CONSEQUENCES OF MODE STRUCTURE ON PLASMA PARAMETERSIN
ELECTRON CYCLOTRON RESONANCE SOURCESUSED FOR MATERIALS
PROCESSING

BY
RONALD LEONEL KINDER

B.S. University of Illinois at Urbana-Champaign, 1997
B.S. University of Illinois at Urbana-Champaign, 1997

THESIS

Submitted in partial fulfillment of the requirements
for the degree of Master of Sciencein Nuclear Engineering
in the Graduate College of the
University of Illinoisat Urbana-Champaign, 1998

Urbana, Illinois



RED BORDER FORM



CONSEQUENCES OF MODE STRUCTURE ON PLASMA PARAMETERSIN
ELECTRON CYCLOTRON RESONANCE SOURCES USED FOR MATERIALS
PROCESSING
Ronald Leonel Kinder, M. S.

Department of Nuclear Engineering
University of Illinois a Urbana-Champaign, 1998
Mark J. Kushner, Advisor

Low pressure (<5 mTorr) electron cyclotron resonance (ECR) sources are being
developed for downstream etching and deposition, and production of radicals for surface
treatment. The spatial coupling of microwave radiation to the plasmain these systemsis a
concern due to issues related to the uniformity of dissociation, electron heating, and
ultimately process uniformity.

To investigate these issues, a finite-difference-time-domain (FDTD) simulation
for microwave injection and propagation has been developed. The FDTD simulation has
been incorporated as a module in the 2-dimensional Hybrid Plasma Equipment Model
(HPEM). In the FDTD simulation, plasma dynamics are coupled to the electromagnetic
fields through a tensor form of Ohm'’s law. During each iteration through the model, the
FDTD simulation uses a leap-frog scheme for time integration of Maxwell’s equations,
using time steps that are 30% of the Courant limit until a steady state is reached.

Studies suggest that certain electromagnetic modes provide better uniformity of
ion fluxes to the wafer over larger areas and that obtaining uniform fluxes may require a
power deposition profile that is peaked off-axis. It has been seen that lower order TE(O,n)

circular modes tend to produce higher ion fluxes to the substrate, while higher order

modes produce greater uniformity across the substrate.
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|. Introduction

Current requirements for plasma processing of microelectronics devices include
development of high plasma density sources that provide high deposition and etching
rates, with enhanced process uniformity over large area wafers. Due to their ability to
obtain a high degree of ionization and a relatively high electron temperature at low gas
pressures, e ectron-cyclotron-resonance (ECR) sources are being developed for
downstream etching and deposition, and production of radicals for surface treatment.
Despite the widespread use for these sources, only recently have comprehensive
numerical studies of ECR sources been performed. In order to begin optimizing these
sources, an understanding of the ECR heating process must be obtained.

In an ECR discharge, an electromagnetic wave propagates along a dc magnetic
field towards a resonance zone where the wave energy is absorbed by a collisionless
heating mechanism. In a typical ECR reactor, a microwave field is transmitted through a
window into a low pressure chamber. There is a decreasing static magnetic field in the
processing chamber with we(z) > w at the window, where wee(2) is the electron cyclotron
frequency and w is the applied microwave frequency. The use of a steady state magnetic
field allows for operation at high density and low pressure without use of a cavity
resonance provided there is a resonance between w and w.. somewhere in the discharge.
The fundamental components of the wave are the right-hand polarized (RHP) wave and
the left-hand polarized (LHP) wave. With a significant plasma density (> 10" cm™) , the
LHP is usudly cutoff, while the RHP wave propagates and can be absorbed in the region

of the cyclotron resonance. In the resonance zone, the conductivity has a Lorentzian line



shape with a full width at half maximum in the magnetic field corresponding to Dwee
equal to twice the electron collision frequency.! This dependence on collision frequency
enables the efficient power transfer to the plasmaat low pressures.

Efficient ECR coupling requires that the electron-neutral collision frequency be
much smaller than the electron cyclotron frequency. Under these operating conditions,
diffusion perpendicular to the magnetic field lines is reduced, thus reducing plasma losses
to the wall. However, due to enhanced confinement of electrons by the static magnetic
field lines, radia ionization profiles and charged particle densities tend to be strongly
nonuniform. Such non-uniformities in ionization profiles and charge particle distributions
will transfer to the ion fluxes reaching the substrate and eventually degrade flux
uniformity.

The spatia coupling of microwave radiation to the plasma in ECR systems is a
concern due to issues related to the uniformity of dissociation, electron heating, and
ultimately process uniformity. The uniformity of the ion flux at the substrate depends
strongly on the profile and location of the power deposition. Studies by Graves et al.?
suggest that uniform conditions at the substrate surface appear to require a power profile
peaked off-axis. Hidaka et al.> obtained similar results. Their studies showed that ECR
plasma sources using a circular TEy mode provide better uniformity over a larger area
than that produced by conventional TE;; mode microwaves® In the case of the TEy;
mode, the electric field has a strong peak at the center of the waveguide. This may cause
the peaking of the plasma density at the central region, while the plasma density near the

sidewall decreases because of recombination of charged particles on the sidewall.* On the



other hand, the TEy; mode has a peak off axis. This strong electric field near the wall may
compensate for recombination losses at the wall.

Considerable effort has been expended on numerical analysis and experimental
measurements of microwave propagation in ECR plasmas. Stevens and Checchi®
developed a predictive 1-D model by combining a simple plasma density model with a
ray tracing method to achieve a first approximation to the self-consistent ECR system.
Wu, Graves, and Kilgore® studied the behavior of compact 2-D ECR plasma sources by
using a using a hybrid electron fluid particle ion and particle neutral model. In addition,
non-uniform depletion of neutral gas was examined by using a 2D Monte Carlo method.
Lieberman and Gottscho’ used a spatially averaged global model based on particle and
energy conservation to ssimulate ECR behavior.

In recent studies the finite-difference time-domain (FDTD) method has been used
to study the electromagnetic fields inside a compact ECR source. For example, Muta et
al.® has investigated microwave propagation in ECR plasmas by using a FDTD method.
They performed one-dimensional simulations of the microwave propagation and
discussed the characteristics of wave propagation through comparisons with their
microwave ray tracing method measured by interferometry. Tan and Grotjohn® solved for
electromagnetic fields inside an unmagnetized plasma-loaded microwave cavity reactor
using the FDTD method using three-dimensional cylindrical coordinates. The electrical
behavior of the discharge inside the reactor was modeled by solving the electron
momentum transport equation. More recently Gopinath and Grotjohn'® developed a
three-dimensional electromagnetic particle-in-cell (PIC) model to simulate a compact

ECR source. The FDTD technique was used to model the microwave fields. The PIC



technique was used to model the dynamics of both the electrons and the ions in the
plasma.

