∆ t j
j
r
r r
∆w ls = ∑ w j ∆ t jδ ((rl ± ∆ r ) − rj )

(2.22)

j

where ∆k sml and ∆wsl are the incremental update to the rate coefficient and total weighting. The
rate coefficient at time s is then obtained from

s− 1
k mls −1 .w ml
+ ∆ k mls
k =
w ls
where wls = wls −1 + ∆ wls
s
ml

(2.23)

Using this method, the rate coefficient k ml is instantaneously available at any time. As
time progresses and more statistics are gathered, k ml simply becomes more accurate.
The On-the-Fly method has many potential advantages over the conventional MCS
method. This technique is more accurate than calculating the intermediate fi and calculating the
rate coefficients from them because the OTF method avoids discretization or the binning of the
electrons or ion energies, and hence can utilize the full continuum nature of the EED. Thus
binning over energy is avoided and the only binning is over space. This method is advantageous
from a computational standpoint as well. Since moments of the distribution function are less
sensitive to statistical noise than the EED itself, fewer particles are required in the simulation.
Also, since the EEDs are not explicitly calculated and hence energy binning avoided, the storage
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space requirement is smaller, an important consideration in 3-D simulation. Also, since the rate
coefficients and the transport properties can be calculated within the EETM module and not at
the end of the module as the conventional technique, the parallelization of the HPEM code
becomes more advantageous. This method can lastly be extended to include the Fourier
components in time of the rate coefficients, which in case of the conventional method is
cumbersome. The calculation of these harmonics is presented in the next section.
The conventional MCS method and the On-the-Fly technique were compared for an ICP
reactor using Ar/N 2 gas mixtures. The gas pressure was 5 mTorr. The frequency of the rf
electric field was 13.56 MHz. Neutral gas temperature in the cell was about 400 K. The power
deposition was 650 W and the gas mixture was Ar/N 2 = 90/10. Comparison of both the methods
was based on their electron density profiles and source function profiles. The electron density
profile for both the methods is presented in Fig. 2.2. The electron density obtained using the
conventional method has a high value of 3.2×1011 cm-3 and a low value of 2.1×1011 cm-3 near the
gas outlet. In case of the OTF method electron density has a high value of 3.4×1011 cm-3 and a
low value of 2.2×1011 cm-3 near the gas outlet. Both the methods show similarity in terms of the
high and low values of their electron density profiles. Even the spatial variation of the electron
density shows exactly the same trend in both methods, indicating the similarity of both the
methods.
The source function of electron impact ionization of Ar obtained using both methods is
presented in Fig. 2.3. The spatial variations of the source functions in both the methods are
similar. This shows a close match between both the models and thus confirms the accuracy of
the OTF method.
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2.4

Extension of the On-the-Fly Method to Calculate Harmonics
One of the advantages of the On-the-Fly technique over the conventional Monte Carlo

methods is its ability to be extended to calculate the Fourier components of the transport
coefficients and hence the source functions of the electron impact reactions as well.

This

ultimately enables one to include time dependent source functions in the FKS, as opposed to
time-averaged. The study of the harmonic components as described earlier is significant and
gives a more accurate representation of the plasma parameters.
To calculate the Fourier components of the electron impact source functions the
corresponding frequency terms are incorporated into Eq. (2.22).

For example the Fourier

component for the nth harmonic at frequency nω is obtained from replacing Eq. (2.22) with

r
r r
s
∆k nml
= ∑ w j δ ((rl ± ∆ r ) − rj )σ m (ε j ) exp( it j nω )

(2.24)

j

Since the moments of the EEDs are already stored, the additional space requirement for
storing the harmonic components and the time for computing the same are negligible. These
coefficients are then incorporated into the calculation of the rate coefficients in the FKS module.
The amplitude and phase of the source function for the nth harmonic for the Ith iteration is then
obtained from

I
t
S nml
= [e] I −1 . k nml , φ nml
= tan −1
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Im( k nml )
Re( k nml )

(2.25)

where [e]I-1 is the electron density at the end of the previous iteration. To update the rate
coefficients accordingly, the effective source function is obtained as the sum of the harmonic
components. This is given as

nmax

I
S ml (t ) = max (0, ∑ S nml
. N m . sin( nωt + φ nml ) )

