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Preface 

Thanksgiving 2001 Professor Eray S. Aydil offered me the opportunity to do my masters 
thesis research in Santa Barbara. At that point I spent about 5 months in his group work
ing on the nanowire setup. I was very excited about this offer and promised I'd be back at 
UCSB in February 2003- It seemed to he a sheer etemity but the year quickly passed and 
I finished all my remaining classes just fine. 

The central diagnostic technique used in this research is the on-wafer ion flux probe array. 
This is a one of a kind method developed by Tae Won Kim and Professor Aydil to measure 
two dimensional ion fluxes at the wafer surface. It is a great opportunity to work with 
such a unique diagnostic tool since it is not used anywhere else as of this writing. 
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Abstract 

Factors affecting the two dimensional uniformity of ion density were studied in 
an inductively coupled plasma reactor (ICP) using an on-wafer sensor array that con
sisted of multiple planar langmuir probes. The probe array was used in an Argon 
plasma to investigate the effects of power, pressure and reactor aspect ratio (height 
f diameter) on the ion flux uniformity. Simultaneously with experiments a two di
mensional fl.uid model of the ICP discharge was developed. Reasonable agreement 
between the simulations and measurements was obtained with charged partiele trans
port coefficients and electron impact collisions cross sections taken from various 
sourees in the literature. The most significant finding is the dependenee of ion den
sity on pressure for different reactor aspect ratios. For low aspect ratio (squat) reac
tor geometries ion density increases with pressure in the range 25-200 mTorr For 
high aspect ratios (tall) reactor geometries ion density decreases with pressure. There 
is an aspect ratio for which the ion density becomes approximately independent of 
pressure. This effect is successfully predicted by simulations. For a reactive plasma 
maintained in a reactor with the special aspect ratio it may be possible to decouple the 
ion density from the radical densities which may be varled by ranging the pressure. 
Variabie aspect ratio ICP reactor is suggested to provide additional degree offreedom 
for process development. 
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1 Introduetion 

Inductively coupled plasma reactors are widely used in the integrated circuit manufactur
ing industry for etching silicon and thin metal films. To produce uniform etching over 
the whole wafer surface ion density must be uniformly distributed. Plasma operating 
parameters such as power, gas pressure andreactor geometry determine the spatial distri
bution of the ions in the plasma, how radio frequency electromagnetic fields are coupled 
to the plasma, the rate at which ions are generated and the transport of ions a bout the 
reactor. A detailed understanding of the effects of plasma power, gas pressure and reactor 
aspect ratio on the uniformity of ion density and flux would lead to improved strategies 
for controlling the uniformity of plasma etching processes. 

Until recently, measurements of ion flux uniformity were limited to measurements made 
in the radial direction along a line above the plane of the wafer. First two dimensional 
measurement of the ion flux uniformity on the wafer probe was made possible by a tech
nique developed by Kim and Aydil [3], who described and built an array of planarprobes 
on a 200 mm wafer to determine both radial and azimuthal varlation of the ion flux im
pinging on the wafer's surface. This diagnostic is called the on-wafer ion flux probe array 
and was employed in this thesis to systematically study the dependenee of the 2-D ion flux 
uniformity on an Argon plasma on power, pressure and reactor aspect ratio. 

A fluid model of the Argon plasma is developed simultaneously with experiments and 
captures the dependenee of ion flux uniformity on a large number of parameters includ
ing but not limited to plasma power, pressure and reactor aspect ratio. 
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2 Theory 

2.1 Introduetion 

The goal of the theoretica! model is to provide a framework within which the changes in 
the ion flux uniformity with plasma operating conditions can be understood and to simu
late the plasma behavior with minimum number of equations and computational require
ments that provide reasanabie agreement with experiments. The simulation is basedon a 
fluid plasma model that attempts to capture all the important details but leaves out most 
of the complexities that contribute little or nothing to understanding ofhow uniformity of 
ion flux impinging on the wafer's surface changes with plasma operating conditions such 
as power, pressure and reactor geometry. In order to fulfill the low computational power 
requirement several assumptions are made to reduce the number of equations. 

' 

, .. ' .. ----··: 
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L 

r 

Figure I: Idealized schematic of the ICP reactor used for the model. 

Figure I shows the schematic diagram of the setup depicting the models geometrie pa
rameters. Re is the coil radius, L is the reactor height, Rw is the wafer radius and RR is 
the reactor radius. Once implemented the simulation models only one half of the reactor 
from the centerline to the right in cylindrical coordinates, we assume angular symmetry 
thus reducing the simulation to two dimensions. 

2.2 Fluid Model 

The fluid model is basedon themaster equation, known as the the Boltzmann {I) equation 
which is a statement of the conservation of the probability of finding a partiele such as an 
electron somewhere intheseven dimensional phase space defined by the space, velocity 
and time dimensions. The Boltzmann equation, 
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(I) 

describes how the velocity distri bution function f ( r, v, t) varies as a fimction of spatial 
coordinates and time. In equation I v is the velocity vector, a is the acceleration, V' v is the 
divergence of f in the velocity space and V' r is the divergence in the position space. The 
Boltzmann equation is obtained by doing a particles balance in a differential region of the 
phase space dvdr. The first term on the left hand side of equation I denotes the partiele 
accumulation. The second term describes the flow in and out of space by partiele move
ment. The third term is the partiele flux into dv due to farces that result in accelleration 
a. The righthand side is the change in f due to collisions which make particles suddenly 
appear or disappear from a volume in the velocity space on a time scale much shotter than 
the time scale that f evolves in. For example, a back scatttering callision of an electron 
with an neutral partiele changes an electran's velocity from v to -v making the electron 
disappear from phase space atv and appear at-v (pages 3I,32 [4]). 

The farces that result in acceleration in the third term of equation I are due to electrical 
and magnetic fields which are described by the Maxwell equations, 

p 
V'. E = -, 

Eo 
V'·B=O 

BB 
\7 x E= --

8t' 
1 BE 

and\7 x B = J.LoJ + 2 -
8 

. 
c t 

(2) 

(3) 

For species i with charge Qi acceleration ai, current J and charge density pare given by 

q· 
ai = _z (E + V X B), 

mi 
(4) 

J(r, t) = n+evi- neeve, (5) 

and 

p(r, t) = (n+- ne)e, (6) 

where Qi is the charge, mi is the mass, n+ is the ion density, ne is the electron density, 
vi is the ion velocity, v e is the electron velocity and e is the electron charge. In principle 
in a single component plasma such as Argon the Boltzmann equations can be solved self 
consistently with the Maxwell equations. However this is a farmidabie task because of the 
non -linearity of the equations and the large dimensionality of the Boltzmann equation. In 
fact, to our knowledge it has never been clone. Fortunately this level of complexity is nat 
necessary to capture the essential physics and the first three moments ofthe Boltzmann's 
equation is suflident to describe the plasma electrons. U sually, the dimensionality of the 
Boltzmann equation for electrons, ions and neutrals is reduced by integrating over the 

I department of applied physics 3 



velocity space to obtain the first three moments which are the differential equations for 
the partiele continuity, momenturn and energy balances respectively. Assuming that the 
neutral species densities are spatially homogenous further reduces the dimensionality 
since this eliminates the need to solve neutral balances. This is a good assumption in 
most discharges since the ionization ( n+ ) is on the order of 10-6 thus the fact oflosing 

ng 

neutrals to ions is not important. In an Argon plasma this assumption is very good but in 
chemically reactive discharges in gas mixtures neutral species inhomogeneities must also 
be taken into account. 

2.3 Moments 

Equations for the moments of the Boltzmann equation are obtained by multiplying equa
tion (1) by a function () and integrating the result over the velocity space, 

(7) 

Choke of() equalling 1, mv and mv · v 11 v 11
2 leads to the first three momentsof the 

Boltzmann equation, which are the partiele continuity, momenturn and energy balances, 
respectively. 

Integrating the distri bution function, f, over the velocity space gives the density function 
of species i (ni), 

ni(r, t) = j f(r, v, t) d3v. (8) 
V 

In the following sections the first moments will be discussed starting with the zeroth 
moment, the partiele conservation or mass balance equation. 