To investigate some of the previously discussed issues, a FDTD simulation for
microwave injection and propagation has been developed. The FDTD simulation was
incorporated as a module in the 2-dimensional Hybrid Plasma Equipment Model
(HPEM).'*® Plasma dynamics are coupled to the electromagnetic fields through a tensor
form of Ohm’s law. The FDTD simulation uses a leap-frog scheme for time integration,
with time steps that are 30% of the Courant limit until reaching the steady state. Power
deposition calculated in the FDTD module is then used in solving the electron energy

eguation.
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[1. Model Description

2.1 Hybrid Plasma Equipment Model (HPEM)

The HPEM is a two-dimensional, plasma equipment model developed at the
University of Illincis.*® The HPEM has the capability of modeling complex reactor
geometries and wide variety of operating conditions. The HPEM allows for a variety of
plasma heating sources and gas chemistries. The base two-dimensional HPEM consists of
an electromagnetic module (EMM), an electron energy transport module (EETM) and a
fluid kinetics ssimulation (FKS). Electromagnetic fields and corresponding phases are
calculated in the EMM. Specifics on the EMM module will be discussed in Section 2.4
Electromagnetic fields calculated in the EMM are used in the EETM to generate electron
energy distribution functions as a function of position and phase. Methods on
determining the electron distribution function will be discussed in Section 2.2. The
electron distribution functions are used to generate sources for electron impact processes
and electron transport coefficients. Parameters determined in the EETM are transferred to
the FK'S where momentum and continuity equations are solved for all heavy particles. A
drift diffusion formulation is used for electrons to enable an implicit solution of Poisson's
equation for the electric potential. The FKS solves for species densities and fluxes.
Details of the FKS module will be discussed in Section 2.3. The species densities and
electrostatic fields produced in the FKS are transferred to the EMCS and the EMM.
These modules are iterated until a converged solution is obtained. A flowchart of the
HPEM is shown in Figure 2.1. Note the HPEM has numerous other modules that are

described in greater detail elsewhere.*®



2.2 The Electron-Energy Transport Module (EETM)

The EETM solves for electron impact sources and electron transport properties by
using electric and magnetic fields computed in the EMM and FKS. There are two
methods for determining these parameters. The first method determines the electron
temperature by solving the electron energy equation. The second method uses a Monte
Carlo ssimulation for electron transport to gather statistics used to generate the electron
energy distribution (eed) as afunction of position.

The electron energy equation method first solves the zero order Boltzman
eguation for arange of predetermined Townsend values to create a table that provides an

eed for each Townsend value. Once the eed isobtained, an average temperature, defined

as % <e>, where <e> is the average energy, is computed from the eed. Electron mobility,

thermal conductivity, energy loss rates due to collisions, and electron impact rate
coefficients are also determined from the eed's.
With al these parameters known as a function of electron temperature, the

following steady state electron energy equation is solved,

RKNT, + Rx(GT,) = Py - Poes: (2.2.1)

where T is the electron temperature, k is the thermal conductivity, Gis the electron flux,
Pheating 1S the power deposition rate, and Piss is the power loss to collisions. Equation
(2.2.1) is solved by successive over relaxation, with transport coefficients being updated

according to the local electron temperature.



The second method for determining electron transport properties is by the
Electron Monte Carlo Simulation (EMCS). The EMCS simulates electron trajectories
according to local electric and magnetic fields and collision processes. Initialy the
electrons are given a Maxwellian distribution and randomly distributed in the reactor
weighted by the current electron density. Particle trgjectories are computed using the

Lorentz equation,

dV_ O f=.o. 5
—=—\E+VXx B/, 2.2.2a
dt me( ) ( )
a _

and G v, (2.2.2b)

where V, E, and B are the electron velocity, local electric field, and magnetic field
respectively. Equations (2.2.2) are updated using a second order predictor corrector
method. The electron energy range is divided into discrete energy bins. Within an energy
bin, the collision frequency, n;, is computed by summing all the possible collisions within

the energy range,

asyN,, (2.2.3)

where g is the average energy within the bin, sijk is the cross section at energy i, for
species| and collision process k, and N; is the number density of species . The free-flight

time is randomly determined from the maximum collision frequency. After the free-



flight, the type of collision is determined by the energy of the pseudoparticle. The
corresponding energy bin in referenced and a collision is randomly selected from that
energy bin, with a null reaction making up the difference between the maximum and
actua collision frequency. At the end of the EMCS, the electron temperature, collision
frequency and electron impact rate coefficients are determined by convolving the electron

energy distribution function with the process cross section.

2.3 Fluid-Chemical Kinetics Simulation (FKS)

The FKS solves the fluid transport equations to provide species densities and
fluxes. The module also includes chemical reactions and a solution of Poisson’s equation
and/or an ambipolar field solution for the electric potential and time-dependent
electrostatic fields. Electron transport coefficients and electron impact rates needed to
solve the fluid and potential equations are obtained from the EETM. lon and neutral
transport coefficients are obtained from a database or by using L enard-Jones parameters.

The species densities are calculated from the continuity equation,

— = -RbG + S, (2.3.1)

where N;, G, and S are the species density, flux, and source for species i. The flux for
each species can be determined by using a drift diffusion or a heavy body momentum

equation. Electron densities are determined using the drift diffusion formulation,

GI = inNiEs - DiNNi’ (23.2)



where m is the mobility of species i, D; is the diffusion coefficient, q; is the species
charge in units of elementary charge, and Es is the electrostatic field. Heavy ion and
neutral fluxes can be determined by using the previous drift diffusion method or by using

the heavy body momentum equation,

where T; is the species temperature, V.

. 1s the species velocity given by G / N;, and njj is
the collision frequency between speciesi and species.

Solutions to Equations (2.3.2-2.3.3) requires knowledge of the local electrostatic
fields. Electrostatic fields can be determined in two ways. The first method solves
Poisson’ s equation for the electric potential. Using the drift diffusion equation, (2.3.2), an

implicit form of Poisson’sis,
0 0

O=.r '+ Deli ¢4 qD,AN,' -3 0,G'2, (234
%] ei (%]

N & Dts + Died g,°’mN > Kif
eg i 1]

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

is elemental charge, g, m, N;, and G are the charge state, mobility, density, and the flux

f'*2isthe

of speciesi at time t, respectively; G is the flux for species| at time t, and
electric potential at time t + Dt. The summations over i are taken for those species using

the drift diffusion formulation and the summation over j is taken for those species using

10



the momentum equation. Equation (2.3.4) is a modified form of Poisson’s equation and is
solved using the successive over relaxation (SOR) method. The time step taken in the
charged-particle update requires that the fields do not reverse in asingle time step. Thisis
known as the dielectric relaxation time. It can be interpreted as the Courant limit on
Poisson’s equation. The implicit method described here allows the time steps to be larger
than the dielectric relaxation time.

The second method for determining the electric potential uses an ambipolar
approximation. Using this assumption, the electron density is computed assuming that the
plasmais quasi-neutral at all points. The flux conservation equation can be written, after

substituting the drift diffusion formulation,

é_-qiNX(qinime _DiNni):é_-qiSi ) (2.3.5)

where S is the electron source function. Equation (2.3.5) can be rewritten to give an

Poisson-like equation for the electrostatic potential,
N%% q,”n,mNf gza (qlDiNni)+éi .S, . (2.3.6)

where the summation is now taken over all the charged species, including electrons. This
Poisson-like equation is discretized and solved using a SOR method. By solving for the
electrostatic potential using the ambi-polar approximation the time step is only limited by

the Courant limit.

11



2.4 The Electromagnetic Module (EMM)

In the current model developed here, the electromagnetic fields, E(r,zf) and
B(r,zf), are solved for in the entire volume of the reactor using a FDTD method starting

with the following forms of Maxwell’ s equations,

NCE= - (2.4.18)
. D

N-H=J+ 1]"—t (2.4.1b)
NxD=r . (2.4.10)

Using the assumption of charge neutrality (r =0) and that the dielectric parameters
m s, and e are independent of time, we consider a 2-dimensional, cylindrical grid with

electromagnetic components of the following form,

E(r2=Eq, (2.4.24)

B(r,2 =B./f +B,2. (2.4.2b)

Substituting into Equations (2.4.1) the following system of equations are

obtained. These are equivalent to Maxwell’s equations in a cylindrical coordinate system

(r.a,2,

—4 == (—-—%)-=—E (2.4.39)

12



1B, (E
F = Tzq_ : (2.4.3b)

1B, 19(rE,)
T =- FWL : (2.4.3¢c)

In Equations (2.4.3), the following identities, J=SxE, B = mH, and
D = e E were used. The transverse electric fields (TE) used in the simulations have
k xE =0, with components Eq Br, and B; as previoudly shown. The spatial locations of

components of Eand B may be chosen so as to provide centered spatia differencing.

The simulations performed here use an alternating direction implicit scheme with a 2%

dimension aternating grid. Azimutha electric fields are calculated at grid points, while
magnetic fields are calculated at locations shifted by half a grid cell, as shown in Figure
2.2.