(2.26)

n =0

where nmax is the maximum range of harmonics. The source function should, in principle,
always be positive. The maximum function is used to account for noise in the EMCS which
might result in the sum amplitude of the harmonics being greater than the time average.
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Fig. 2.2. Electron density in an ICP reactor obtained using (a) Conventional MCS method and (b)
On-the-Fly Method
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Fig. 2.3. Source functions for electron impact ionization of Argon in an ICP reactor obtained
using (a) Conventional MCS method and (b) On-the-Fly Method
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3. INVESTIGATIONS OF HARMONIC COMPONENTS OF SOURCE
FUNCTIONS IN ARGON/NITROGEN PLASMAS
3.1.

Introduction
In this chapter the harmonic components of the source functions are investigated and the

results are presented. The simulations are performed for Ar/N 2 gas mixtures. The investigations
were performed to quantify the consequences of threshold energy, frequency, pressure and rf
magnetic fields on the harmonic components. The variations in the harmonic components for
different gas compositions were also investigated.

3.2

Base Case Conditions
The model cell used in all our simulations is shown in Fig. 3.1. The gas mixture was

Ar/N 2 with different relative compositions of each component. The rationale for this choice of
gases is as follows. Electron impact processes on N2 are dominated by low threshold reactions
and hence are sensitive to the bulk of the EED. Electron impact processes on Ar are dominated
by high threshold reactions and hence are sensitive to the tail of the EED.

The reaction

mechanism of Ar/N 2 plasmas is given in Appendix A.
A base case simulation was performed to provide a point of departure and to determine
the electron impact reactions whose harmonic components are most sensitive to the various
plasma parameters. The gas pressure was 5 mTorr. The frequency of the rf electric field was
13.56 MHz. Neutral gas temperature in the cell was about 400 K and the gas mixture was Ar/N 2
= 90/10. The power deposition was 650 W. The modules of HPEM were iterated until a quasisteady state in plasma parameters was obtained. The electron density for the base case is shown
in Fig. 3.2. The electron density peaked at about 3.4 × 1011 cm-3 at the center of the reactor and
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had a low value of about 2.2 × 1010 cm-3 in the periphery. The harmonic components of the
source functions depend on the modulation of the EEDs. The modulation of the EEDs is in turn
dependent on the rf frequency of the electric field and the collision frequency. The tail of the
EED is expected to be well modulated, that is, the tail of the EED varies considerably during an
rf cycle, whereas the bulk of the EED is relatively constant. This expectation is discussed later
in this chapter. With these considerations, two electron impact reactions, which are sensitive to
the bulk and tail of the EED, were chosen. The first reaction is the vibrational excitation of N2 (v=1).

e- + N2 → N2 (v=1) + e-, ∆ε = 0.29 eV

(3.1)

The threshold energy of this reaction is 0.29 eV. Because the threshold energy is
relatively low, this reaction is sensitive to the bulk of the EED and captures the modulation of the
bulk of the EED with frequency. This is substantiated using Fig. 3.3. The fraction of electrons
above any given threshold energy is shown in Fig. 3.3 for different values of average electron
temperature.

A Maxwellian electron energy distribution function is integrated for different

average electron energies to obtain Fig. 3.3. The base case has an average electron temperature
of 3 eV for which the fraction of electrons above the threshold of 0.29 eV ≈ 98%. Therefore the
vibrational excitation of N2 tracks the bulk of the EED. The density of the vibrationally excited
states of nitrogen is shown in Fig. 3.4. N2 (V=1) peaked at around 3 × 1011 cm-3 at the center of
the reactor and had a low value of around 2.5 × 1011 cm-3 in the periphery. The second reaction
is the electron impact ionization of Ar having a threshold of 16 eV.

e- + Ar → Ar+ + e- + e-, ∆ε = 16 eV
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(3.2)

Because the threshold energy of this reaction is relatively high, this reaction is sensitive
to the tail of the EED. Its time dependence captures the modulation of the tail of the EED with
frequency. For an average electron temperature of 3 eV, around 2% of the electrons have energy
greater than 16 eV, and so the rate of this reaction is an indicator of the behavior of the tail of the
EED.