2.3.1 Partiele Conservalion 

To obtain the partiele conservation equation, or the zeroth moment, the Boltzmann equa
tion is integrated over the velocity space with () = 1. Applying this to the Boltzmann 
equation yields, 

(9) 

where ni and vi are the density and the velocity of species i respectively and R-;1 is the 
net production rate of species i where i can be electrans or ions. There may be several 
reactions that a partiele can be generated or consumed in and the sum on the right hand 
side must be a sum over all such species, j. R-;1 can be calculated from measurements, 
section 2.10 showshow this was done. 
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2.3.2 Momenturn Ganservation 

The first moment of the the Boltzmann equation is the momenturn conservation equation 
which can he obtained by choosing () = mvi. This leads [8] to the following result, 

(IO) 

for the mean velocity of species i. The left hand side is composed of the time derivative 
of the mean velocity and an inertial term (vi ·V') Vi. The operator in the parenthesis is 
sametimes also called the "substantial derivative" or "derivative following the motion". 
The first term on the right hand side is the force acting per unit volume of particles due 
to a gradient in the pressure P;, of species i. The second term describes the acceleration 
due to electromagnetic farces, as defined in equation 4· The last term describes momen
turn loss due to collisions in the plasma where Vmi is the effective momenturn exchange 
frequency. Equation 10 can he further simplified by mating four additional assumptions 
for electrons. 

First we assume that the angular frequency w ofthe RF field is much less then the momen
turn transfer frequency Vme· This reduces the first term on the left hand side of equation 
10 to zero. This assumption is valid since the experiments where done at a RF frequency 
of 13.56MHz, which is far less then Vme 

Second from Lymberopoulos and Economou [7] we can assume that the inertia term on 
the left hand side is negligible. This can he shown by non dimensionalizing equation 
10, from this it can he found that the inertia term compared to momenturn loss due 
to collisions is small. The inertia term is 1/ L and the momenturn loss part behaves as 
1/ Àe. As long as the continuity condition is satisfied Àmel L will approach zero, and thus 
the inertia term can he ignored. This can safely he done for our experiments since the 
pressure is relatively high, thus making Àme small compared to L. 

The third assumption is that the magnetic fields are negligibly small. This has been 
proven in measurements for planar coils, this leads to 

(n) 

The fourth assumption is that all the particles in the plasma, including the ions, electrans 
and neutrals behaves as a perfect gas 

(12) 

This can safely he done since the pressure in the reactor is in the low enough for this 
relation to he valid. Applying these assumptions to 10 yields 
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The flux for each carrier is Ji = nivi we can rewrite equation 13 as the drift-diffusion 
equation, 

where I-Le = ___!k_ is the electron mohility and De = kbTe is the diffusion coefficient. 
mVme mvme 

Equation 14 can now he used in lieu of equation 10. 

Equation (14) allows us to express equation (9) without the velocity component suhstitut
ing the drift diffusion equation into partiele conservation equation yields, 

for electrons. 

2.3.3 Energy Ganservation 

Usually an equation of state is invoked to relate pressure to the partiele temperature that 
characterizes the velocity distrihutions which necessities an equation for the temperature 
distrihution. Setting () = miUT /2, where ui is the velocity of the partiele i including the 
thermal velocity, doses thesetof moment equations that must he solved in equation 7· 
This results in the energy conservation equation, 

~n· (~ + v· · ") () = -" · Rv· + n·m·a· · v· +" · K·"'T'. - ""'R· B· · (16) 
2 

t at 1 v v t 1 t t 1 1 v t v .~. t L tJ t). 

J 

The first term on the left hand side is the partial time derivative of the partiele tempera
ture, T;., it represents the change in total energy, the second term is the convective energy 
change. On the right hand side the ra te of work done hy pressure forces, the second term 
takes into account energy exchange with the force field third and fourth terms take into 
account energy transport hy conduction and energy loss due to collisions respectively. () is 
the total energy and can he devided into two parts () = miv; + U; the kinetic energy (mivT) 
due to extemal electromagnetic fields and thermal energy, Ui. 

The energy conservation equation is applied only to electrons since they are much lighter 
then the ions ions are ahle to piek up energy from the RF field whereas ions cannot. By 
assuming that the energy distrihution is Maxwellian Ui = 3/2kbTi, and that the thermal 
energy is far greater then the kinetic energy, Ui > > mivT /2 () can he replaced hy Ui. 
Application of these assumptions to equation 16 for electrans yields an equation for the 
electron temperature, Te, 

:t (~nekTe) + \7 · qe + eJe · E + 3vme;:; nekb(Te- T9 ) + ~ RejHej = 0 (17) 
J 
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where qe is the total electron energy flux defined by 

The electron thermal conductivity, Ke is related to the electron diffusivity, De and is given 
by 

where 

(20) 

2.4 Sheath 

Since the Debye length is much smaller than the reactor dimensions the bulk plasma is 
assumed to be quasi-neutral, also the sheath is treated as being infinitely thin. Thus the 
the Poisson equation is not needed and to find the positive ionflux at the walls the Bohm 
flux, 

(21) 

is used. 

2.5 Species density 

The neutral density is considered constant in time and space inside the reactor. This can 
be safely assumed since the flow rate and ionization are low in the reactor. The charged 
partiele balance is calculated by the quasineutrality constraint. 

(22) 

2.6 Boundary conditions 

The above three partial differential equations require boundary conditions to complete the 
problem. The boundary condition for partiele conservation equation (15) is determined by 
the Bohm flux, from equation 21 and the drift ditfusion equation (14). The result is 

For the electron temperature a zero gradient is assumed, 
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Since we are only interested in the electron density (and thus ion density in the case of 
Argon) and electron temperature, the equations to he solved have now been reduced to 
two partial differential equations and two boundary conditions, this is well within the 
reach of the current computational capacity. 

2.7 Power deposition 

In order to reduce the computational cost we avoid solving the Maxwell's equations by 
assuming a parameterized power deposition profile given by 

[
2L ( z )] 2 (3.83r) PrJ(r,z) = Cexp 8; L -1 Jl Ji; · 

Where J1 is the Bessel function of the first kind, C is a constant determined from the total 
power dissipated in the plasma and 8P is the electromagnetic penetration depth. 

< P, >= Prf,Total 
rf 1rR2L . 

r 

In equation (26) < Prf > is the volume averaged power density and Prf,Total is the total 
power absorbed by the plasma. Where Rr is the reactor radius. The expression for C is 
given by 

C = Pr J,Total 
0.0817r Rb8p{l- exp( -2L/8P)} · 

2.8 Nondimensional equations 

Application of the model presented here can he very diffi.cult because of the large number 
of callision parameters that have to he entered into the simulation, these parameters are 
derived from chemica! reactions and are defined in section 2.9 and 2.10. Even for the 
simplest of gases the list can he quite large. This paper presents a simple framework to 
leam about flux uniforrnity by modifying operating parameters and is based on several 
non dimensionalised equations and variables. 

Equations 17, 14, 23, 24 can he nondimensionalized by applying the following transfor
mations. 