The FDTD simulation uses a leap-frog scheme for time integration of Maxwell’s
equations. The electric fields are calculated at time t and the magnetic fields are
calculated at timet + Dt/2. The finite differencing representation of Maxwell’s equations

isgiven by,

Eo (D)™™ -Eg(i0)' _
Dt

1O
N9

, (2.4.49)

. | . .1 1
(L J+)-B(hj-7) B(i+_,))-B,(i-_,])
2 _ 2 2 '%Eq(i,j)HDt

2
Dz Dr

1
me

CDOO»O»(&&

Q N O
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Dt Dt

1.t+— N N =

B.(i,j+=) 2-B.(i,j+>) 2 . .
(] 2) (0] 2) :Eq(|,1+1)-Eq(|,J)

Dt Dz ’

(2.4.4b)

o1 . t+% 1. t‘%
B.(+5.) *-B.(i+.]) _ (i +1,) EgG+1,0) - r(i,0) Ey(i,1))

> i, j) + 2 Sbr
é 29

, (2.4.40)

where r ,s, m and e are the radius, conductivity, permittivity and permeability of the
medium, respectively, at location (i, j) [Note: (i, j) corresponds to (r,2)]. Dr and Dz are the
grid sizes in the r- and z- directions and Dt is the integration time step. The Courant

condition on the allowed time step for time integration is given by

1
&1+102E
C

> = >Dt, 2.4.4
o o g (2.4.4)

where c is the speed of light in the medium.

The conduction current density, J, in the plasma is related to the electron drift
velocity, v, by,

J=qnV, (2.4.5)

where ne is the plasma density. To obtain an expression for v, a first moment is formed

by multiplying the Boltzmann equation by v and integrating over velocity. Assuming a

14



Maxwellian distribution function and neglecting pressure gradients, the drift velocity is

obtained from,

v ,
" %(E+ v B -nv, (2.4.6)

where np, is the electron momentum transfer collision frequency. The electric fields and
currents are assumed to be driven harmonically a a frequency w (rads/s) and are

represented by atraveling wave propagating in thez direction,

E(r,2 =Eo(r,2) exp(i (WM - kz)), (2.4.79)

J(r,2) =J(r,2) exp(i (W - kz) ) = g neVo(r,2) exp( i (Wt - kz)). (2.4.7b)
Substituting Equation (2.4.7) into Equation (2.4.6), the following is obtained,
av=E+Vv B, (2.4.8)

wherea = m/q (iw + ny, ). Equation (2.4.8) can be written in the following form,

V=M"1xE, (2.4.9)
where
®a -B, B0
— g -~
M=¢B, a -B-= (2.4.10)
& B, B, agp

15



Combining Equation (2.4.9) with Equation (2.4.5), atensor form of Ohm’s law is

obtained,

J=qnv=qnM*xE=5E. (2.4.11)

Since Bq, E;, and E; are zero, equation (2.4.11) can be expanded as,

.0 an. éaz +B,?) Ba BB, 400
Q'Jq?: a(a2+B s 2)9 -B,a a B.a _QEq_ (2.4.12)
&), 5 ’ z g BB, -B.a (a2+822)§0 p

The azimuthal conduction current density, Jg, is,

J - qne
q a(a2+Br2+BZZ)

a’E,. (2.4.13)

To incorporate J; into Maxwell’s equations, only the real component is
consdered. This is justified by the fact that Maxwell’s equations represent real,
instantaneous fields. If an electric field is used to excite a gas discharge or to heat the
electrons, then the energy absorbed is proportional to the real part of the conductivity.

The real component of Equation (2.4.13) is,

16



é 2 2 u
A + -
& 1 W Ve i
é n,? Geeg? n, 6
Re[3,] = é- e Fag E,, (2.4.14)
é e chc -w-u Ao wuU U m.n,o
g él+ >0 tée—qguq
68 8 eMmig

where Weye = g Bt / Me, is the magnitude of the cyclotron frequency. This equation is
identical to that presented by Cherrington.” If the collision frequency is reasonably small
with respect to the frequency of the electromagnetic field (nm? << W) and if the

electromagnetic frequency approaches the cyclotron frequency, then

1 u

2

q n.n, i
249"

+(W-wy. ) g

2m,

Re[s.] » (2.415)

2
m

@m) D~

If w = weyc the conductivity peaks in a resonant manner and exhibits a Lorentzian
line shape with afull width at half maximum of 2nn,. The peak in the conductivity can be
understood as the condition under which the motion of the electron in the magnetic field
is synchronous with the driving electromagnetic field, setting up a condition under which
the electron continuously gains energy from the electric field. This is analogous to the
conditions achieved in a steady state electric field where the velocity of the electrons (or
the current) is impeded by collisions (Re[s] ~ 1/ny). Hence, collisions limit the amount
of energy absorbed by electrons, but transfer electron energy to the neutral gas. The
absorption of the microwave energy is by both ions and electrons. However, since work
the done on a charged particle by an electric field varies inversely as the particle mass,

the energy imparted to an electron is significantly greater than the energy imparted to an

17



ion. Therefore, direct energy transfer from the incident electric fields to the ions can be
neglected here. Transfer of the electromagnetic energy to the neutral gas takes place
through Joule (elastic and inelastic heating) following electron cyclotron heating of the
electron gas.

The total power per unit volume delivered to the plasma by the electromagnetic
fieldis,

Reff S E"], (2.4.16)

NI

-

where E is the complex electric field. Expanding the product in Equation (2.4.16), and

considering only the azimuthal component, the power deposited in the plasmaiis,

1

<P>absorbed = ESA E

q

(2.4.17)

|2

The phases of the electric field, needed in the EETM, are calculated by
performing a Discrete Fourier Transform (DFT) of the electric fields over one microwave
cycle. The DFT is performed after the fields have converged. Convergence is assumed to
occur after the incident waves have traversed the reactor severa times. During the
calculation of the DFT, the time step is adjusted to incorporate enough temporal points to
resolve the DFT. The phase is then computed as the imaginary part of the DFT divided
the real part of the DFT.

The DFT is calculated by,

18



&P Y

N-1
E()=&E,(ne"° , (2.4.18)
n=0

where E(k) is the DFT of the electric field, k is the harmonic number, and N is an

appropriately large integer to achieve proper temporal resolution. For these ssimulations
the fundamental harmonic, k = 1, was used along with N = 100 temporal points. The

phase was then calculated as,

ImE (i, j, k =1)]

RN e |

(2.4.19)

where Im[E(i,jk=1)] and Re[E(i,jk=1)] are the imaginary and rea parts of the DFT,
respectively.

When time domain electromagnetic fields are obtained using finite difference
techniques in an unbounded space, there must ultimately be a method of limiting the
domain in which the field is computed. This is achieved here by truncating the mesh and

using absorbing boundary conditions at those artificial boundaries which simulates the
unbounded space. Due to the nature of the 2% dimension alternating direction implicit
scheme, boundary conditions which use constant gradients for electromagnetic fields
cause spurious reflections of the incident waves. To remove these unwanted reflections

back into the waveguide a linearized first order wave equation was imposed as a

boundary condition to simulate empty space,

19



ﬂEqnﬂ N ﬂEqn :EﬂEq a,) N E,( -1)9
9z fz cé 1t it o

(2.4.20)

In these ssimulations, the system of interest uses circular TE(O,n) microwave mode
fields injected along the axis of a cylindrically symmetric downstream reactor to excite

the plasma. The complex electric and magnetic field components for circular TE mode

waves as,
E, =A., b—eme (b,r)[C, cos(mf )+ D, sin(mf )Jexp(-jb,2), (2.4.21a)
H =-A_ PPy (b,r)[C, cos(mf )+ D, sin(mf )Jexp(-jb, 2)
f ™wre "V CT? 2 ", (2.4.21b)
2
H,=-jA, vt\)/;reJm (b,r)[C, cos(mf )+ D, sin(mf )lexp(-jb,2), (2.4.21¢)

where Eq, H;, and H,, are the complex azimuthal electric field, radial magnetic field

intensity, and axial magnetic field intensity, respectively, and J(b,r) and J (b,r) are the

Bessel functions and their derivatives.? Likewise b, is defined as,

b, =—m (2.4.22)

where ¢’ mn isthe zeroes of J' (bra) and a is the radius of the waveguide.
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In thiswork, m= 0 and z = 0. The instantaneous field vectors are given by the real
part of the product of the complex field and the time harmonic variation ™. Incident
waves having these amplitudes were introduced as a boundary condition on a dielectric
window. These fields produce electric field distributions which are zero on the axis of
symmetry and the metallic edges of the waveguide, and have a peak off axis. The number
of nodes between the axis of symmetry and the waveguide edge will vary accordingly to
the mode of excitation. Typical electric fields are shown in Figure 2.3 for modes n = 1
andn=2.

