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Noncollisional heating and electron energy distributions in magnetically
enhanced inductively coupled and helicon plasma sources
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The ability to deposit power in the volume of plasma reactors at locations deeper than the
conventional skin depth makes magnetically enhanced inductively coupled plasma~MEICP! and
helicon sources appealing for use in materials processing. Mechanisms for power deposition and
electron energy transport in MEICPs have been computationally investigated using a
two-dimensional~2D! plasma equipment model. Using a tensor conductivity in the solution of
Maxwell’s equations, three-dimensional components of the inductively coupled electric field are
produced from anm50 antenna and 2D applied magnetic fields. These fields are then used in a
Monte Carlo simulation to generate electron energy distributions~EEDs!, transport coefficients, and
electron impact source functions. The electrostatic component of the wave is resolved by estimating
the charge density using an oscillatory perturbed electron density. For MEICPs operating at
pressures less than 10 mTorr in Ar, significant power deposition occurs downstream when the radial
and axial components of the electric field are commensurate with the azimuthal component. For
magnetic fields above 100 G, the tail of the EED~.20–30 eV! is enhanced in the downstream
region. This enhancement results from noncollisional heating by the axial electric field for electrons
in the tail of the EED which have long mean free paths, while lower energy electrons are still
somewhat collisional. ©2001 American Institute of Physics.@DOI: 10.1063/1.1400091#
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I. INTRODUCTION

Magnetically enhanced inductively coupled plasm
~MEICP! and helicon plasma sources are being develo
for their high ionization efficiency and their ability to depos
power within the volume of the plasma.1–7 These sources
typically have a higher plasma density for a given pow
deposition than conventional ICP sources.8–11 The mecha-
nisms through which more efficient heating of electrons
curs in these systems are not well understood. One com
characteristic of many MEICP and helicon devices is th
ability to produce a maximum in the plasma density in t
downstream region of processing chambers~remote from the
antenna!, which implies that substantial power depositio
also occurs downstream.12,13

Carter and Khachan experimentally investigated anm
50 helicon source sustained in argon. They showed that
electric fields in the downstream region are a superposi
of higher order radial modes and their reflections from
endplate.14 The on axis ion density, measured with Langm
probes, generally increased with increasing distance from
antenna. For a constant power deposition, the highest
density was obtained at low magnetic fields~;15 G! where
the phase velocity of the electromagnetic wave was co
mensurate with the thermal speed of electrons. They
found that the ion density, peaking on axis at low magne
fields, had off axis peaks at high magnetic fields. Borg a
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Kamenski, showed that, for low magnetic field plasm
sources, the response of the electron energy distribu
~EED! near the antenna indicated a strong a wave–elec
interaction.15 They proposed that, for helicon wave drive
plasma sources, the dominant collisionless wave–particle
teraction mechanism is electron acceleration by the para
component of the electric field. The heating of electrons
wave damping is dominant in the far field.

Landau damping has been proposed as a mecha
through which more efficient heating may occur.16 In this
process, energetic primary electrons are produced thro
trapping and acceleration by a helicon wave. The electr
produce ionizations, lowering their energy and generatin
low energy secondary. The wave reaccelerates electrons
each ionization event. Gui and Scharer performed simu
tions of electron trajectories in anm511 helicon plasma
source sustained in argon. They found that trapped elect
appeared as the magnetic field amplitude increased.
EED displayed a bunching of particles with energies hig
than the ionization potential of the gas.17 Recent measure
ments of the phase of the optical emission from high lyi
short lived excited states of Ar1 in an m511 helicon
source showed that the emission correlated well with
phase velocity of the helicon wave.18 Simulations by De-
geling and Boswell demonstrated that maxima in the ioni
tion rate in an argon plasma traveled away from the ante
at the phase velocity of the wave. This implies that reson
electrons are trapped in the wave reference frame.19 It was
found that the ionization rate was highest when the ph
velocity of the wave was 2 – 33108 cm s21. This value is
commensurate with the thermal speed of electrons wh
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have energies just above the ionization threshold. These
servations support the proposal that electron trapping in
axial electric field is the underlying mechanism that driv
high density, collisionlessly heated plasmas.