() = ne 
e < ne >, 
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Where B+ is the dimensionless positive ion density, < n+ > is the average positive ion 
density, Br is the dimensionless electron temperature, < kbTe > is the average electron 
temperature, Be is the dimensionless electron density, < ne > is the average electron 
density, Ë is the dimensionless electric field, Ç is the dimensionless radial position and ( 
is the dimensionless axial position. Using these dimensionless variables in the electron 
energy equation results in 

- V2Br+DaelasticBrBe -Dar! exp{B(( -l)}J?(3.83*Ç)+ L Dainelastic,j exp(- :i )Be= 0. 
j T 

(29) 

where Daelastic• Dainelastic,j are the elastic and inelastic Damkölher numbers. These two 
dimensionless numbers are the ratio of the charaderistic time scale for ditfusion to the 
characteristic time constant for the specific collision process. B is the height of the reactor 
scaled by the skin depth. /3j is the scaled energy associated with the collision. Note that in 
cylindrical coordinates V2 and V are defined as 

(30) 

and 

- {) RR {) 
V' = äç + T ä( 

The mass balance equations for the positive ions take the following form, 

- 2 - - f3iz 
-V' B+ +a V'· (B+E) = Daiz exp(- Br )B+ (32) 

where a = ~ and we have already used the quasi neutrality constraint and set 
g 

(33) 

The boundary conditions become 

V'Br = 0, (34) 

and 

(35) 

In this boundary condition for the positive ions the Pe+ number is a measure of the 
relative importance of the Bohm ion flux compared to the positive ion diffusion. 

e_ = o 
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2.9 Nondimensional parameters 

From the non-dimensionalization nine non-dimensional numbers arise naturally, these 
numbers campare either various length scales or time scales to each other and determine 
which terms are important in the differential ion and electron energy balances and the 
respective boundary conditions. A is the reactor aspect ratio and is the major parameter 
that determines the reactor geometry. A is a ratio of the reactor radius Rn to the reactor 
height Land is defined as, 

A = Rn 
L. (37) 

A second important ratio of length scales is the ratio of the reactor height to the electro
magnetic field penetration depth, 

B = 2L 
0 . 

p 

For large B power is deposited near the quartz window whereas for small B power can 
penetrate deep into the plasma. a is the ratio of electron temperature to neutral tempera
ture, 

(39) 

Two non-dimensional activation energies, one for inelastic and one for ionization arise. 
These are 

f3 
Einelastic,ef f 

inelastic,ef f = < kb Te > ' 

and 

where Einelastic,ef f is the activation energy for the inelastic collisions and f3inelastic,ef f is the 
dimensionless activation energy for inelastic collisions and Eiz is the activation energy for 
the ionization callision and /3iz is the dimensionless activation energy for ionization 

The Dahmköhler number for elastic collisionsis a measure of energy loss byelastic colli
sions to electron thermal conduction rate and is defined as, 

2 < kT. > (a-l)R2 
D b e a r 

aetastic = D2 . 
me e 

where De is the electron ditfusion coefficient. Similarly, 
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(43) 

is a measure of energy loss by inelastic collisions to electron thermal conduction rate. In 
equation (43 k?nelastic,ef 1 is the effective collision ra te for inelastic collisions, Hinelastic,ef f 

is the effective activation energy for the inelastic collisions and n9 is the neutral pressure. 

(44) 

is the ratio of the RF-power absorbed by the plasma to the rate of energy transport by 
electron conduction. For large values of Dar f power is deposited locally where the RF 
fields peak where as for small values the deposited power is quickly transported away 
from these regions by electron conduction. 

(45) 

is the ratio of the characteristic time scale for positive ion diffusion to the rate of ion 
generation by electron impact ionization. In equation (45) k?z is the pre-exponential rate 
coefficient in equation (49). 

where kiz is the reaction ra te for ionization and Daiz is the ratio of the charaderistic time 
scale for diffusion and ionization processes. 

2.10 Calculating the Damkölher numbers for Argon 

To calculate the Damkölher numbers a values for the following parameters need to he 
obtained, De, kiz> Eiz• kinelasticeff• Einelastic,eff and D+. All of these are obtained from 
their respective reactionfcollision cross sections. To get from cross sections to reaction 
rate coefficient k we use 

k =< (}(v)v > . 

The averaging is done over the velocity distribution function, in this case the Maxwell 
velocity distribution function f. Expanding 46 gives 

00 

k = j (}(v)vf(v)dv 
0 

(47) 

We are more interested in k as function of the electron temperature, so substituting E = 
~mv2 yields 
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k = {f 7 a(E)Vff(E)dE 
0 

The rates of inelastic electron collisions are often expressed as 

-E
~ = k? exp kbT~ (49) 

where k? is a pre-exponential factor (for example the kiz) and the Ei may be viewed as 
the parameter that captures the energy dependenee of~- Thus fitting equation 49 to the 
calculated ra te curves for the cross sections gives the Ei and k?. Below we explain in detail 
how these parameters were arrived at and what collision cross sections were used. 

2.1 0.1 Electron diffusivity 

Starting with the first parameter, De, is obtained from the momenturn transfer cross sec
tion for electrons in Argon. 

where me is the electron mass and Vm is 

The momenturn transfer cross section data [5] used for this calculation is plotted in figure 
2. 

Since De depends on the electron temperature and pressure it is calculated for each sim
ulation. A typical value at 100 mTorr and 2.5 e V is De = 2.2 x 103 m2

/ s. 

2.1 0.2 lonization parameters 

In the model of the Argon plasma we consider the three major electron impact excitation 
processes. First we consider electron impact ionization, 

Ar + e -t Ar+ + 2e. 

The ra te of ionization can be quantified by k?z and Eiz and expressed as 

U sing data from [ 2] which is reproduced in Figure 3 

we obtain k?z = 6.36 x 10-14 m3 / s and Eiz = 17.5 eV. 
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Electron Energy [eV] 

Figure 2: Momenturn transfer cross sections for Argon taken from [5] 

2.1 0.3 lnelastic Processes 

In addition to the ionization we consider two additional inelastic processes. 

First we consider total excitation to the 1 P1 and 3 P1 states, 

Ar + e ---+ Ar* + e 

Second we consider metastable excitation to the 1 Ss state. 

Ar+ e +-> Ar*eSs) + e 

(54) 

(55) 

Figure 4 (a) and (b) show the metastable excitation to 1 Ss and excitation to the 1 P1 and 3 P1 

states respectively. Farmer was taken from [Ij latter was taken from [9]. 

For each of these curves the rate R is expressed as Ri = kJe- fracEjkbTe and the k0 and 
Ei are calculated. Then a plot is made of each of the calculated rate curves, including 
the ionization, and then all curves are numerically added and again fitted to a rate curve. 
This then gives the effective parameters, whose values are k?z = 5.38 x 10-14 m3 Is and 
Eiz = 14.8 eV. 

2.1 0.4 Argon Ion ditfusion coefficient 

The Argon ion ditfusion coefficient was taken from [6] and is D+ln9 = 2.07 · 1020 m2 Is. 
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Figure 3: Ionization cross sections for Argon taken from reference [2] 
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Figure 4: Excitation cross sections for Argon to the (a) metastable 1S5 and (b) 1 P1 and 3 P1 

states. Data reproduced from [1] and [9]. 
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2.11 Finite Element Method 

2.11.1 Basics 

The finite element method works hy dividing the space for which the solution is to he 
found (0) up into a finite numher of elements. The hasics of this method are explained 
in a 1 dimensional model of time independent heat transfer. 

Txx + J (X) = 0 ( 0 < X < 1) 

T(l) = g 

-T(O)x = m 

Where Txx = ~:I and Tx = :. The exact solution of this prohlem is trivial, 

T(x) ~ g + (1- x)h + l {! j(z)dz} dy (57) 

The first step is to transform the prohlem as stated ahove in the strong form (S) into the 
weak form (W). To do this 2 classes of functions need to he defined. The first are the trial 
functions u. These have to he square-integrahle, thus part of H 1 space (Sobolev) and have 
to satisfy the houndary condition u(l) = g. We call the collection of trial solution 6, 

6 = {uiu E Hl,u(l) = g} 

The second set of functions are the weighting functions. They need to satisfy the homoge
neus houndary condition w(l) = 0. 

v = {wlw E Hl,w(l) = 0} (59) 

These definition now huild the foundation for the prohlem in weak form, 

1 d d 1 J d: d~ dx = J wf(x)dx + w(O)m (6o) 
0 0 

this is equivalent to the strong representation of the differential equation. Proof of this 
can he found in [? ]. 

The following notation convention is used: 
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1 

a(w, u)= j WxUxdx 

0 

(61) 



and 
1 

(w,!) = j wfdx 
0 

These definitions transfarm the weak from [6o] into 

a(w,u) = (w,!) +w(O)m 

To actually obtain the approximate salution u Galerkin's approximation methad can be 
used. The first step is to construct a fini te dimensional approximations of o and v. These 
collections are denoted by Jh and vh. The superscript refers to the mesh, or discretization 
of the domain n. 

lt is now possible to construct approximate solutions, 

where gh(l) = g. Equation 63 can now be written as 

(66) 

Combining 65 and 66 yields, 

The Galerkin methad leads to a coupled system of linear equations, this can be shown 
by defining v as a linear combination of shape functions NA, where A= 1, 2, ... , n. This 
means that 

(68) 

Defining gh = gNn+l equation 65 can he rewritten as 

n 

uh= L dAN A+ gNn+l 
A=l 

Substituting 68 and 70 into 67 yields, 
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n 

L a(NA, NB)dB =(NA,!)+ NA(O)m- a(NA, Nn+l)g 
B=l 

Everything in this equation is known except for the d8 's. This equation can thus be solved 
for the d8 's. 