The effects of absorbing boundary conditions are shown in Figure 2.4. A circular
transverse electric TE(0,1) field mode, operating at 3.0 GHz, was injectedat the top (z=50
cm) of a metallic waveguide and propagates towards the bottom (z=0 cm) of the open
ended waveguide. In case (a), a constant electric field gradient boundary condition was
imposed at the bottom of the waveguide. As the electromagnetic wave reached the lower
boundary, the imposed boundary condition pinned the electromagnetic field at zero
thereby causing a spurious reflection of the incident wave. The reflected wave combined
with the incident wave to create a standing wave pattern, as can be seen in Figure 2.4. In
case (b), alinearized first order wave equation was imposed as a boundary condition to
simulate unbounded surroundings. In this case, spurious reflections of the incident wave

were removed.
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magnetic field in the alternating direction implicit scheme.
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Figure 2.3 (a) Electric and magnetic field distributions for TEg1 and TEg2 modes as
seen along the direction of propagation. (b) Radial electric field magnitude for TEg1
and TEg2 modes.
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Figure 2.4 Azimuthal electric, radial magnetic, and axial magnetic fields for varying
bottom boundary conditions. Results for (a) constant electric field gradient (b) a
linearized first order wave equation boundary condition at the bottom of the waveguide
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[11. Consequences of Mode Structure, Magnetic Field

Configuration, and Operating Conditions on ECR Plasma Parameters

3.1 Simulated Reactor Geometry, Operating Conditions, and Base Case Analysis.

The ECR model simulates a cylindrical reactor shown in Figure 3.1. Gases are
injected into the reactor through a ring nozzle located near the microwave window and
are exhausted downstream through a pump port. Nitrogen is used as the feedstock gas.
Gas pressure was varied from 0.5 — 50 mTorr and flow rates were varied from 5 — 20
scem resulting in residence times of a few milli-seconds. Typical operating power ranged
from 500 — 1500 W. The collisional processes for neutral particles and ions were, (1)
ionization, excitation, and momentum transfer collisions between electrons and neutral
particles, (2) Coulomb collisons between electrons and ions, (3) charge exchange
collisons between ions and neutral particles, and (4) momentum transfer collisions
among neutral particles. The full reaction scheme is listed in Table 3.1. Electron impact
reactions with molecular nitrogen include excitation up to the eighth vibrational state and
the third electronic state of N. The vibrational and electronic states used in the model are
the sum of all the vibrational and electronic states created by electron impact collisions,
respectively.

Excitation of the electron gas occurs through ECR coupling of the incident
microwave field in the presence of the magnetic field produced by the coils surrounding
the throat region of the chamber. Transverse electric microwave fields, TE(O,n),
operating at 2.00 GHz, were used to sustain the plasma. Although in commercia reactors

a 2.45 GHz microwave is frequently used, a lower frequency was used in these
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smulations to reduce the computation time. For proper computation of wave
propagation, a minimum number of grid points are needed. The grid resolution for in the
direction of propagation must be at least 80 grid points per wavelength. Resolution in the
direction perpendicular to propagation can be coarser, with about 40 grid points per
wavelength. The grid dimensions used here were 160 points in the axial direction and 55
points in the radial direction, for a total of 8,800. Applying the previous criterion, the
total number of points needed for the same geometry operating at 2.45 GHz is 12,740. By
using a frequency of 2.00 GHz, the cpu time is reduced by 33%, while the results

obtained at the lower frequency are comparable to those obtained at 2.45 GHz.

i) Plasma Parameters

The base case was N, at 1 mTorr, 10 sccm and 750 W. The circularly transverse
electric fields are injected at the top of the reactor through a waveguide antenna. The
wave propagates through the dielectric window and into the processing chamber. A static
magnetic field is generated by a direct current solenoid, designed to produce a resonance
zone in the throat of the chamber. Magnetic field lines and contours are shown in Figure
3.2. The top set of magnetic coils are use to determine the location of resonance, while
the bottom coil is used to enhance confinement of charged species and allow tailoring of
the flux profile to the wafer surface. Base case simulations used only the upper most top
coil and the subcoil. For the given geometry and operating conditions, the primary
resonance occurs in the upper region of the reactor where B = 714 Gauss. Thereis also a

secondary resonance located downstream that occurs when the subcoil is used. When Weyc

= w, the conductivity peaks in a resonant manner and exhibits a Lorentzian line shape, as
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shown in the left side of Figure 3.3 (b). The axial profile of the static magnetic field and
the conductivity, at a radius of r = 5 cm, are shown in Figure 3.4 (a). The conductivity
reaches a peak value of 0.035 W'-cm™ in the resonance zone (z = 19.5 cm) and falls off
by afactor of 10* in a 2.2 cm axial range, having a full width at half maximum (Dwe) of
twice the collision frequency, 2np,.

As the electromagnetic wave approaches the resonance zone, the magnitude of the
wave falls of by a factor of 10 from its initial value. The axia profile of the incident
electric field and power deposition in the chamber at aradius of r = 5 cm are shown in
Figure 3.4 (b). At the input window (z = 26 cm) the electric field amplitude is 184.2 V-
cm?, which falls monotonically to 27.8 V-cm™ in the resonance region. At these
operating conditions, 85% of the incident wave is absorbed before the middle of the
resonance zone. There is a small amount of transmission of the incident electromagnetic
wave into the downstream region, as shown in Figure 3.3 (a) and 3.4 (b). The amount of
transmission is a sendtive function of gas pressure. When transmission does occur,
reflected waves off surfaces in the downstream region (i.e. the wafer) can create
interference patterns with the transmitted wave. This combination can produce a small
standing wave pattern in the downstream region, as shown in Figure 3.4 (b). The axia
magnetic field component of the wave is seen to follow the same as for azimuthal electric
field profiles as shown in the right side of Figure 3.3 (a). The magnetic field falls off at a
comparable rate to the azimuthal electric field. The enhanced magnetic field at the edge
of the wafer is caused by steep gradients in the finite difference approximation.

Power deposition in the reactor is given by Equation 2.4.16 and is shown in the

right side of Figure 3.3 (b). The power deposition follows the conductivity along the axial
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direction, exhibiting a Lorenztian line shape, while it reflects the profile of the azimuthal
electric field component along the radia direction. Power deposition occurs
predominantly within 3% of the resonance zone, although a small amount of power
deposition occurs near the bottom coil due to the second resonance region created by the
subcoil. Peak values of power deposition are 15.2 W-cm™ in the resonance region and fall
off by afactor of 10% in @ 2.6 cm axial distance downstream. In the upstream region, the
continual absorption of the incident electromagnetic wave produces a small amount of
power deposition that constitutes about 2% of the total.

Electron temperatures in ECR sources are typically higher than those obtained
using inductively coupled plasma (ICP) devices.* Electron temperatures can exceed 8 eV
for pressures below 0.5 mTorr. Electron temperatures in the resonance region reflect
radial power deposition distributions, and have a peak value of 7.1 eV, as shown in the
left side of Figure 3.5 (a). In the steady state, the plasma generation by ionization of
neutrals is in balance with plasma losses due to diffusion. The solenoidal magnetic field
minimizes diffusion losses to the chamber walls. Diffusion therefore mainly occurs along
the magnetic field lines thereby allowing the radial electron temperature distribution to
maintain its profile far into the downstream region.