3.3

Effect of Threshold Energy
Source functions for the different electron impact reactions were obtained for the base

case conditions. Four harmonics were computed. The effective source function is then the sum
of both the time-averaged value (the zeroth harmonic) and the higher harmonic components
multiplied by their corresponding phases. The effective source function of the electron impact
ionization of Ar at different phase values (or different times in the rf cycle) is shown in Fig. 3.5.
The effective source function for the vibrational excitation of N2 is shown in Fig. 3.6. The ratios
of the magnitudes of the harmonic components compared to the time-averaged values for both of
the reactions are shown in Table. 3.1. At the beginning of the rf cycle, indicated by a phase of
zero, the source function for Ar+ peaks and during the rf cycle it propagates into the reactor.
That is the source function decreases near the rf coils and reaches the lowest value at a phase of
π/2. There is considerable modulation in the source function during the rf cycle. The source of
Ar+ is high near the coil and propagates into the cell and the electrons are accelerated into the
cell. While the energy gain of the electrons near the coils as obtained from the modulation of the
source functions is around 0.75 eV near the coils, it is around 3-4 eV farther away from the coils.
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The electron gains momentum and energy as it propagates and hence the modulation of the
source function is lower near the coils
The source of N2 (v=1) is high at the center of the reactor and decreases radially outward
towards the gas outlet. In comparison to source functions of electron impact ionization of Ar, the
source function for vibrational excitation of N2 is significantly less modulated. This can be
explained as follows. As the average electron temperature increased, there is a considerable
increase in the fraction of electrons having energy greater than 16 eV. However as the average
electron temperature is increased, there is little increase in the fraction of electrons which have
energy greater than 0.29 eV. Also in this case the energy gain of electrons at the center of the
reactor is around 0.1eV and decreases to insignificantly lower values at the periphery. Therefore
during one rf cycle of the electric field, the quantitative change in the source function of electron
impact ionization reaction of Ar is more pronounced and hence the higher modulation in
comparison to the vibrational excitation reaction of N2 . The modulation of source functions is
larger and more pronounced for higher threshold reactions. To study the effects of the other
plasma parameters on the harmonic components of the source functions, only the electron impact
ionization of Ar was considered.

3.4

Prominence of the Different Harmonics
The contribution of the different Fourier components to the time dependence of

ionization of Ar+ is discussed in this section. The source function quantifies the production of
Ar+ and so can only be positive. Statistical noise produced by the EMCS might lead to the
absolute value of the sum of the different harmonic terms being greater than the time-averaged
value and this can cause the source function to become negative during the rf cycle. This is not
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physical and so small negative values are ignored. The input is an rf electric field which causes a
sinusoidal variation of the electron velocities. However the electron energies which vary as the
square of the velocities are positive and hence the electron energies have two positive cycles.
Therefore the electron impact source functions which are dependent on the electron temperature
have two positive cycles during an rf cycle. Hence the presence of odd harmonics are expected
to be negligible. The first harmonic and third harmonic constitute 1.9% and 1.7% of the timeaveraged value respectively. This is likely a manifestation of the statistical noise in the EMCS.
The modulation of the source function follows the electron temperature and does not imply a
sinusoidal variation.

Therefore the harmonic content cannot be completely realized by the

second harmonic. Hence there is substantial harmonic content in lower even harmonics. The
second harmonic constitutes 22.2% of the time-averaged value and the fourth harmonic
constitutes 4.9%. The spatial variations of the time-averaged value and the harmonics of the
source function of Ar+ are shown in Fig. 3.7 for the base case. The spatial variations of the timeaveraged source function and the even harmonics are similar.

3.5

Effect of Frequency
There is significant harmonic content in the electron impact source functions, which has

an important effect on the kinetics of the plasma chemistry. Since the harmonic content is due to
the applied voltage, one would expect the frequency of the applied voltage to affect the harmonic
content. Electron collision frequency is the number of interactions per second that an electron
has with the gas atoms and molecules. Collision frequency is given as

νi = N g σ v
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(3.3)

where Ng is the gas density, σ is the cross section of the corresponding reaction and v represents
the velocity (electron temperature) of the electrons. Ionization cross sections increase with
electron energy above threshold and hence the collision frequency increases with increase in the
average electron temperature. The variation of the harmonic content with rf frequency is shown
in Fig. 3.8. The gas pressure is 5 mTorr, gas mixture Ar/N 2 = 90/10 and power 650 W. The
frequency was varied from a few MHz to 50 MHz. The dominant second harmonic decreases as
the frequency increases. It constitutes about 20% of the time-averaged value at around 10 MHz
and decreases to less than 3% of the time-averaged value at around 30 MHz. A similar trend is
seen in the fourth harmonic. The other harmonics do not significantly contribute.
Collision frequencies for ionization reactions estimated from the spatial variations of the
source functions at 13.56 MHz are around 8×106 s-1.