Let 

KAB= a(NA, NB) 

FA= (NA, j) + NA(O)m- a(NA, Nn + l)g 

equation 70 now becomes, 

Kd=F 

So the approximate salution of the original problem can be found by determining d. d = 
K-1F. 

n 

uh(x) = L dANA(x) + gNn + l(x) (73) 
A=l 

2.11.2 Femlab 

Femlab was chosen for its simplicity, saving thousands of man hours in implementing 
code to solve the differential equations used in this research.This allows us to concen
trate on the physics of the problem rather than developing software for the computations. 
Femlab was used in the highly nonlinear mode. 

2.11.3 Model 

Femlab was used to solve equations 29 - 32 with boundary conditions 34 - 35· 

The mesh displayed in figure 5, typically has about 3000 triangles. Near the center of the 
coil the triangle density is made higher to accommodate the high gradients found in this 
region. Near the wafer edge the triangle density is also higher to get smooth results from 
the simulation. The results from this mesh layout have been compared to a uniform mesh 
with 12.ooo triangles and where found to be identical. The simulation area is divided into 
two regions. The left hand region is the powered region directly under the coil. The right 
hand region is the unpowered region, this is in accordance with the power deposition as 
described in paragraph 2.7. 

The simulation is run in multi physics mode with two dependant variables, Or and ()+, 

and two independent variables being ( and Ç. 

A typical result is shown in Figure 6. The two variables, Or and ()+,are shown as a surface 
plot, ()+, and a contour plot for Be. The sealing values used for this specific simulation 
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L=z 

L=O 

Figure s: Mesh layout used for the plasma simulations. 

are< Te >= 1.5 eV, < N+ >= 8.7 · 1017 m-3• By multiplying the result with these the 
dimensional values are obtained. 

To calculate dimensionless parameters and run these simulations, the average electron 
temperature and average ion density are required as input. Since we non dimensional
ized the differential equations the resulting values for Brand()+ should he order 1. At that 
point the average electron temperature and ion density have the correct value. To get a 
numerical measure for the order we integrate over the electron temperature and ion den
sity and divide by the surface area. If these average values are off from the desired value 
of I the input average electron temperature and ion density are scaled and the simulation 
is ran again with these new parameters. This process is repeated until the average is 1. 

I department of applied physics 



2 
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0.5 

Figure 6: A typkal Femlab plasma simulation at 100 Watt, 200 mTorr, 10 cm x 10 cm 
(L x r). Electron temperature is shown as contours whereas the iondensity is shown as 
a co lor surface plot only half the reactor is simulated. The units for the contour plot are 
dimensionless electron energy and the units for the surface plot are dimensionless ion 
density. 
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3 Experimental Setup 
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Figure 7: Schematic of the inductively couple plasma reactor. 

The experiments were conducted in an Inductively Coupled Plasma Reactor (ICP) with a 
planar coil to excite the plasma. Figure 7 shows the schematic view of the reactor. 

3.1 lnductively Coupled Plasma Reactor 

The cylindrical reactor chamber has a diameter of 45 cm to accommodate 200 mm diam
eter wafers commonly used in industry plasma etching reactors. 250 mm diameter port 
holes provide easy access to the chamber on four sides. 

The plasma is excited by a 13-56 MHz radio frequency (rf) power supply coupled to a 
planer coil seated on top of the quartz window. Vacuum is maintained by a 1000 liter per 
second turbo molecular pump. With this pump the setup is able to reach a base pressures 
of 5 J.LTorr. The pump is attached to one of the 25omm diameter portholes on the side 
of the chamber. The gas inflow is situated directly opposite of the pump. The pump can 
he closed off from the main chamber through a electronically controlled gate valve. This 
alfows for accurate setting of the valve opening. 

The main chamber is not well suited to he modelled as a cylindrical tube because of the 
port holes. To overcome this problem an aluminum cylinder is placed inside the reactor 
over the wafer that reaches all the way up to the quartz window. The side of this cylinder is 
covered with copper mesh to let gasses flow in and out yet contain the electrically charged 
species. This cylinder consist of three pieces that can he stacked on top of each other. 
Adding or taking out part of the shield allows us to vary the aspect ratio of the reactor. 
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3.2 On wafer ion flux probe array 

• • 
• • 

• • 
ll 

ll 

• ll 

• • 

Figure 8: On-wafer ion flux probe array. The Langmuir probes are numbered. The ex
posed wafer surface is the light gray annular area visible in the center. The conneetion 
leads are left out for clarity. 

Historically most ion flux measurement studies have focussed only on the radial ion uni
formity above the wafer, only a few actually measured the ion flux uniformity on the wafer 
plane, especially in two dimensions and at various reactor aspects. To measure the spatial 
distribution of the ion flux impinging on the wafer surface a 200 mm diameter ion flux 
probe array is used. The 200 mm on-wafer ion flux probe array was recently designed, 
builtand demonstrated by Kim and Aydil [3]. 

Figure 8 shows a schematic view of the probe array. The numbered circles are the 22 

individual Langmuir probes on a printed circuit board (PCB), the probes are 8 mm in 
diameter. At the center of the PCB the underlying wafer is exposed with a radius of 50 
mm, this serves as the second probe for all of the Langmuir probes since they are used in 
a highly asymmetrie double floating probe configuration. The asymmetrie property of the 
system prevents the probe from draining the plasma from electrons. On top of the PCB 
a Kapton mask is applied to shield the leads (not depicted) from the plasma, the holes for 
the Langmuir probes are 6 mm in diameter. The leads are connected to a flat band cable 
that is connected through a feed through on the reactor. The probe consist of a 200 mm 
heavily doped Silicon wafer, stacked on top of the wafer is the PCB, and on top of that the 
Kapton insulation layer. These three layers are bonded together using vacuum epoxy. 
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3.3 Langmuir probe 

The probes and the large conductlng region of the wafer form a double floatlng Langmuir 
probe system. This paragraph will describe how they work and how they are used to do 
the measurements. 

A Langmuir probeis a small conducting object that is placed inside that plasma to mea
sure electron and ion current impinging on the object. By changing the applied bias 
voltage to the probe and measuring the resulting current an 1-V characteristlc is obtained. 
From this 1-V characteristic the electron temperature and plasma densitles can be calcu
lated. Double probes are used because they disturb the plasma only minimally as opposed 
to a single probe setup. 

3.3.1 Theory 

Sheath ~ 

Probe 
I 

(a) 

Probe 
2 

Probe 
I 

(b) 

Probe 
2 

(c) 

v, 

Figure 9: Sample potential diagrams fora double floatlng probe. (a) no bias. (b) small 
bias. (c) large bias. 

Figure 9 shows the physics behind the Langmuir probe theory and how the potentlal 
distributlon and sheath changes when the probe bias voltage changed. Note that for the 
pro he areas are assumed to he equal and that the plasma potentlal is constant between the 
probes 

Figure 9(a) shows Vi, = 0, this is no bias voltage. Since there is no voltage difference 
between the probes they collect net zero current from the plasma. This corresponds to 
point o in figure 10. Note that if the surface area of the probes is different a current will 
flow. 

Figure (b) depiets Vi, =smalt. With a small bias voltage the sheath at the negative probe, 
probe 2, will become thicker, since the electrans are now being repelled by the electtic 
field. Probe I however will creep closer to the plasma potentlal and the sheath thickness 
will decrease. This is region i in figure 10. 