Due to a large electron mobility along the magnetic field lines, electrons initially
quickly transport out of the system, leaving ions behind and building a space charge
potential. This condition leads to ambi-polar diffusion of ions and the production of a
electropositive plasma. The high electron temperatures tend to produce a large electric
potential which has a uniform profile throughout the processing chamber, as shown in the

right side of Figure 3.5 (a).
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i) Gas dynamics

The ionization rates and electron densities are shown in Figure 3.6 (4). The
ionization rate has a maximum off axis near the peak in the electron temperature. The
peak value of the ionization rate in the resonance zone is 1.07 ~ 10% cm™-sec™ and the
off axis distribution is maintained downstream. This distribution results from the
enhanced transport of hot electrons along the magnetic field lines which alows for
ionization to occur downstream. The electron density peaks in the resonance zone with a
value of 1.58 ~ 10™ cm™. For these operating conditions, the radial distribution of
densities tend to reflect their radial sources, due to the strong radial confinement of
electrons by the magnetic field which enable the off axis distribution to be maintained
downstream. Due to the small amount of power deposition that occurs near the subcoil,
there is a local peak in the electron density. It will be shown in Section 3.5 that the
electron density is a sensitive function of pressure.

The distribution of N»(C ng+) and its source are shown in Figure 3.6 (b). The
depletion of N, occurs primarily by electron impact reactions. Therefore the gas density
has a minimum in the off axis region were the ion density peaks. However, production of
N2 is dominated by recombination at the walls and is strongest at the dielectric window,
were the density of excited species is the highest. The vector arrows shown in Figure 3.8
represent gas flow in the reactor chamber.

The N»(C ng+, v=1) density and its source are shown in Figure 3.7 (a). Depletion
of the vibrational state occurs through electron impact reactions which produce the
electronic state No(A 3S,"). These reactions occur at high electron temperatures since the

threshold energy is ~ 6 eV. Therefore, the N,(C lSg+ v=1) production rate is negative and
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follows the off axis peak in the ionization. In the volume beyond the radius of the
substrate the electron temperature decreases to the point where excitation to the first
electronic state is not important, thereby reducing losses enabling the production rate to
peak. The density of N,(C ng+, v=1) reflects the off axis sink in the production rate.

The Na(A 3S,") density and source are shown in Figure 3.7 (b). The electronic
state is primarily produced through electron impact reactions with the ground state, N,(C
ng+) and the first vibrational state, N(C ng+ v=1). Results suggest that excitation from
the ground state to the electronic state is in large part achieved through a vibrational
transition. The spatial distribution of excitation of N2(A 3S,") production follows that for
ionization and is peaked off axis. However, there is aso a local peak in the production
rate near the dielectric window. This is due to a smal peak in the density of the
vibrational state that occurs near the window. In this region, electron temperatures are
high enough to produce excitation from Na(C 'Sy" v=1) to N(A *S,"). Steep gradientsin
the radial direction suggest that the electronic state is short lived and its density depends
largely on local reaction kinetics.

The production of ground state atomic nitrogen, N(*S%), occurs dominantly
through the dissociation of ground state molecular nitrogen, N»(C lSg+). Density and
sources for N(*S°) are shown in Figure 3.8 (a). Production is peaked off axis and reflects
electron densities. Atomic nitrogen densities are uniform throughout the reactor, but
exhibit pesks at the walls surface from the quenching of N(*D°% and neutralization of
N*(®P). Density and sources for the N(°D°) state are shown in Figure 3.8 (b). The radial
gradients of N(*D°), suggest that it has a short lifetime and that densities largely depend

on local reaction kinetics, similar to Na(A 3S,H.
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Density and ionization rates for charged species N,*(C *S;") and N*(°P) are
shown in Figure 3.9. Production of N,*(C *S,") occurs predominately through an electron
impact collision with N,(C lSg+), while the production of N*(3P) occurs predominately
through a charge exchange collision with N,*(C ?Sy"). Both charged species have
production and density peaks off axis. However, N,*(C 2Sy") retains its off axis peak
further downstream than N*(°P) because the diffusion perpendicular to the magnetic field

lines is smaller for the heavier N,*(C 2Sg") ion than the N*(°P) ion.

3.2 Experimental Validation of lon Saturation Current

To validate predictions of flux to the substrate, experiments conducted at Kyushu
University were simulated.? The experimental apparatus consisted of a TEy; microwave
source at 2.45 GHz. The ion saturation current density and the plasma potential were
measured by a cylindrical Langmuir probe 1 mm in diameter. The ssimulation geometry
and operating conditions resemble the experiment except that the length of the reactor in

the smulations is half of the experiment. The ion saturation current density is given by,

1
aelF -V, |02
|=2en EM— (3.2.1)

s
m +
1]

where €, ns, Fp,, Vg, and m are the electric charge, ion density, plasma potential, probe
potential, and ion mass. The radial distribution of the ion saturation current density was
compared to the experimental results shown by Hidaka et al. The N, pressure is 0.5

mTorr with a power deposition of 3 kW. The radial distribution of the ion saturation
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current density for both experiment and computation are in good agreement, as shown in
Figure 3.10. The radial ion saturation current density in the case of the TEy mode is
uniform within 5% over an 8 inch diameter. Since the saturation current was obtained
from the plasma potential, such uniformity might have been expected from the uniformity
of the plasma potential distribution shown in the right side of Figure 3.5 (a). The
dependence of ion saturation current density on input microwave power is shown in
Figure 3.11. Theoretical predictions follow experimental trends with the saturation

current increasing linearly in proportion to microwave power.

3.3 Activation of Subcoil

Base case simulations were conducted with the magnetic subcoil activated.
Results based on parametric studies conducted with and without activation of subcoil are
discussed in this section. Magnetic field line configurations without and with activation
of the subcoil are shown in Figure 3.12. The bottom coil is used to enhance confinement
of charged species. By producing a solenoidal magnetic field configuration, diffusion
losses to the walls are significantly reduced. The average reactor electron density as a
function of power with and without activation of the subcoil is shown in Figure 3.13. The
electron density is higher with the subcoil than without. The electron density did increase
with increasing power without the subcoil but the slope is smaller than with the coil. At a
power of 500 W, the electron density is increased by 100% when operating with the
subcoil as compared to operating without the subcoil. At a power level of 1500 W, the
electron density is increased by more than 230%. This apparent saturation of the absorbed

power is qualitatively similar to measurements made in other systems using probes® and



interferometry.* This effect has been attributed to a failure of the microwaves to
propagate in an overdense plasma.®

The effects of activating the subcoil on electron temperature as a function of
power are shown in Figure 3.14. A larger electron temperature is obtained without
activation of the subcoil. The decrease in average el ectron temperature with the subcoil is
due to reduced diffusion losses. lonization efficiency of the neutral gas is also enhanced
with the subcail, as shown in Figure 3.15. The reactor average ion to neutral density ratio
follows the same dependence as the electron density. These results suggest that the
electron density may not be limited by the apparent saturation of absorbed power, as
previously mentioned, but instead may be limited by the diffusion losses.

Another benefit using the subcail is to allow tailoring of the ion fluxes to the
wafer surface. The solenoidal magnetic field configuration causes the plasma density to
maintain the radial profile it had in the resonance zone near the substrate surface. The
effects of subcoil activation on the ion flux to the substrate are shown in Figure 3.16. The
increase in ion flux with increase in power reflects the overall increase in the reactor
average plasma density.