Additional support comes from measurements by M
vik et al. who, using an electron energy analyzer, dem
strated that electrons having energies above the plasma
tential are correlated with the rf phase.20 Their results
showed that transit-time heating of electrons is sufficien
account for enhancements of the tail of the EED. They
served energy deposition downstream of the antenna if
phase velocity of the axial wave is in the range correspo
ing to electron energies of about 25 eV. Collisions hav
strong effect on reducing the wave-particle phase cohere
and so these effects should be less pronounced at hi
pressures.

In more recent work, Chen and Blackwell found th
there may, in fact, be too few phased fast electrons to
count for the majority of ionization to occur through Land
damping.21 However, they could not rule out heating by no
linear processes under and near the antenna at low ele
densities, as advocated by Ellingboe and co-workers.22,23 In-
deed, fast electrons oscillating in standing waves under
antenna or injected into the plasma just past the antenna
subjected to beam-plasma instabilities and could therma
rapidly. More recently, Kwak suggested that much of t
electron heating comes from an electrostatic componen
the helicon wave.24

When a finite electron mass is taken into account in
cold plasma model another solution to the wave equa
appears in bounded geometries at frequencies above
lower hybrid. This is referred to as the electrosta
Trivelpiece–Gould~TG! mode and was identified by Trivel
piece and Gould as the cavity eigenmode of a cold plas
space charge wave in a cylinder.25 Being nearly electrostatic
and of short radial wavelength, these waves are strongly
sorbed as they propagate perpendicular to the externally
plied static magnetic field lines. Damping of the TG mo
has also been proposed for power deposition in heli
sources.26 In this regard, it has been suggested that helic
waves deposit power by coupling to TG waves at the ra
boundary. Strongly damped electrostatic waves can reach
plasma core at low magnetic fields, while at high fields th
deposit power at the periphery of the plasma column. Po
deposition in the volume of plasmas occurs at high magn
fields in special antiresonance regimes when the excitatio
the electrostatic wave is suppressed.27 There is still discus-
sion as to the influence of these mechanisms on elec
heating. Borg and Boswell have suggested that for conditi
where the rf frequency is near the lower hybrid frequen
the TG mode does not lead to a significant increase in
tenna coupling in a helicon plasma.28 However, the TG mode
may enhance wave damping due to its high amplitude e
tric field in the presence of high electron collision rates.

In industrial plasma sources where magnetic fields ty
cally span a large range of values and modes are likely no
be pure, power deposition likely has contributions from bo
mechanisms. For example, Mouzouris and Scharer prop
that the TG mode may dominate electron heating at
Downloaded 06 Oct 2001 to 128.174.115.149. Redistribution subject to A
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magnetic fields where power is deposited near the e
region.29 At higher magnetic fields~.80 G!, the propagating
helicon mode then deposits power in the core of the plas
away from the antenna. Collisional damping may be
dominant heating mechanism at moderate pressures~.2
mTorr! and higher densities (>231012cm23). However, at
lower pressures~,2 mTorr! Landau damping may be an im
portant heating mechanism, provided that resonant elect
have velocities near that of the wave phase velocity. Lan
damping may also occur over a broad range of energies~10–
100 eV!, in contrast to earlier predictions of narrow energe
beams.30

To investigate the coupling of electromagnetic waves
the plasma in MEICPs and their effects on EEDs algorith
were developed for wave propagation in the presence
static magnetic fields using the two-dimensional Hyb
Plasma Equipment Model~HPEM!.31–33 A full tensor con-
ductivity was added to the Electromagnetics Module wh
enables one to calculate three-dimensional component
the inductively coupled electric field based on tw
dimensional applied magnetostatic fields. Electromagn
fields were obtained by solving the three-dimensional~3D!
wave equation. These 3D fields were used in the Elect
Monte Carlo Simulation~EMCS! of the HPEM to obtain
EEDs as a function of position.