The last figure, (c), shows Vi, =large. A large bias voltage will make the sheath thickness 
at pro he 2 even larger and the potential difference between the plasma and the probe will 
become so high that no electrans can cross the potentlal gap. The total current flowing in 
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the circuit will be limited by the availability of ions. Any fi1rther increase in bias voltage 
will not result in an increase of ion current. This can beseen insection j in figure ro. 
In reality however the current will increase, though this is not because the ion density 
is getting larger but because the sheath grows and thus the area over which ions can be 
captured, this is illustrated by the dashed line at section kin figure ro. 

k 

Figure ro: Theoretica! I-V characteristic fora equally size double floating probe. 

Since the probe is symmetrical reversing the polarity of the bias will result in exactly the 
same curve, but reversed in polarity of voltage and thus the current. 

3.3.2 Asymmetrie double probe 

In the setup used for this paper the probes have a big asymmetry in surface area. This 
is preferred and done to get a good spadal resolution. A typical I-V characteristic for the 
center pro he of the array is plotted in figure n. 

The asymmetry is clearly visible in this plot and can he explained relatively easily. In the 
negative part of the plot the small pro he is negatively biased. At large negative bias the 
small probe only collects ions, and the probe current is a measure for the ion density. 
When the polarity is reversed the large pro he collects the ions, however because of the 
large collection surface the ion density is not limiting the ion current. Since electrons 
move very fast ( ~ 1 e V ) they are replenished from the plasma bulk faster than the pro he 
can drain them, at high currents the draining can have a significant effect on the plasma. 
Most likely the ion probe leads would melt before the ion saturation region is reached. 

3.3.3 Ion density Calculation 

In the present work we are interested in the ion density which can be obtained from 
the ion saturation region of the I-V characteristic under large bias. To measure this the 
small probe must he biased negatively so all measurements are done in the ion saturation 
region. Ignoring the increasing sheath thickness for the moment and assuming that the 
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Figuren: 1-V characteristic from centerprobeat lOOm Torr, 100 Watt Plasma. 

probes are perfectly planar the ion saturation current density is related to the ion density 
by 

(74) 

where n+ is the ion density at the sheath edge and ub = ['f!j is the Bohm velocity. The 
ion current measured by the probe is the product of the current density and the collection 
surface A. 

(75) 

Combining equations 75 and 74 and expanding the Bohm flux yields 

Calculating the ion density using equation (76) while ignoring the increasing sheath thick
ness results in a error on the order of a factor of 2 at 70 volts. The probe bias must be high 
enough such that all the electrans are repelled and there is no electron current contribu
tion from hot electrons. Analysis of I-V characteristics shows that voltages smaller then 
50 V bias already show signs of electron current contributions and should be avoided. 
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Figure 12: Schematic of the Planar Langmuir probe and the sheath that forms. Where r is 
probe radius and sp is the sheath thickness above the probe and sw the sheath thickness 
above the wafer. 

3.3.4 Child Law Sheath 

In the previous paragraph the change in ion collection area was ignored. In this para
graph an expression for the sheath thickness is derived and applied to the experimental 
measurements to correct for this effect. The thickness is assumed to have a overall shape 
as shown in Figure 12. The sheath is assumed to be collisionless thus giving the following 
ion energy conservation equation 

(77) 

where M is the ion mass, u is the ion velocity outside the sheath and Us is the ion velocity 
at the sheath-presheath edge and ei> is the plasma potential at position x. Since there are 
no collisions in the sheath there is no ionization so the ion continuity equation becomes 

In this equation ni is the ion density, nis is the ion density in the sheath at position x. Since 
the probe potential is many times the initial ion energy Es the previous two equations 
reduce to 

and 

en(x)u(x) =Jo+. 

Combing these two equations yields 

The Poisson's equation 
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J+ ( 2ecl>)-1/2 n(x) =- --
e M 

(79) 

(8o) 

(81) 



d2<I>- J+ ( 2e<I>)-1/2 
dx2 - -~ - M 

Multiplying by diP/ dx and integrating from o to x we obtain. 

1 (d<I>) 2 _ J+ (2e)-l/2 
-- -2-- ~ 
2 dx Eo M 

Tak:ing the square root and integrating again results in 

3 3 (J+)l/2 (2e)-1/4 -<I> /4 =- - - x 
2 Eo M 

Setting <I> = - Vo at x = s and solving for J + yields 

U sing the definition of the Debye length and Bohm flux, J + 
becomes 

(8s) 

(86) 

To he able to use equation 76 the ion surface collection area is needed. The ion colledion 
area is shown in figure 12. Using equation 86 an expression for the ion collection area 
can he found, 

A= 1rr2 + 2n(sp- sw)r 

Bath sw and sp can he calculated with equation (86) by using the appropriate Vo. The 
corrected and uncorrected ion densities are plotted in 13. In this figure it is clearly visible 
that the correction applied to the surface area does not account for the slope visible in the 
uncorrected graph. This was expected since the sheath thickness under typkal conditions 
is about 400 p,m, and thus the sheath thickness above the probe does not contribute sig
nificantly to the surface. Since the thesis is only concemed with the order of magnitude 
of the ion density either of the curves can he used. The data presented in this thesis are 
function with the corrected values. 
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Figure 1r Ion density vs the probe bias voltage showing I-V characteristic withand with
out correction to the sheath thickness expansion with the applied bias. 

3.4 Data Acquisition 

In principle, the current collected by each of the probes can he measured using a simple 
ampere meter. However since there are 22 probes this would quickly become a tedious 
and error prone task. Thus an automated data acquisition was implemented and used. 
This system is described in detail below. 

3.4.1 Hardware 

The data collection hardware is basedon the National Instruments data acquisition plat
form. The currents from the Langmuir probe array coming from the ICP reactor passes 
through signal conditioning electtonics with a 4Hz low-pass filter and amplified with gain 
set to 100 (SCXI-1ooo, SCXI-n2o, SCXI-1338). The DAC (DAQCard-AI-16XE-5o) mea
sures the voltage drop over a 250 0 precision resistor with 16 bit resolution in the voltage 
range of +IO to -10 volts. This translates to potential differences that can be measured 
with 3 · w-4 Volt accuracy without gain. With the gain the accuracy increases to 3 · w-6 

Volt, but the range becomes limited to 0.1 to -0.1 volts, which is more then adequate for 
the currents obtained with the negative bias used in the experiments. Typkal currents are 
on the order ofO.l mAand potential drops where 0.05 V. 

The maximum sampling rate attainable with this contiguration is about 2500 Hz per 
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Figure 14: On-wafer ion probe array data acquisition setup. Only two probes are shown 
for clarity. 

channel. Higher sampling rates will result in channel crosstalk The individualprobes on 
the array (figure 8) are connected to the data acquisition hardware as shown in Figure 14. 

As a side note, nat all the precision resistors in the SCXI-1338 are as precise as claimed, 
while verifying some deviated as much as 8% from their rated value. All measurements 
have been corrected for this deviation. 

3.4.2 Software 

The LabView 6i platform is used to develop the software required to collect and display 
the current measurements. LabView was chosen because of the extreme ease of use and 
short implementation time. LabView works like a RAD (Rapid Application Development) 
tool on the frontend (see figure 15) and the backend (see figure 16) is built like a electrical 
experimentation board. This means that the front end is created by dragging and dropping 
user interface elements onto the canvas and the backend is constructed by dragging and 
dropping electrical wires and logical components like 'while' loops and 'if conditionals. 

The backend of the software consists of three parts. (i) The initialization, (ii) the main 
processing while loop, (iii) the cleanup. All three parts will he explained in more detail 
below. 

In the initialization section of the software the data acquisition parameters such as num
ber of channels and buffers need to he initialized. In order to get Lab View to capture data 
from the hardware the software needs to know what channels on which device need to he 
captured and what the buffer size should he. This is done in the AI-Config blockon the 
left. The next AI block, the AI-Start blockneedsas input how fast the capture rate will 
he and whether it will he continuous or only single buffer mode. In all experiments con
tinuous capture was used. The output file is located on the bottorn left. The data output 
to harddisk is potentially a bottleneck in the data acquisition process, using a binary file 
format minimizes the amount of data that needs to he written. This however means that 
the binary file has to he decoded in post processing. To do this decading a few parameters 
are needed. These are, in order of outputto file, scanrate, number of channels and scans 
to read at a time. 
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Figure 15: LabView Front Plate, while measuring without a plasma 
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The main processing loop is situated in the middle of the wiring diagram. This while loop 
is the heart of the data acquisition software and it continuously captures the voltages on 
the precision resistors until the stop button is pressed or an error occurs. This logic can 
he found on the right-middle side of the while loop. The actual data capturing is done in 
the AI-Read block. This block takes as an input the logkal number from the AI-Config 
and AI-Start and outputs from the error channel and the data channel. The data channel 
is then split to the graph output on the front plate, the top part, and the file output the 
bottorn part. 