Flux uniformity is defined as,

F Pesk F Average

Flux uniformity = 1- : (33.1)

Average

where F pex and F average @re the peak and average ion flux, respectively. The ion flux

profiles with and without activation of the subcoil are different at of 1 mTorr. Without
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activation of the subcoil, the flux profiles have a 83% uniformity at 1,000 W and a 95%
uniformity at 500 W. This trend is due to the tieing of flux to magnetic field lines, which
cause enhanced radial divergence and a subsequent loss of the plasma to the walls. With
the subcoil, ion flux profiles tend to reflect the off axis plasma density peaks shown in
Figure 3.16. The ion flux profiles become increasingly non-uniform at higher power
levels. At 500 W, flux profiles have a 86% uniformity, while at 1,000 W uniformity falls
to 69%. Flux profiles for neutral species incident on the substrate show similar results.
Fluxes for No(C 'S, v=1), Na(A °S,"), N(*S°), and N(°D°) reflect their off axis density
peaks, as shown in Figures 3.17 - 3.20.

lon fluxes at higher pressures (> 1 mTorr) show a significant decrease. In the limit
where the cyclotron frequency is much larger than the collision frequency, diffusion
perpendicular to the magnetic field lines increase with the rate of collisions at higher
pressures while the mobility and diffusion coefficient parallel to the magnetic field is
inversely proportiona to the collision frequency. Axia diffusion losses decrease along
the axial direction at higher pressures, while there is an increase in cross field diffusion.

The second reason is due to the decrease in axial diffusion losses. As diffusion
parallel to the field lines is decreased at higher pressures, the residence times are
lengthened, thereby increasing the probability for cross field diffusion to occur. These
coupled effects tend to produce a more uniform plasma density profile in the downstream
region, as shown by the ion flux profiles at the substrate in Figure 3.21. At 1 mTorr, the
ion flux profile is affected by the activation of the subcoil. At these operating conditions
the plasma density is peaked off axis in the resonance zone. Due to the activation of the

subcoil, the off axis peak is shifted downstream and is reflected in the flux profile.
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As the pressure is increased, with the subcoil on, the magnitude of the flux
decreases. However, the uniformity of the flux profile is improved because the plasma
density profile has become more uniform in the downstream region. Flux magnitudes for
N2(C 'S,", v=1) and N(*D°) increase with increasing pressure, as shown in Figure 3.22
and 3.23. Subcoil activation tends to increase the fluxes because of an increased in the
rate of electron impact processes. The uniformity of the flux of these longed lived
neutrals do not have a strong dependence on subcoil activation, but instead are sensitive
to increased pressure gradients at the substrate surface that are at higher pressures.
However, the uniformity of the flux for No(A 3S,"), shown in Figure 3.24, is strongly
dependent on subcoil activation implying that the flux is sensitive to chemica kinetics
close to the substrate. The flux for ground state atomic nitrogen, shown in Figure 3.25
had little dependence on subcoil activation, at higher pressures, and had uniformity above
95%.

Oveadl, these results suggest that use of the subcoil causes the flux to the
substrate to more closely reflect the reactor density profiles. An increase in power leads
to the enhancement of any non-uniformities present in the flux profile. At higher
pressures the sensitivity on subcoil activation is decreased and the uniformity of the flux

isimproved.

3.4 Resaultsfor Varying Modal Structures
Higher order circular TEy, modes have several off axis peaks in the electric field
depending on the harmonic used. The use of higher order modes is believed to create

several off axis power deposition peaks and thereby provide greater uniformity at the
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substrate. Incident electromagnetic wave profiles for TEg; mode fields are shown in
Figure 3.26 (a). The azimuthal electric field component of the incident wave has an off
axis node that produces two peaks in the field intensity. The magnitude of the outer peak
is smaller than the inner peak as per the derivative of the Bessal function (Eq. 2.4.18a).
The power deposition profile, shown in Figure 3.26 (b), reflects the field intensity of
azimuthal electric field component. When using the TE(0,2) mode, the off axis zero
produces two separate regions of power deposition. However, the power deposited in the
outer peak is less than that deposited in the inner peak by a factor of two. The power
deposition profile follows the conductivity profile along the axial direction and exhibits a
Lorenztian line shape similar to the TEy mode.

Enhanced diffusion along the magnetic field lines alows the radial electron
temperature distribution to maintain its profile far into the downstream region as shown
in Figure 3.26 (b). Similar to the TEy; modes, higher order modes have enhanced thermal
conductivity along the magnetic field lines. However for the higher modes, the radial
electron temperature does not directly reflect the radial power deposition profiles. The
radia profiles for the power deposition and electron temperature in the resonance zone
for TEp; and TEgp, modes, are shown in Figure 3.27. In the TEy case, the electron
temperature reflects the off axis peak in the power deposition. While in for the TEy, mode
field, the radia electron temperature profile exhibits only one off axis peak produced by
the inner power deposition peak. The superposition from both peaks causes the
temperature distribution to be constant as a function of radius outside of the first node in

the power deposition radial profile. The central peak in the radia temperature for the
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TEq, case produces ionization rate distributions that are peaked closer to the axis of
symmetry than those produced for the TEy case, as shown in Figure 3.28.

The electron temperatures as a function of power for the TEy; and TEo, modes are
shown Figure 3.29. In the resonance zone, electron temperatures tend to be higher for
higher electric field modes. For the TEg, mode, the superposition of two power
deposition peaks produces higher temperature distributions than those produced by the
TEo mode. Likewise in the resonance zone, electron densities tend to be higher for the
higher modes. Since the electron temperature is higher in this region, local ionization
rates will tend to be higher for the higher order modes, producing an increase in the local
value of the electron density. However, reactor averaged electron production rates are
higher for the lower modes because of lower diffusion losses that occur at the lower
temperature. This produces a higher reactor average plasma density for the TEy; mode
than the TEy, mode, as shown in Figure 3.30. In addition, the reactor average electron
temperature, shown in Figure 3.29 is lower for the TEy;; mode. Such a decrease in the
reactor average electron temperature for the lower TEy; mode is due to reduced diffusion
losses and the cooling of the electron gas due to elastic collisions that occurs at the higher
densities. Subsequently, the ion to neutral density ratio is higher for the lower mode
structure. As shown in Figure 3.31, the TEy; mode structure is more efficient in the
overal ionization of the gas.

lon flux profiles tend to reflect the off axis peaks in ionization rates and plasma
densities. The ion flux shows the effect of the inner peak in the power deposition for the
TEo, mode, as shown in Figure 3.32. The peak values for the higher order modes are

higher than those produced by the lower mode fields. However, since the position of the
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higher TEo, peak is at a smaller radius (r = 1.8 cm) than the peak value of the lower TEy;
peak (r = 3.9 cm), the overall average ion flux to the substrate is higher for the lower
mode, as shown in Figure 3.33. Fluxes profiles for all neutral species show similar trends
by reflecting the off axis peak in the power deposition. The peak flux values are not

significantly increased by the higher mode fields, as shown in Figures 3.34 - 3.37.

3.5 Pressure Dependence

Plasma parameters are a sensitive function of chamber pressure. Electron
temperature dependence on gas pressure is shown in Figure 3.38. The average electron
temperature increases slowly at higher pressures, from 1 eV at 50 mTorr to 3 eV at 2
mTorr, and increases at a faster rate below 2 mTorr, reaching a value of ~ 8 eV at 0.5
mTorr. This increase in electron temperature is due to the plasma's ability to efficiently
absorb microwave energy, a decrease in collisional cooling that occur in the low pressure
regime and larger diffusion losses which require a higher ionization rate to compensate.

Parametric studies show that as the pressure is decreased below 2 mTorr, there is
a shift in the peak electron density towards the center of the reactor as shown in Figure
3.39. At 10 mTorr the plasma is peaked at the location of peak power deposition and
becomes increasingly uniform toward the substrate surface. At 1 mTorr, the plasma
density is peaked again near the location of peak power deposition, but is dightly shifted
inward due to diffusion effects. The density maintains its off axis peak far into the
downstream region. At 0.5 mTorr, the density has shifted and is now peaked towards the
center of the chamber. For these operating conditions, the reactor average electron

density peaks around 1 mTorr at avalue of 1.25 10* cm?, as shown in Figure 3.40. As
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the pressure is decreased, the average plasma density falls to avalue of 5.0~ 10™ cm™ at
0.5 mTorr. As the pressure is increased above 1 mTorr the average plasma density falls
off, but at amore gradual rate, to avalue of 8.0 10" cm at 50 mTorr.