At low frequencies (< 10 MHz) the

frequency of the rf field is low compared to the collision frequency of the electrons, ωrf <<
υcollision . This implies that the number of collisions within a single rf cycle is high. As a result
the electrons can respond and come into equilibrium with the electric field. Hence there is
significant harmonic content. At higher frequencies (> 10 MHz), the collision frequency is low
compared to the frequency of the rf field, ωrf >> υcollision . The electrons undergo many rf cycles
between collisions and therefore the effective electric field that the electrons see is the timeaveraged value of the electric field. As a consequence, there is little harmonic content at higher
frequencies. The first and third harmonics are likely a manifestation of the statistical noise in the
EMCS and their frequency variations cannot be qualified.
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3.6

Effect of Pressure
The variation of the harmonic components of the source functions, as a function of the

pressure, is presented in this section. Since the collision frequency depends on gas density one
should expect a pressure dependence on the harmonics of the source functions. The pressure
variation of the Fourier components of the source functions is shown in Fig. 3.9 for 13.56 MHz,
Ar/N 2 = 90/10, and power 650 W. The gas pressure was varied from a few to 100 mTorr. At
higher pressures the local field approximation is valid and the mean free path of the electrons is
lower. As a result, the collision frequency of the electrons is higher as compared to the rf field
frequency at higher pressures. This can also be understood from the fact that the neutral gas
density is directly proportional to the gas pressure and hence when the pressure increases the
collision frequency also increases. By arguing in a similar fashion, one can expect the collision
frequencies to be low compared to the rf field frequency at lower pressures and hence the
harmonic content is expected increase with pressure. This trend is observed for all the harmonics
at high pressures (≥ 20 mTorr).

However this is not observed at lower pressures for the

dominant second harmonic. Although the lower harmonics are due to the statistical noise in the
EMCS, when compared to the base case, the lower harmonics constitute a higher harmonic
content when more harmonics are generated. This therefore suggests that generation of more
harmonics would depict the system better and one can observe the expected trend at lower
pressures as well.

3.7

Effect of rf Magnetic Fields
The effect of exclusion of rf magnetic field from the system is presented in this section.

Source functions for Ar+ at different times in an rf cycle in the presence and absence of rf
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magnetic fields is shown in Figs. 3.10 and 3.11 for the base case. The electron source function
peaks near the coils and propagates into the reactor for both the cases. When the rf magnetic
field is included, there is an additional upward force (positive z direction) on the electrons due to
the B field. This force as estimated from the source function wave patterns is around 2.5×10-16N.
r
r r
The force due to a magnetic field is given by F = q (v × B) . The magnetic field estimated from
this equation is around 9.2 G. The magnitude of the rf magnetic field for this case is shown in
Fig. 3.12. The magnitude of the rf magnetic field for the base case has a high of 22.1 and low of
2.2. This hence confirms that the spatial variations in the source functions are due to the
additional force caused by the rf magnetic field.
However the harmonic content of the source functions cannot be affected by the
magnitude of the magnetic fields. Hence in the case where the rf magnetic fields are excluded,
the peak values of the source functions are lower than in the case where the rf magnetic field is
included.

3.8

Effect of Changes in Gas Mixtures
The effect of different gas compositions on the harmonic content of the source functions