The clean up part is found on the right hand side and is relatively straight forward. The top 
right doses all communication to the capture hardware and the bottorn right part doses 
the file. Bath endpoints wi1l pop up an error box if anything goes wrong in the process. 

3.4.3 Post Processing 

The first post processing step consists of extracting the data points from the binary file 
created by the LabView application. The souree code that accomplishes this can he found 
in appendix 6-3- Since this experiment is nota time dependent study the data is averaged 
over many thousands of samples to reduce the amount of noise in the signal. The data is 
then written to disk in a format that Teeplot can read and averaged over the whole wafer 
surface using the Kriging interpolation methad in Teeplot 9· 
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Figure 16: The LabView wiring diagram which is used toprogram the desired functional
ity. 
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4 Results 

4.1 Effects of power, pressure and reactor aspect ratio on ion density 

Figure 17 shows the dependenee of ion density on pressure, power and reactor aspect 
ratio. The ion density decreases with decreasing plasma power. Since the power input 
directly determines the energy that an electron gains, or how many collision it will cause 
and thus how many ions are produced. Going from 50 to 100 Watt the ion density roughly 
increases 2 fold, however going to 200 Watt does not increase the ion density 2 fold again, 
this is due to the increasing influence of recomhination reactions. The pressure depen· 
dence is interesting, when the wafer is close to the surface, see Figure 17(a), increasing the 
pressure will also increase the ion density. This is as expected since there are more atoms 
availahle more ions are produced. However if the wafer is considerahly fi1rther away from 
the coil, see Figure 17(c), the pressure dependenee reverses and the ion density goesdown 
when the pressure goes up. Though this might seem counter intuitive it is expected. As 
the pressure increases the plasma concentrates near the coil since the electromagnetic 
penetration depth decreases as pressure increases. Thus decreasing the ion density fur
ther down near the wafer. Thus hy varying the aspect ratio of the reactor the ion density 
hehavior with respect to the neutral pressure can he modi:fied. Figure 18 clearly shows 
that this effect of increasing ion density at low aspect ration (A = 1) and decreasing ion 
density with argon pressure for high aspect ratio (A= 2.6). Interestingly there must he a 
middle ground where the ion density is decoupled from the neutral pressure. 
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Figure IT Maximum ion density at the wafer center in an Argon discharge using the 
reactor with shields. (a) L = 10 crn, (b) L = 18 cm, (c) L = 26 cm. The squares are 
measured at a plasma power of 200 Watt, circles are measured at 100 Watt and triangles 
are 50 Watt. 
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Figure 18: Normalized ion density in a argon discharge at 200 Watt plasma power 
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4.2 Effects of power, pressure and aspect ratio on the ion density 
uniformity 

As can be seen in Figure 20 radial ion density distribution becomes more peaked when 
the pressure is increased, this is due to the fact that the higher neutral density limits the 
electron ditfusion and thus effectively traps the plasma in a smaller region, both in the 
axial direction and radial direction. In the axial direction this effect can be seen in Figure 
18(c), the ion density decreases with increasing pressure. Radially we can qualitatively see 
(Figure 20) the distribution broaden or peak, however ifwe want to say sarnething more 
precise about the distribution, we need to introduce the full width half maximum mea
surement (FWHM) of the normalized ion density distribution. Full width half maximum 
is the width of the ion density distribution at half the height. FWHM for the ion distribu
tions areplottedas a function of pressure andreactor height in Figures 19(a) and 19(b), 
respectively. Figure 19(a) shows that the distribution becomes narrower and hence more 
non-uniform as the pressure increases. This is the effect of the plasma being trapped in 
a smaller region. Figure 19(b) indicates that the FWHM increases with increasing reactor 
height (and thus aspect ratio). This means that the distribution broadens asthereactor 
height increases as the plasma spreads and diffuses towards the wafer plane. The larger 
distance between the souree and the wafer plane gives both the electrons and ions more 
time to diffuse and thus broaden the peak before the ions hit the wafer. Interestingly for 
our discharge the plasma power has no effect on the ion density distribution, the Figures 
for 50, 100 and 200 Watt are virtually indiscernible. 
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Figure 19: Full Width Half Maximum plots of the ion distribution in a 50 Watt Argon 
discharge. (a) FWHM as a function of Argon pressure, (b) FWHM as a function of Reactor 
Height L. 
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Figure 20: Normalized ion density distribution at the wafer surface for a 50 Watt Argon 
discharge, red circles depiet planar probes. 

I department of applied physics 37 



4.3 Gomparisen between Experiments and Simuiatiens 
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Figure 21: 26 cm, 200 Watt, 200 mTorr Argon Plasma cross sectionat ( = 0.1 

Direct comparison between experiments and simulations are difficult because the model 
does not take into account the presence of a very thin sheath next to the wafer. Thus, we 
do not know the ion density at the sheath edge and furthermore we do not know where 
the sheath edge is. To complicate matters even further the ion density changes rapidly 
near the surface as shown in Figure 21. This rapid drop is due to a large Pe+ which 
reduces the boundary condition essentially to one where n+ = 0. A sheath thickness of 
~ 260/.lm would correspond to ( ~ w-3 essentially unresolvable in the plot of Figure 21. 

Note also that the ion density changes orders of magnitude within a cm of the surface. To 
facilitate comparison between experiments and simulation we compared the ion density 
at ( = 0.1 with experimental measured values. These comparisons are made in Figure 22. 

Figure 22 compares the experimentally measured and predicted ion densities at the center 
(maximum for an Argon discharge) of the wafer as a function power, pressure andreactor 
aspect ratio. Note that the simulated values are ~ x 20 larger than the measured ones. 
This is expected since the sheath is much thinner than the distance between ( = 0.1 and 
the wafer surface and ion density decreases further. We note that the simulated values are 
consistently approximately 20 x larger for all comparisons indicating that the simulations 
accurately captures the ion densities. Typical values used for the simulation parameters 
can he found in appendix 6+ 

Figure 23 shows comparisons between simulated and experimental measured radial ion 
density profiles normalized to the maximum value at the center of the wafer, it clearly 
shows that the simulation prediets the shape of the plasma uniformity at the wafer within 
10% for all cases. However at reactor dimension of lücm by lücm (L x r) the simulation is 
off considerably more. A possible cause for this could he the increasing gradients in the 
system. 
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Figure 22: Argon plasma simulation (lines) and measurements (symbols) in reactor with 
shields. (a) L = 10 cm, (b) L = 18 cm, (c) L = 26 cm 
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Figure 23= Argon plasma ion density distribution simulation and measurements at vari
ous conditions 
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4.4 Plasma symmetry problems 

(a) (b) 

Figure 24: Two 100 Watt, 100 mTorr argon discharges. (a) reactor without plasma con
tainment shield. (b) reactor with plasma containment shield. 

The original reactor configuration was found to be probiernatie with respect to plasma 
confinement Measurements showed that the portholes had a large affect on the ion den
sity distribution. This caused early measurements to be very asymmetrie and difficult to 
simulate. 

As can be seen from figure 24 the shield dramatically improved he symmetry and in
creased the ion density. It also provided a much more strict definition of the reactor 
geometry which was needed forto run the simulations. 
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5 Discussion 

Measurements with the ion flux probe give great insight into the two dimensional spatial 
distri bution of the ion density at the wafer surface. For Argon it is clear that the pressure 
should be kept low and the reactor aspect should be high to get the most uniform distribu
tion of ion density at the wafer. Note that this is not necessarily true for discharges other 
than Argon; in fact, previous studies by Tae Won Kim and Aydil showed that ion density 
distribution is greatly affected by gas composition. A future project could be to simulate 
these different gas compositions including negative ions. 