The ion flux to the substrate, shown in Figure 3.41, reflects the shift towards the
center at pressures below ~ 1 mTorr. The average ion flux and uniformity are shown in
Figure 3.42. At 10 mTorr, theion flux peaks near aradius of 5cm at avaue of 85" 10™
cm?-s?, with a uniformity of 78%. As the pressure decreases below 1 mTorr the pesk in
the ion flux density shifts towards the center of the reactor and the peak in ion flux
increases to 5.0 © 10" cm®s* at 0.75 mTorr. However, the uniformity falls to 45%. At
0.5 mTorr the ion flux profile peaks at the center with peak value of 2.75 " 10" cm>s?,
while the uniformity begins to increase to a value of 60%. The average ion flux peaks at a
pressure of 0.75 mTorr, while uniformity reaches its lowest. These results indicate that
there exists an optimal pressure were both average ion flux and uniformity can be
efficiently maximized. This efficiency is shown in Figure 3.43 as the product of the
average ion flux magnitude and the percent uniformity. The efficiency peaks at a value of
72% for a pressure of 0.75 mTorr.

The decrease in ion flux and increase in flux uniformity is expected in the high
pressure regime. The diffusion coefficient paralel to the magnetic field lines decreases
with increasing collison frequency. Therefore, in the high pressure regime, the
magnitude of the average ion flux has an inverse pressure dependence. Likewise, the
increase in the ion flux uniformity is due to the enhancement in the diffusion of charged
particles perpendicular to the magnetic field lines. The diffusion coefficient perpendicular

to the magnetic field lines goes as, in the limit wet? >> 1,
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KTn,
D, = > - (3.5.1)
mw

In the low pressure regime, the average ion flux magnitude decreases with
decreasing pressure, while the peak-average percent uniformity increases. More
significantly, the peak in the plasma density profile shifts toward the center of the reactor
suggesting enhanced diffusion perpendicular the magnetic field lines. Such a result is
counter-intuitive, since diffusion across the magnetic field lines decreases with
decreasing collision frequency. At lower pressures, the collision frequency is expected to
decrease accordingly. This increase in collison frequency at lower pressures can be
attributed to an increase in the electron temperature. The momentum transfer rate
coefficient increases with increasing electron temperature, as shown in Figure 3.44. The
momentum transfer rate coefficient and the neutral gas density versus chamber pressure
is shown in Figure 3.45. At low pressures, rate coefficient is exponentially increasing due
to the rise in the electron temperature. As the pressure increases, the temperature
decreases thereby decreasing the value of the rate coefficient. Likewise, as the pressure
increases so does the neutral gas density. The collision frequency, which is the product of
the momentum transfer rate coefficient and the neutral gas density, is senditive to
temperature in the low pressure regime, while it becomes dependent to neutral gas
densities in the high pressure regime. This increase of the collision frequency in the low
pressure regime produces enhancement diffusion of charged particles across the magnetic
field lines. Overdl, diffusion losses are enhanced in both the low and high pressure
regimes. There exists an optimal pressure for charged particle confinement, maximizing

ion flux to the substrate surface, and flux profile uniformity.
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Reaction

e+ Ny(C'S,) ®
e+ Ny(C'S,) ®
e+ Ny(C'S,) ®
e+ Ny(C'S,) ®
e+ Ny(C'S,) ®
e+ Ny(C'S,) ®
e+ Ny(C'S,) ®
e+ Ny(C'S,) ®
e+ Ny(C'S,) ®
e+ Ny(C'S,) ®
e+ Ny(C'S,) ®
e+ Ny(C'S,) ®
e+ Ny(C'S,) ®
e+ Ny(C'S,) ®
e+ Ny(C'S,) ®

Table 3.1 Gas phase reactions for No.

e+ Ny(C 'S, v=1)
e+ Ny(C 'S, v=2)
e+ Ny(C 'S, v=3)
e+ Ny(C 'S, v=4)
e+ Ny(C 'S, v=5)
e+ Ny(C'S,", v=6
e+ Ny(C 'S, v=7)
e+ Ny(C 'S,", v=8)
e+ Ny(A 3s,h

e+ Na(B 3Py

e+ Ny(B*3S))

e+ Ny(a 3sy,)

e+ Ny(C3Py)

e+ N(*S) + N(°D%
2e+ N,"(C %Sy

e+ Ny(C'Sy", v=1) ® e+ Ny(C'Sy")
e+ Ny(C 'Sy, v=1) ® e+ Na(A 3S,")

e+ Ny(C'Sy", v=1) ® 2e+ N,"(C *Sy")

e+ Ny(A °S,") ®
e+ Ny(A °S,") ®
e+ Ny(A ’S,") ®

e+ Ny(C 'S, v=1)
e+ Ny(C 'Sy")
2e+ N,"(C %Sy

e+ Ny'(C %Sy ® N(*D°%) + N(*SP)
e+N(*S) ® e+ N(EDY

e+ N(*S) ® e+ NEP)

e+ N(*S) ® 2e+N*(P)

Rate Coefficient

Ref.

c O T O T T U»T T T T T T T Tt T T T T T T T

1.00° 107

D OO O O O O O O 0 0 0 N N o oo o oo oo o o o

© © O o



e+ NCD%) ® e+ N(*S?) b 9

e+ NCDY) ® e+ N'(’P) b 9
Na(A 3S,") + No(C 1S5 ® 2Ny(C 1Syh) 1.90" 10" c
Na(A °S,") + N(*SY) ® Ny(C 'Sy") + N(*S?) 1.00" 10" c
Na(A 3S,") + N(*D%) ® Ni(C 'S") + N(*S) 1.00" 10" c
N(*D% + N(C 'S;") ® N(*S%) + Nx(C 'S;") 2.00" 10" c
NCD% + N(*S®) + M ® Na(A 3S,") + M 2.00" 10%# c
2N(*S) + M ® Ny(A S, + M 1.00° 10 c
2N(*S’) + M ® Ny(C 'Sy + M 1.00"° 10 c
2N2(A °S,") ® Na(A 3S,") + No(C 'Sgh 136" 10° c
N2(C 'Sy", v=1) + Na(C 'S;") ® 2N,(C 'Sy 1.00° 10" c
Na(C 'Sy", v=1) + N(*S) ® Ni(C 'S;") + N(*S) 1.00" 10" c
N2(C 'Sy", v=1) + N(*D%) ® Ny(C 'Sy") + N(*S?) 1.00" 10" c
N,*(C ?Sg") + N(*S) ® Na(C 'Sg") + N*(°P) 5.00° 10™2 c
N2*(C ?Sg") + N(*D%) ® Nu(C 'Sg") + N*(CP) 1.00" 10%° C
N,*(C ?Sg") + No(C 'Sy") ® Ni(C 'Sy") + N2(C %Sy") 1.00" 10° c
N2*(C ?Sg") + Na(A °S,") ® Ni(C'Sy") + N2'(C %Sy") 1.00" 10° c
N,*(C ?Sg") + No(C 'Sy, v=1) ® N(C 'Sy") + N2 (C%Sg)  1.00”° 107 c
N*CP) + N(*S®) ® N(*S%) + N*(P) 1.00" 10° c
N*CP) + ND%) ® N(*S%) + N*(’P) 1.00" 10° c
N*(’P) + No(C 'Sg") ® N(*S”) + N2(C %Sy") 1.00" 10° c
N*(’P) + No(A 3S,") ® Ny°(C %Sy") + N(*S) 1.00" 10° c
N*(’P) + No(C 'Sy", v=1) ® N,*(C ?Sg") + N(*SP) 1.00" 10° c

%Inthe FKS, al vibrational excitations of N»(C ng+) are lumped into, N»(v), whichis
effectively No(C ng+ v=1) and all electronic excitations of N,(C ng+) are lumped into
N, , which is effectively No(A 3S,).