This study was divided into two parts. In the first pa
plasma neutrality was enforced in the solution of Maxwe
equations so the effects of the TG mode on plasma hea
were ignored. This separation of the two heating mechan
components is valid for them50 analysis performed here
Unlike higher order modes, such as them561, where a 3D
coil design can generate significant electrostatic fields, i
possible to suppress the TG mode in anm50 design. The
purpose of this part of the investigation was to determine
effects of helicon waves on the EED and on the ability
deposit power downstream of the antenna. We found tha
the absence of the TG mode, with increasing magnetic fi
electric field propagation progressively follows magne
field lines and significant power can indeed be depos
downstream. The tails of the EEDs are enhanced in
downstream region, indicating some amount of electron tr
ping and collisionless acceleration by the axial electric fi
for electrons having long mean free paths. These collisi
less electrons typically reside in the tail of the EED wh
low energy electrons in the bulk of the EED are more co
sional.

The second part of the study focused on resolving
TG mode by including the divergence term in the solution
the wave equation. The electrostatic term was approxima
by a harmonically driven perturbation of the electron dens
The results indicate that the effect of the TG mode is
restructure power deposition near the coils. However,
propagation of the helicon component is little affected, p
ticularly at large magnetic fields where the TG mode
damped. Form50 excitation, the TG mode does not signifi
cantly contribute as a heating mechanism.

Plasma parameters, wave propagation, and power d
sition efficiency are discussed for Ar gas as a function
magnetic field strength, configuration, and power. The mo
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



ur
e

on
r

-
a

e
d
.
la

e
ac
a
b
t

ar
s
n
a
t

til

to
el
ie
e
e
.

ec
fo
w
de
av
e
f

nt
e
ur

r
s

rg

tr

rf
er-
s,

,
ty,
and
ime
sity,

ob-
on

r,
av-
ady
icu-
or
re-

ed
ies
M

lli-
D
the
ar-
n,

c

ich
the

3701J. Appl. Phys., Vol. 90, No. 8, 15 October 2001 R. L. Kinder and M. J. Kusher
will be described in Sec. II, followed by a discussion of o
results for EEDs when excluding the electrostatic compon
of the wave in Sec. III. The effects of the TG mode
heating and EEDs are discussed in Sec. IV. Concluding
marks are in Sec. V.

II. DESCRIPTION OF THE MODEL

The two-dimensional~2D! HPEM was improved to ad
dress issues concerning heating mechanisms and w
propagation in MEICPs. The hybrid model and the improv
electromagnetics module used in this work are describe
detail elsewhere31–33and will only briefly be discussed here
The HPEM is a two-dimensional, plasma equipment simu
tor which consists of the Electromagnetic Module~EMM!,
the Electron Energy Transport Module~EETM!, and the
Fluid Kinetics Module~FKM!. Electromagnetic fields and
corresponding phases are calculated in the EMM. Th
fields are then used in the EETM to obtain electron imp
source functions and transport coefficients. This can be
complished by solving the electron energy equation or
using the EMCS. These parameters are transferred to
FKM where momentum, continuity and energy equations
solved for all heavy particles. A drift diffusion formulation i
used for electrons to enable an implicit solution of Poisso
equation for the electric potential. The species densities
electrostatic fields produced in the FKM are transferred
the EMCS and the EMM. These modules are iterated un
converged solution is obtained.

The EMM portion of the plasma model was improved
resolve three-dimensional components of the inductiv
coupled electric field based on two-dimensional appl
magnetostatic fields and azimuthal antenna currents, pr
ously described in Ref. 33. The results discussed here ar
a two-dimensional (r ,z) azimuthally symmetric geometry
Given azimuthal antenna currents and (r ,z) magnetostatic
fields, all three components of the inductively coupled el
tric field (r ,u,z) are generated, and we therefore solve
these three components. Previously, plasma neutrality
enforced when solving the wave equation. However in or
to resolve the TG mode, the electrostatic term in the w
equation must be taken into account. The electromagn
fields,Ē, are then obtained by solving the following form o
the wave equation:

¹S 1

m
¹•ĒD2¹•S 1

m
¹ĒD2v2eĒ52 iv~ J̄1s% •Ē!, ~1!

where J̄, v, e, m, and s% are the external antenna curre
density, angular electromagnetic frequency, permittivity, p
meability and tensor conductivity, respectively. The ion c
rent in solution of Eq.~1! is ignored due to the low mobility
of ions. The conduction current is addressed by a wa
plasma tensor described in Ref. 33. An analogous full ten
mobility is used for electron transport in the electron ene
equation option of the EETM and in the FKM. Equation~1!
is solved for the electromagnetic fields using a sparse ma
conjugate gradient method.34

The leading divergence term in Eq.~1! is included by
using a perturbation form of Poisson’s equation. For
Downloaded 06 Oct 2001 to 128.174.115.149. Redistribution subject to A
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quasineutral plasma, neglecting ion mobility over the
cycle, the divergence of the electric field is equal to the p
turbation in the electron density from neutrality, defined a

¹•Ē5
r

e
5

( iqni

e
5

qN11qN21qne1qDne

e
5

qDne

e
,

~2!

wherer, ni , N1 , N2 , ne and Dne are the charge density
density of theith charge species, total positive ion densi
total negative ion density, unperturbed electron density
perturbation to the electron density, respectively. On the t
scale of the electromagnetic period, the total electron den
ne(t), is the sum of the steady state electron density,ne , and
the perturbed electron density,Dne exp(ivt),

]ne~ t !

]t
5

]

]t
@ne1Dne exp~ ivt !#5 ivDne exp~ ivt !. ~3!

The magnitude of the perturbed electron density is
tained by solving the continuity equation for the electr
density, with an appropriate damping term,

]ne~ t !

]t
52¹•~nev̄ !2

Dne

t
, ~4!

ivDne52¹•S s% •Ē

q D 2
Dne

t
, ~5!

Dne5

2¹•S s% •Ē

q D
S 1

t
1 iv D , ~6!

wherev̄ andt are the electron velocity and damping facto
respectively. The damping factor takes into account the
erage time it takes a perturbed electron to return to the ste
state. The propagation of the electrostatic wave perpend
lar to the static magnetic field lines is limited by a fact
proportional to the cyclotron frequency and the plasma f
quency.

Electron transport properties and EEDs are obtain
from the EMCS. The EMCS integrates electron trajector
from electric and magnetic fields obtained using the EM
and FKM, and employs Monte Carlo techniques for co
sions. The electrons are initially given a Maxwellian EE
and placed in the reactor using a distribution weighted by
local electron density obtained from the FKM. Pseudop
ticle trajectories are advanced using the Lorentz equatio

dv̄
dt

5
qe

me
~Ē1 v̄3B̄!, ~7!

and

dr̄

dt
5 v̄, ~8!

where v̄, Ē, and B̄ are the electron velocity, local electri
field and magnetic field, respectively. Equations~7! and ~8!
are updated using an implicit integration technique wh
enables a single time step to span a large fraction of
cyclotron period.35
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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The range of electron energies of interest is divided i
discrete energy bins. Energy bins have constant widths o
a specified energy range to simplify gathering statistical d
while resolving the structure in electron impact cross s
tions. Typically 300–500 total bins are used with ener
ranges~100 bins/range depending on the chemistry! of 0–5,
5–15, 15–50, and 50–200 eV. Within energy bini, the total
collision frequency,n i , is computed by summing all the pos
sible collisions,

n i5S 2e i

me
D 1/2

(
j ,k

s i jkNj , ~9!