Overall the simulation prediets the trends accurately. The absolute values are about a 
factor 20 different, improvements can be achieved by looking into the sheath thickness 
or including the sheath in the model. Better results could be obtained by examining the 
average electron temperature and ion density. Some of the plasmas are concentrated high 
up near the coil and the average does not give an adequate measure for the density there, 
thus giving a power penetration depth, 8P, that is too high. 

Measurements show that it is possible to decouple the ion density at the wafer from the 
neutral gas pressure by using an appropriate reactor aspect ratio. Thus a variabie aspect 
ratio ICP reactor is suggested to provide additional degree of freedom for process devel
opment. 

Initially the open reactor produced results that were hard to reproduce in the simulations, 
so a plasma containment shield was put in place. This yielded results more consistent 
with the simulations. Visual observation of the plasma showed that at the top near the coil 
where the containment shield does not reach there is room for the plasma to escape. This 
might be the reason why the measured ion densities are lower than the simulated values. 
It was not possible to fill this gap in the current reactor configuration. Future reactors 
could be designed smaller without the portholes and with the pumping port under the 
electrode. This would make the shields redundant and might improve the matching of 
the model and measurements. 

The simulation proved to be a useful tool in predicting the plasma densities and uniformi
ties. It was also able to predict the decoupling of the argon pressure from the ion density. 
This decoupling was later found in measurements. 
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6 Appendix 

6.1 Femlab equations 

In this paragraph the Femlab differentlal equations are derived, they need to be in a special 
form: 

(88) 

The boundary conditions can be either Neumann, 

or Dirichlet, 

The simulation geometry is cylindrical, whereas Femlab works in cartesian coordinates, 
to make up for this difference the following de:finitions are used. 

-2 18( 8) 282 
V' = ~ 8Ç Ç 8Ç + A 8(2 

- 8 8 
V' = 8ç + A 8( 

In the next paragraphs the equations for the electron temperature, positive ion density 
and negative ion density will be derived. 

6.1.1 Electron Temperature 

Converting the Electron temperature into the Femlab form is relatively straight forward. 
There is only one term with derivatives that need to be put into the r. Starting with the 
energy equation 29 from chapter 2, 

expanding this with equation 91 yields 
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- Daelastic(JT(Je +Dar! exp{B((- l)}J?(3.83 * Ç)- L Dainelastic,j exp(- :j We (94) 
j T 

This is now inthefarm that Femlab needs (88). 

(95) 

F = ~ aa Or- Daelastic(JT(Je +Dar! exp{ B( ( -l)}J?(3.83*Ç)-L Dainelastic,j exp(- (Jj3j We 
Ç Ç j T 

(96) 

6.1.2 Electron Temparate boundary condition 

The boundary conditions for the electron temperature, equation 34, is entered as a Neu
mann boundary condition with G = 0. This condition is applied to all walls. 

6.1.3 Positive Ion density 

Equation 32, 

(97) 

Though this equations has basically the same farm as the electron temperature equation 
things are a little more complicated because of the E, so the first thing that has to be done 
is derive an expression for E. 

E= 

expanding this equation yields 

(99) 

Varlation in Te is small compared to variation in ne so in this case we assume Te to be 
contant, non dimensionalizing the equation gives 
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(100) 

This expression can now be used to convert the positive ion density into a form that Fem
lab can work with. As a side note here, it is very important to not have second derivatives 
in the F part of the Femlab equations. Mathematically it might be correct but Femlab has 
a lot of trouble converging to the solution if second derivatives exists in the F. 

(101) 

6.1.4 Positive Ion density boundary condition 

(102) 

This translates into Neumann boundary equations. Evaluating this equation at the respec
tive boundaries yields: 

Top and bottorn boundary: 

Right boundary: 

Left boundary: 
G=O (105) 

The left boundary is a special case since it is the symmetry axis. Here the boundary 
condition is no gradient in the ion density in the Ç direction. 

6.1.5 Equations for Argon 

In the case of Argon there are no negative i ons and because of the quasi-neutrality of the 
plasma the electron density and the positive ion density are equal outside of the sheath on 
length scales bigger then the Debye length. Also Darec = 0, Daatt = 0 and 'Y = 0. The 
equations presented in the previous paragraphs can easily be adapter for the Argon case. 
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6.1.6 Electron Temperature 

(I06) 

6.1. 7 Ion Density 

(I08) 

6.1.8 Boundary Conditions 

The boundary equations are equal to the boundary equations for the full model. 
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6.2 Trapezoid Riemann integral code 
procedure TFonm. TrapezoidRiemannlntegrate(); 
var 

j, i, StepCnt: integer; 
Te, P, na, Riemann, x, xe, 
M, MW, dydx, y : Double; 
S: String; 

begin 

if ( stepsize = o ) then 
exit; 

try 
Te := StrToFloat ( Edit3.text) * n6oo; 

except 
MessageBox(Self.handle, 

'Not a number in Electron Temperature box', 
'Error', MB_ICONERROR); 

exit; 
end; 

try 
P := StrToFloat( edi4.text ) I IOoo; 

except 
MessageBox(Self.handle, 

'Not a number in neutral pressure box', 
'Error', MB_ICONERROR); 

exit; 
end; 

I I convert p to sane units. (From Torr to Pa) 
P := P * 101325 I 76o; 

I I now calculate the neutral density according to \ 

I I the ideal Gas law. 
na:= P * 6.o22e23 I ( 8.314 * 297); 
I lna :=I; 

try 
M := StrToFloat( edits.text ); 1 I* 1.66E-27; 

except 
MessageBox(Self.handle, 
'Nota number in mass box', 
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'Error', MB_IeONERROR); 
exit; 

end; 

I I convinience output 
labeig.caption := FloatToStr(Te) + ' K'; 
labeho.caption := FloatToStrF(na, ffE:xponent, 3,3) +' Ilm3'; 

I I calculate the number of steps that we are going to take 
Stepent := round((ox[Dataent -I]- ox[o]) 1 StepSize); 
I I initialize the Riemann integral 
Riemann := o; 

I I get the first data point 
j := o ; I I this is the data pair counter. 
y := oy[j]IIOooo; 11 we take data in cmj2 so convert to mj2 
x:=ox[j]; 

I I calculate the slope to the next point. 
dydx := ( oy[j+I]- oy[j]) I (ox[j+I]- ox[j]) I IOooo; 

inc (j); 

for i:=o to Stepent - I do 
begin 

if ( x >= ox[j] ) then 
begin 

I I we are at the new data point get new data! 
y := oy[j]IIOooo; I I we take data in cmj2 so convert to mj2 
x:=ox[j]; 

I I get the new slope 
if ( j < Dataent ) then 

dydx := ( oy[j+I]- oy[j] ) I (ox[j+I]- ox[j]) I IOooo; 

inc(j); 
end; 

11 eis in eV however weneed SI units for the Maxwell function. 
xe :=x* I.6oE-Ig; 
MW := Maxwell(xe,Te); 
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I I the actuall integration. 
Riemann := Riemann + MW * sqrt(xe) * y * StepSize * 1.6e-19; 

I I go to the next x value 
x :=x + StepSize; 
I I set the y to the new value, he smart about 
I I this value by interpolating 
I I in between points! Trapezoid rule. 
y:= y + dydx * StepSize; 

end; 

11 output 
if ( Na > o ) then 
begin 

Edit2.Text := FloatToStrF ( sqrt(2IM ) *na* 
Riemann, ffExponent,5,5 ); 

labe18.caption := 'Frequency'; 

end 
el se 
begin 

Edit2.Text := FloatToStrF ( sqrt(2IM ) * 
Riemann, ffExponent,5,5 ); 

label8.caption := 'Rate'; 

end; 

end; 
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6.3 Binary file importer 

The data in the Lab View binary file is in Motorola Byte order, so it needs to he converted 
to Intel byte order. The format of the binary file format is described in table r 

Count Datatype Description 
File Header (not repeated) 
I double Scan Rate 
I integer Channel Count 
I integer Buffer Size 
Data Block Header (repeated until end of file) 
r6 byte unknown header info 
I integer Samples per Batch 
Sample Block (repeated Channel Count times) 
Samples per Batch double Samples per channel 
Data Block Tail 

37 bytes mostly harmless 

Table r: LabView Binary format specifier. Note: all values are in Motorola byte order. 