P Rate coefficients are calculated from electron energy distribution obtained from EETM.
¢ Estimated.
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Figure 3.1 Typical electron cyclotron resonance (ECR) tool used for materials processing.
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Figure 3.2 Magnetic field configuration inside the ECR reactor. Vector arrows (black)
represent magnetic flux lines and contour lines (red) represent magnetic field
intensities.
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Figure 3.3 Azimuthal electric field component and axial magnetic field component of
the incident electromagnetic field (b) plasma conductivity and power deposition inside
the ECR processing tool for base case conditions.
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Figure 3.4 Axial profiles of (a) plasma conductivity and static magnetic field (b) azimuthal
electric field intensity and power deposition for base case conditions at a radius of 5 cm.
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Figure 3.5 (a) Electron temperature and electric potential (b) azimuthal electric current and
momentum transfer collision frequency inside the ECR processing tool for base case
conditions.
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Figure 3.6 (a) Electron density and electron source (ionization rate) (b) N2 gas density and
N2 source inside the ECR processing tool for base case conditions. Black vector lines in
(b) represent gas flow.
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Figure 3.7 (a) N2(v) density and N2(v) source (b) N2* density and N2* source inside the
ECR processing tool for base case conditions.
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Figure 3.8 (a) N density and N source (b) N* gas density and N* source inside the ECR
processing tool for base case conditions.
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Figure 3.9 (a) N2 density and N2 source rate (b) N* density and N* source inside the
ECR processing tool for base case conditions.
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55



20

R N2, 0.5 mTorr
£
°Q
<
£
2
)
c
o
(]
= 10
£
=
o
c
e s/ -
= Experimental
g / (R. Hidaka etal) [
© .
) — — — - Theoretical
c
o
0
0 1 2

Microwave Power (kW)

Figure 3.11 Experimetal and computed values of the ion saturation current density for a
TEp1 electric field mode with varying power.
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Figure 3.12 Magnetic flux in the ECR processing tool (a) without activation of the
magnetic subcoil (b) with activation of the magnetic subcoil.
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Figure 3.13 Average reactor electron density with and without activation of the
magnetic subcoil as a function of power.
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Figure 3.14 Average reactor electron temperature with and without activation of the
magnetic subcoil for varying power.
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Figure 3.15 lon to neutral density with and without activation of the magnetic subcoil

as a function of power.
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Figure 3.16 lon flux to the substrate with and without activation of the magnetic
subcoil for different powers.
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Figure 3.17 N2(v) flux to the substrate with and without activation of the magnetic

subcoil for different powers.
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Figure 3.18 N2™ flux to the substrate with and without activation of the magnetic

subcoil for different powers.
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Figure 3.19 Atomic nitrogen, N, flux to the substrate with and without activation of the
magnetic subcoil for different powers.
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Figure 3.20 N flux to the substrate with and without activation of the magnetic subcoil
for different powers.
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Figure 3.21 lon flux to the substrate with and without activation of the magnetic
subcoil for different pressures.
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Figure 3.22 N2(v) flux to the substrate with and without activation of the magnetic
subcoil for different pressures.
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Figure 3.23 N* flux to the substrate with and without activation of the magnetic subcoil
for different pressures.
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Figure 3.24 N»™ flux to the substrate with and without activation of the magnetic
subcoil for different pressures.
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Figure 3.25 Flux of atomic nitrogen, N, to the substrate with and without activation of
the magnetic subcoil for different pressures.
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ECR processing tool.
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Figure 3.27 Radial profiles of electron temperature and power deposition for the (a) TEg1
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Figure 3.29 Reactor average electron temperature and average electron temperature in
resonance zone for the TEg1 and TEg2 mode as a function of power.
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Figure 3.30 Reactor average electron density and average electron density in resonance
zone for the TEQ1 and TEg2 mode as a function of power.
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Figure 3.31 lon to neutral density ratio for the TEg1 and TEg2 mode as a function of

power.
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Figure 3.32 lon flux to the substrate for the TEp1 and the TEg2 mode for different
powers.
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Figure 3.33 Average ion flux to the substrate for the TEg1 and TEg2 mode as a
function of power.
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Figure 3.34 N2(v) flux to the substrate for the TEg1 and the TEg2 mode for different

powers.
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Figure 3.35 Nz* flux to the substrate for the TEg1 and the TEg2 mode for different
powers.
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Figure 3.36 Flux of atomic nitrogen, N, to the substrate for the TEg1 and the TEqg2

mode for different powers.
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Figure 3.37 N™ flux to the substrate for the TEQ1 and the TEg2 mode for different
powers.
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Figure 3.40 Reactor average electron density as a function of pressure.
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Figure 3.41 lon flux as a function of radius for varying chamber pressure.
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Figure 3.42 Average ion flux and the percent uniformity of the ion flux to the substrate

as a function of pressure.

87



1.0 T T

0.80 |-

0.60 |- .

Efficiency

0.40 |-

0.20 |- .

0.0
0.10 1.0 10 10

Pressure (mTorr)

Figure 3.43 Efficiency as a function of pressure. The “efficiency” is defined as the
product of the average flux and the percent uniformity.
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Figure 3.44 Momentum transfer rate coefficient as a function of electron temperature.

89



Momentum Transfer
Rate Coefficient (cm

3 S'l)

410

310" |

210" |

110" |

Temperature Pressure f
Dependence ¢——p Dependence
Regime Regime /

[

10

Figure 3.45 Average mometum transfer rate coefficient and neutral gas density as a

function of pressure.

10

Pressure (mTorr)

90

10

o W) Allsuag seo |eJ1ne|\gi>

110"

=

o
i
~

=

o
N
=~

(e-



V. Conclusions

A finite-difference-time-domain (FDTD) simulation for microwave injection and
propagation has been developed to examine the spatial coupling of microwave radiation
to the plasma in an electron cyclotron resonance (ECR) reactor. Microwave coupling is a
concern due to issues related to the uniformity of dissociation, electron heating, and
ultimately process uniformity. The FDTD simulation was incorporated as a module in the
2-dimensional Hybrid Plasma Equipment Model (HPEM). Plasma dynamics were
coupled to the electromagnetic fields through a tensor form of Ohm's law. Power
deposition calculated in the FDTD module is then used in solving the electron energy
equation. Consequences of mode structure, magnetic field configuration, and operating
conditions on plasma parameters and fluxes to the substrate in ECR sources for materials
processing were examined with this model.

The computed radial distribution of the ion saturation current density showed
good agreement with experiment. The radial ion saturation current density in the case of
the TEx: mode was uniform within 5% over an 8 inch diameter. Parametric studies in
which microwave power was varied showed that theoretical predictions followed
experimental trends, with the saturation current increasing linearly in proportion to
microwave power.

Results with varying magnetic coil configurations showed that when operating
with the subcail the ion flux to the substrate reflected the reactor ion density profiles. An

increase in power level leads to the enhancement of any non-uniformities present in the
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flux profile. At higher pressures the sensitivity of the ion flux to activation of the subcoil
is decreased and the uniformity of the ion flux isincreased.

It was shown that the higher order circular TE, modes have severa off axis peaks
in the electric field depending on the harmonic mode, n, used. The power deposition
exhibits a semi-Lorentzian line shape in the axial direction and reflects the incident
electric field profile in the radial direction. However, production of several off axis peaks
in the power deposition does not necessarily enhance the uniformity of the flux incident
onto the substrate. The distance of the resonance zone to the substrate and the magnetic
field configuration determined the extent that higher order modes enhanced uniformity of
the flux to the substrate. Overall, diffusion losses are enhanced in both the low and high
pressure regimes. Results suggest that there is an optimal pressure for charged particle

confinement, maximizing ion flux to the substrate surface, and flux profile uniformity.
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