where e i is the average energy within the bin,s i jk is the
cross section at energyi for speciesj and collision processk,
andNj is the number density of speciesj. Null collision cross
sections are employed for each energy range to provid
constant collision frequency. The integration time step for
electron in a given energy range is then the minimum of
randomly chosen free flight time,t52@ ln(r)/ni#, the time
required to cross a specified fraction of the local compu
tional cell, a specified fraction of the rf period and a specifi
fraction of the local cyclotron period. Here,r is a random
number distributed on~0,1!. Pseudoparticles are allowed
diverge in time until they reach a specified future time. Wh
a pseudoparticle reaches that time, it is no longer advan
until all other particles catch up. After the free-flight tim
the type of collision is determined by the choice of a rand
number. Should the selected collision be null, the pseudo
ticle proceeds unhindered. For a real collision, additio
random numbers are chosen to determine the type of c
sion that occurs~and hence the electron energy loss! and the
scattering angles. The final velocity is then determined
applying the scattering matrix,

Vx5V~cosb cosa sinu cosf1cosb sina cosu

2sinb sinu sinw!,

Vy5V~sinb cosa sinu cosf1sinb sina cosu

1cosb sinu sinw!, ~10!

Vz5V~2sina sinu cosf1cosa cosu!,

wherea and b are the polar and azimuthal Eularian ang
prior to the collision;u and f are the polar and azimutha
scattering angles, andV is the electron speed after the col
sion. Assuming azimuthal symmetry for the collision,f is
randomly chosen from the interval~0, 2p!. Unless experi-
mental data are available,u is chosen by specifying a sca
tering parameterg where the polar scattering probability
given by cosg(u/2). g50 provides for isotropic scatterin
andg@1 provides for forward scattering. The randomly s
lected scattering angle is then

u52@cos21~12r !#1/~21g!, ~11!

wherer is a random number distributed~0, 1!.
Statistics are collected for every particle on every tim

step. The particles are binned by energy and location w
weighting proportional to the product of the number of ele
trons each psuedoparticle represents and its last time
Downloaded 06 Oct 2001 to 128.174.115.149. Redistribution subject to A
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Particle trajectories are integrated for'100 rf cycles for
each call of the EETM. Statistics are typically gathered
only the latter two thirds of those cycles to allow transien
which occur at the beginning of each iteration to damp o

At the end of a given iteration, the EED at each spa
location is obtained by normalizing the statistics such tha

(
i

Fi~ r̄ !5(
i

f i~ r̄ !e i
1/2De i51, ~12!

whereFi( r̄ ) is the sum of the pseudoparticles’ weightings
r̄ for energy bini having energye i , f i( r̄ ) (eV23/2) is the
EED at r̄ , andDe i is the width of the energy bin. Electro
impact rate coefficients for processj at locationr̄ are deter-
mined by convolving the EED with the process cross secti

kj~ r̄ !5(
j

f j~ r̄ !e j
1/2S 2e i

me
D 1/2

s j~e j !De j , ~13!

wheres j is the energy dependent cross section for procesj.
Source functions for electron impact processes~or, more
properly, collision frequency per atom or molecule! are then
generated for the current iteration,l, of the HPEM by

Sj
l ~ r̄ !5kj~ r̄ !ne

l 21~ r̄ !, ~14!

where ne
l 21( r̄ ) is the electron density obtained from th

FKM in the previous iteration. The source functions whi
are actually transferred to the FKM,Sjo

l , may be backaver-
aged over previous iterations,

Sjo
l 5~12a!Sj

l 1aSj
l 21, ~15!

followed bySj
l 5Sjo

l , wherea is a backaveraging coefficien
Typically a'0.3–0.5.

III. NONLOCAL HEATING OF EEDs

The geometry used in this investigation is based on
Trikon Technologies, Inc., Pinnacle 8000 helicon plas