is presented in this section. To this end the relative gas compositions of Ar and N2 were varied
in the gas mixture to Ar/N 2 = 80/20 and the simulations were repeated. Only the electron impact
ionization of Ar was investigated. The source functions for Ar+ at different times in the rf cycle
for the base case is shown in Fig. 3.13. The spatial variations of the Ar+ productions is similar to
the case where Ar/N 2 = 90/10 and the peak values have a close match too. In both the cases
there is a small value for the source function at the center of the reactor which is anomalous.
This is due to the statistical noise in the EMCS. This anomalous spatial trend is toned down and
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there is smaller Ar+ production at the center in case of Ar/N 2 = 80/20, indicating lesser statistical
noise due to EMCS. The frequency dependencies were studied next and this is shown in Fig.
3.14. The operating conditions of Ar/N 2 = 90/10 were used in this case. The frequency variation
showed similar trends to Ar/N 2 = 90/10 and the harmonic content of the various harmonics
increased with decreasing frequencies. The percentage of the first and third harmonic with
respect to the time-averaged value are 0.5% and 0.4% respectively. This in comparison with
1.9% and 1.7% for Ar/N 2 = 90/10 suggests fewer statistical noises. Pressure dependency of the
harmonic content of the source functions was next investigated and this is shown in Fig. 3.15 for
frequency 13.56 MHz, power 650 W and pressures of a few mTorr to 100 mTorr. The pressure
dependency showed increasing harmonic content with increasing pressure as in Ar/N 2 = 90/10.
Trend of increasing harmonic content with pressure is more pronounced for Ar/N 2 = 80/20. The
anomalous trend of decreasing harmonic content with pressure at low pressures is also seen with
the Ar/N 2 = 80/20 mixture. Including more harmonics in the study can offset this.

3.9

Conclusions
The effects of threshold energy, frequency, pressure, and gas composition on the

harmonic content of electron impact source functions were studied.

There is considerable

harmonic content for higher threshold electron impact processes, as in the electron impact
ionization of Ar. The even harmonics had higher amplitude than the odd harmonics, and in
particular the second harmonic was dominant. The harmonic content of the source functions was
found to decrease with increasing frequency. The harmonic content of the source functions was
higher at higher pressures and was more pronounced when the N2 mole fraction was increased.
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Table. 3.1. Harmonic content of the source functions as a fraction of the time-averaged value of
the source function for different electron impact reactions.

Ratio of harmonics wrt

Electron impact

Vibrational excitation of

the time-averaged value

ionization of Ar

N2

Harmonic 1

0.019

0.007

Harmonic 2

0.222

0.041

Harmonic 3

0.017

0.005

Harmonic 4

0.049

0.008

36

rf ~
15

HEIGHT (cm)

Coils
10
Showerhead

Quartz Window

Wall
5

Clamp

Wafer
Substrate

0
15

10

Bias ~

5

0
RADIUS (cm)

5

10

Pump Port

Fig. 3.1. Schematic of the model ICP reactor that was used in all the simulations
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Fig. 3.5. Source functions for electron impact ionization of Argon for the base case conditions at
different times during an rf cycle for an Ar/N 2 mixture of 90/10 percent
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Fig. 3.10. Source functions for electron impact ionization of at different times during a rf cycle in
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Fig. 3.13. Source functions for electron impact ionization of Argon for the base case conditions
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4. CONCLUSIONS

Modeling of plasma processing reactors has been gaining prominence for the last couple
of years. The importance and effectiveness of such models depend on their accuracy, which in
turn depends on the underlying assumptions about the plasma parameters that characterize them.
Of importance are the time-dependent characteristics of electron impact reaction rates and their
source functions. Rate coefficients of electron impact reactions and their corresponding source
functions are well modulated in an rf electric field, but most plasma processing models use the
time-averaged values in depicting the same. Earlier work in this respect has been confined to 1D models due to the computational complexity involved in modeling this in 2-D.
Present 2-D models often use conventional Monte Carlo techniques for calculating the
rate coefficients and source functions. The conventional technique requires calculating and
storing the electron energy distribution functions explicitly.