The following Pascal code takes care of the decoding and putting the values in a more 
sane format. 

type 
TDArray =Array of Double; 
PDArray = iTDArray; 
TDoubleArray = array[o .. 8] ofbyte; 
PDoubleArray = iTDoubleArray; 
TintArray = array[o .. 8] ofbyte; 
PintArray = iTintArray; 

function DMotorolaTolntel ( value: double): double; 
var 

apr,ap2 : PDoubleArray; 
n: double; 

begin 

apr := @value; 
ap2 := @n; 

ap2[o] := apr[7]; 
ap2[r] := apr[6]; 
ap2[2] := apr[s]; 
ap2[3] := apr[4]; 
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~---- ------------

ap2[4] := ap1[3]; 
ap2[5] := ap1[2]; 
ap2[6] := ap1[1]; 
ap2[7] := api[o]; 

result:= n; 

end; 

function IMotorolaTointel( value : integer ) : integer; 
var 

ap1,ap2 : PintArray; 
n: integer; 

begin 

api := @value; 
ap2 := @n; 

ap2[o] := ap1[3]; 
ap2[1] := ap1[2]; 
ap2[2] := api[I]; 
ap2[3] := api[o]; 

result:= n; 

end; 

function TForrm.ImportToNative ( Filename: String): Boolean; 
var 

SamplesPerBatch: Integer; 
InputFile : File; 
DataArray : TDArray; 
DataArrayCounter: Integer; 
x,y : Integer; 
SampleCount : Integer; 
Sample : Double; 
BufferSize : Integer; 
da : array of double; 
i: Integer; 

shown : boolean; 
aaa : PDoubleArray; 
val : double; 
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begin 
shown:=false; 
I I setup the probe array. 
BuildProbeArray(); 
TotalSampleCount := o; 
RewriteWorkFile(); 

try 
AssignFile(InputFile, Filename); 

except 

MessageBox(o,'Could notopen file','Error', MB_ICONERROR); 
Result:=False; 
exit; 

end; 

try 
reset(InputFile, 1); 

except 
MessageBox(self.handle, 'Could notopen file','Error', MB_ICONERROR); 
result:=false; 
exit; 

end; 

I I read scan rate (SGL) 
BlockRead(InputFile, ScanRate, sizeof(ScanRate)); 
ScanRate := DMotorolaTolntel( ScanRate ); 

if ( ScanRate > sooo ) then 
begin 

MessageBox(Self.handle, 'Scanrate was to high, aborting','Error', MB_ICONERROR); 
result:=false; 
CloseFile(InputFile); 
exit; 

end; 

I I read the number of channels 
BlockRead(InputFile, ChannelCount, Sizeof(ChannelCount)); 
ChannelCount := IMotorolaTolntel ( ChannelCount ); 

if ( ChannelCount > 30 ) then 
begin 
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MessageBox(Self.handle, 'To many channels, aborting', 'Error', MB_ICONERROR); 
result:=false; 
CloseFile(InputFile); 
exit; 

end; 

SetLength(da, ChannelCount+Io); 

for i:=o to ChannelCount -1 do 
begin 

Da[i]:=o; 
end; 
i:=o; 

I I read the buffer size 
BlockRead(InputFile, BufferSize, Sizeof(BufferSize)); 
BufferSize := IMotorolaTolntel ( BufferSize ); 

if ( BufferSize > 2oooo) then 
begin 

MessageBox(Self.handle, 'Input buffer to large', 'Error', MB_ICONERROR); 
CloseFile(InputFile); 
result:=false; 
exit; 

end; 

11 allocate data storage so we can nicely output to a spreadsheet. 
Try 

GetMem(DataArray, (BufferSize * ChannelCount) * SizeOf(Double)); 
except 

MessageBox(o,'Memory Allocation Error (Own)', 'Error', MB_ICONERROR); 
CloseFile(InputFile); 
Result:=false; 
exit; 

end; 

IIMessageBox(o, pchar( inttostr(BufferSize) +' '+ floattostr(ScanRAte)),'ásdf', o); 

DataArrayCounter:=o; 
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i:=o; 

while not ( eof ( InputFile ) ) do 
begin 

I I read the header (probably time and date and DT ). 
BlockRead(InputFile, Header, 16); 

I I Read the number of samples taken 
BlockRead(InputFile, SamplesPerBatch, Sizeof(SamplesPerBatch)); 
SamplesPerBatch := IMotorolaTolntel ( SamplesPerBatch ); 

For SampleCount:=I to SamplesPerBatch do 
begin 

BlockRead(InputFile, Sample, Sizeof(Sample)); 

aaa :=@Sample; 
if (( aaa[o] = 255) and 

( aaa[1] = 248) and 
( aaa[2] = o) and 
( aaa[3] = o) and 
( aaa[4] = o ) and 
( aaa[5] = o ) and 
( aaa[6] = o ) and 
( aaa[7] = o ) ) or 
(( aaa[o] = 127) and 
( aaa[1] = 240) and 
( aaa[2] = o) and 
( aaa[3] = o ) and 
( aaa[4] = o) and 
( aaa[5] = o ) and 
( aaa[6] = o ) and 
( aaa[7] = o )) then 

begin 
Sample:= o; 
if not shown then 
begin 

MessageBox(Self.handle, 'Warning, INF or NAN encountered', 'Warning', MB_ICONW AR 
shown:=true; 

end; 
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end 
else 
begin 

Sample := DMotorolaTolntel ( Sample ); 
end; 

DataArray[DataArrayCounter] :=Sample; 

DataArray[DataArrayCounter] :=Sample; 

if ( abs(Sample) > IeiOo) and not shown then 
begin 

MessageBox(self.handle, 'Waming corrupt data','Arg',o); 
shown:=true; 

end; 
Inc(DataArrayCounter); 

end; 

11 fill up array to specified size, the output file might nothave 
11 buffersize samples in it, so we pad with zeros 

for SampleCount:=SamplesPerBatch+I to BufferSize do 
begin 

DataArray[DataArrayCounter]:=o; 
Inc(DataArrayCounter); 

end; 

ProgressBan.Position := ProgressBan.Position + IO; 

if ( ProgressBan.Position > IOO ) then 
ProgressBan.Position := o; 

If ( DataArrayCounter = BufferSize * ChannelCount ) then 
begin 

11 we have now succesfully scanned all samples into our array, now 
I I dish em out. 
TotalSampleCount := TotalSampleCount + BufferSize; 
for x:=o to BufferSize - I do 
begin 

inc(i); 
for y:=o to ChannelCount -I do 
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begin 

val := DataArray[ (ProbeArray[y] )* BufferSize +x] 1 ProbeResArray[y]; 
BlockWrite(WorkFile,val, sizeof(Double)); 
da[y] := da[y] + val; 

if ( i=ScanRate ) then 
begin 

for i:=o to ChannelCount -1 do 
begin 

Charti.SeriesList.Series[i].Add(da[i]IScanRate * IOoo); 
da[i]:=o; 

end; 

i:=o; 
end; 

end; 

end; 

DataArrayCounter:=o; 

end; 

I I read the tail, .. mostly zeros ... 
BlockRead(InputFile, Tail, 37); 

end; 

FreeMem(DataArray); 
CloseFile(InputFile); 

Result:= True; 

end; 
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6.4 The Simulation Parameters 

To run the simulations several parameters have to be calculated as described in paragraph 
2.9. For a plasma at 100 mTorr, 100 Wattand L = 26 cm we get the values listed in table 
2. 

Parameter Value 
A 0.41 
B 54 
a 100 

/3jl 9.7 

/3j2 11.73 
Daelastic 0.029 
Dar! 383 
Dainelastic 5100 
Daiz 3.7 ·10+7 

Pe+ 4.79. 10+3 

<Te> 1.5eV 
<N+ > 3.1 · 10+16m-3 

Table 2: Dimensionless parameters at 100 mTorr, 100 Watt, L = 26 cm 
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