FIG. 1. Model geometry based on the Trikon PMT M0RI helicon sour
The base case process conditions are Ar, 10 mTorr and 1 kW power d
sition. The rf coils are operated 180° out of phase at 13.56 MHz.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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source, schematically shown in Fig. 1. A quartz bell jar
surrounded by electromagnets which produce a soleno
magnetic field which flares in the downstream chamber
shown on the right side of Fig. 1. The magnetic field mag
tudes cited in the following discussion are for an on a
location midway between the antennas, denoted asBref in
Fig. 1. The system is powered by two ring coils surround
the bell jar. Each coil operates at 13.56 MHz and is 180°
of phase with each other. Processing gas is injected throu
nozzle located below the electromagnets and is exhau
through a pump port surrounding the outside diameter of
grounded substrate. The base case operating condition
Ar gas at 10 mTorr and 50 sccm, and a power deposition
1 kW. The reaction mechanism used for Ar is discussed
Ref. 36. Electron-ion scattering is included in the Mon
Carlo simulation although electron–electron scattering is n
Throughout this article, EEDs will be shown for three ax
locations along the flux lines labeled, F1, F2, and F3
shown on the right side of Fig. 1. The axial positions a
labeled 1 (z527 cm), 2 (z518 cm) and 3 (z59 cm) on the
left side of Fig. 1. Assuming that electrons are magnetize
fields greater than tens of G, sampling electrons along a
line tracks approximately the same population of electron

FIG. 2. ~Color! Electric field amplitudes and power deposition for sta
magnetic fields of 20 and 300 G.~a! Azimuthal electric field,~b! radial
electric field,~c! axial electric field,~d! power deposition. The process con
ditions are Ar, 10 mTorr and 1 kW. An increase in magnetic field produ
radial and axial components of the electric field and propagation in the a
direction.
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Azimuthal, radial and axial electric field amplitudes an
power deposition for the base case are shown in Fig. 2
magnetic fields of 20 and 300 G. For these results, trans
coefficients were obtained using the EMCS while neglect
the electrostatic term in Maxwell’s equation. Propagation
electromagnetic fields and power deposition in this geome
are discussed elsewhere33 and so only a brief description wil
be provided here. AtB520 G, the azimuthal electric field is
predominantly inductively coupled with an enhanced plas
skin depth, as shown in the left half of Fig. 2~a!. Radial and
axial electric fields are generated by the tensor conducti
and indicate the onset of a radially traveling wave, shown
the left side of Figs. 2~b! and 2~c!. The skin depth has in-
creased beyond the axis of symmetry and a standing w
pattern begins to develop. As the magnetic field is increa
to 300 G, further penetration of the electromagnetic fie
into the plasma occurs, as shown on the right side of Fig
As the radial penetration increases, the relative axial cond
tivity also increases, thereby allowing the electromagne
fields to propagate downstream. When the propagating w
encounters a boundary, such as the substrate, a stan
wave pattern forms, here in the axial direction. The profi
for power deposition reflect those of the electromagne
fields. At 300 G, significant power is deposited downstrea
as shown in Fig. 2~d!. At 20 G, the power deposition peaks
2.1 W/cm3. At 300 G the same total power is deposited ov
a larger volume, resulting in a lower peak power deposit
of 1.1 W/cm3.

The electron temperature~defined by2
3^e&!, derived from

the EMCS, and the electron density are shown in Fig. 3.
20 G The electron temperature peaks in the bell jar at'4 eV
where most of the power deposition occurs. However, at
G the electron temperature peaks downstream, as show
the right side of Fig. 3~a!, at about 3.6 eV. As will be dis-
cussed below, the axial component of the electric field
responsible for heating the electrons downstream. As e
trons are accelerated by the axially propagating wave, t
can absorb substantial power from the field in spite of
plasma being somewhat collisional. At 10 mTorr, the ele
tron density is a maximum near the location of peak pow
deposition, as shown in Fig. 3~b!. At 20 G, the peak plasma
density occurs in the bell jar at'431012cm23. At 300 G,
the downstream power deposition allows for a large plas
density in the lower chamber, peaking at about 3
31012cm23.

The EED along the magnetic flux lines at the referen
axial positions are shown in Fig. 4 for a magnetic field of
G. The EEDs along the magnetic field line F1, shown in F
4~a!, are closely spaced, indicating that the electron temp
ture remains fairly constant. The EEDs along F2 show
small increase in the high energy tail of the distribution
positions progressively further away from the coil. The i
crease is not substantial enough to conclude that ther
significant axial heating downstream. The EEDs along F3
similar for positions 1 (z527 cm) and 2 (z518 cm). How-
ever, the EED at position 3 (z59 cm) has a lower high en
ergy tail. The field line F3 is significantly divergent and s
electrons have physically traversed more gas to reach a
cation that is fairly close to the chamber wall for position

s
al
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Electrons reaching this point, having traversed a larger
umn density of gas into a region of lower electric field, ha
a colder EED.