This not only poses memory

problems but also may be inaccurate due to error in binning. To this end a new 2-D “On-the-fly”
Monte Carlo technique was proposed and developed. This method does not explicitly store the
EED but only calculates the moments of the distribution functions. The On-the-Fly technique
was validated and then extended into computing the time harmonics of the rate coefficients and
the source functions of electron impact reactions.
Computational studies were performed for Ar/N 2 gas discharges in an ICP reactor. The
harmonic content of the source functions was quantitatively analyzed and its variation with
different plasma parameters like threshold energy, frequency of the rf field, gas pressure, rf
magnetic fields and gas composition was studied. The tail of the EED was well modulated
during the rf period while the bulk of the EED was less modulated. As a result there was
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significant harmonic content in the source functions of high threshold processes. The source
functions trace the EEDs and vary proportionally with electron energy. Hence there are two
positive cycles in the modulation of the source function and as a result the even harmonics
dominate.
The effect of rf frequency was studied and the harmonic content decreased with
increasing frequency. The effect of gas pressure on the harmonic content was studied. At higher
pressures, all the harmonics increased with increasing pressure. However at lower pressures this
trend was not observed. Including more harmonics in the investigation could offset this.
The spatial variations of the harmonic content were studied in the absence of the rf
magnetic field. In this case, the electron wave propagated further into the reactor. This is
because the rf magnetic field exerts an additional upward force on the electrons. The effect on
the harmonics of changing the relative compositions in the gas mixture was studied. With
increasing N2 content, the harmonic content of the source functions was more pronounced.
However the trends in the variation of the harmonic content with different plasma parameters
remained essentially the same.
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APPENDIX A: LIST OF REACTIONS FOR Ar/N 2
The reaction chemistry for an Ar/N 2 gas mixture used in the present study is given below:
Electron Impact and Recombination a
Reaction

Rate Coefficient

b

Ref.

Ar + e → Ar * + e

c

1

Ar + e → Ar + + e + e

c

1

Ar * + e → Ar + + e + e

c

1

5×10-10

d

c

1

Ar + + Ar → Ar + Ar +

5×10-10

d

e + N 2 → N 2 (v) + e

c

2

e + N 2 → N2 + e

c

2

c

2

e + N → N* + e

c

2

e + N → N+ + e + e

c

2

e + N* → N + + e + e

c

2

e + N2 → N + N + e

c

2

e + N2 → N2 + e + e

c

2

e + N2+ → N* + N

c

2

e + N 2 (v) → N 2 + e

c

2

e + N 2 (v) → N 2 * + e

c

2

Ar * + Ar * → Ar + + e + e
Ar * + e → Ar + e

*

e + N2 → N2

*

+

+e + e

+
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e + N 2 (v) → N 2 + + e + e

c

2

e + N2* → N 2 + e

c

2

e + N 2 * → N 2 (v) + e

c

2

e + N* → N + e

c

2

Ar * + N* → N + + Ar + e

5×10-10

d

Ar * + N → N * + Ar

1×10-12

d

5×10-10

d

3.6×10-11

d

3.6×10-11

d

Ar + + N 2 → N 2 + + Ar

1×10-11

d

Ar + + N2 (v) → N2 + + Ar

1×10-11

d

Ar + + N 2 * → N 2 + + Ar

1×10-11

d

Ar + + N → N + + Ar

1×10-11

d

Ar + + N * → N + + Ar

1×10-11

d

1.9×10-13

d

1×10-13

d

N 2 + N* → N 2 + N

1×10-13

d

N* + N 2 → N 2 + N

2×10-14

d

N* + N + M → N 2 + M

2×10-32

d, e

+

Ar * + N 2 → N 2 + Ar + e
*

Ar * + N 2

→ N 2 + Ar

Ar * + N2 (v) → N 2 + Ar

N2* + N2 → N2 + N2
N2 + N
*

→ N2 + N

*

*
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N + N + M → N2 + M

1×10-32

d, e

N + N + M → N2 + M

1×10-32

d, e

1.36×10-9

d

N 2 (v) + N 2 → N 2 + N 2

1×10-13

d

N 2 (v) + N

1×10-14

d

N 2 (v) + N* → N 2 + N

1×10-14

d

N2+ + N → N+ + N 2

5×10-12

d

N2+ + N* → N + + N2

1×10-10

d

N+ + N → N+ + N

5×10-10

d

N2+ + N2 → N 2+ + N2

5×10-10

d

N 2 (v) + Ar → N 2 + Ar

1×10-14

d

*

N 2 * + N 2 * → N 2 + N*2

→ N2 + N

a

Only reactions directly affecting species densities are shown here. Additional
electron impact collisions (e.g., momentum transfer, vibrational excitation) are
included in the EETM.

b

Rate coefficients have units cm3 s-1 unless noted otherwise.

c

Computed using the electron energy distribution and electron impact cross section
from cited reference.

d

Estimated.

e

Refers to rate units of cm6 s-1
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