The EEDs for a magnetic field of 300 G are shown
Fig. 5. Along F1, the EEDs at the three axial locations ov
lap, with a small increase in the high energy tail for positi
3 (z59 cm), as shown in Fig. 5~a!. Electrons on F1 are clos
to the line of symmetry where electric fields are small~or
zero! and so on the average are cooler. At the higher m
netic field, electrons on F1 have sufficiently low transve
mobility that they do not sample the larger electric fields
larger radii. However, along F2, there is a substantial
crease in the high energy tail of the EED at positions p

FIG. 3. ~Color! Plasma properties for static magnetic fields of 20 and 3
~a! Electron temperature and~b! electron density. The process conditions a
Ar, 10 mTorr and 1 kW power deposition. An increase in magnetic fi
enables peak temperatures and electron densities downstream.
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gressively further from the coil, as shown in Fig. 5~b!. This
raising of the tail of the EED indicates that there is som
amount of both continuous acceleration and nonlocal hea
of electrons downstream. Along the F3 field line, there is
small amount of heating from position 1 (z527 cm) to po-
sition 2 (z518 cm), as shown in Fig. 5~c!. Once again elec-
trons at position 3 (z59 cm) have a colder high energy ta
due to the larger column density of gas they have traver
and smaller electric fields in the periphery of the reactor.
comparing EEDs, on the three flux lines at a given ax
position, the electron population is typically hotter closer
the coil. For example, the high energy tail of the EEDs
position 1 (z527 cm) increases from F1 to F3, making
transition from being near the center line of symmetry wh
the electric field is low to near the coil where the elect
field is higher. An exception is position 3 (z59 cm) along
F3, where the EED has a lower tail due to the longer p
traversed and lower electric fields in this region.

The consequences of noncollisional heating by
propagating axial wave should become more pronoun
with decreasing pressure due to the longer mean free path
electrons. For example, the average mean free paths of
trons along F2 with energy between 5 and 15 eV and e
trons above 15 eV are shown in Fig. 6. The mean free p
l, for electrons in these energy ranges is defined as

.

FIG. 4. EEDs along the magnetic flux lines:~a! F1, ~b! F2, and~c! F3. EEDs
are shown for reference axial positions 1 (z527 cm), 2 (z518 cm) and 3
(z59 cm) for 20 G and 10 mTorr.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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l~ r̄ !5S Ng~ r̄ !
*EL

EHsT~e! f ~e, r̄ !e1/2de

*EL

EH f ~e, r̄ !e1/2de D 21

, ~16!

whereNg is the background gas density,sT is the total col-
lision cross section, andEL andEH bound the energy rang

FIG. 5. EEDs along the magnetic flux lines:~a! F1, ~b! F2 and~c! F3. EEDs
are shown for reference axial positions 1 (z527 cm), 2 (z518 cm) and 3
(z59 cm) for 300 G and 10 mTorr. The tail of the EEDs is raised dow
stream.

FIG. 6. Mean free path as a function of axial position for 2, 5, and 10 mT
~a! For electrons with energy between 5 and 15 eV and~b! for electrons with
energy above 15 eV. Low energy electrons have shorter mean free path
are more collisional.
er

Downloaded 06 Oct 2001 to 128.174.115.149. Redistribution subject to A
of interest. Electrons with energy between 5 and 15 eV h
mean free paths ranging from 0.5 cm at 10 mTorr to 2 cm
2 mTorr, as shown in Fig. 6~a! while electrons with energy
higher than 15 eV have mean free paths ranging from 2 cm
10 mTorr to 12 cm at 2 mTorr, as shown in Fig. 6~b!. Elec-
trons below 5 eV have mean free paths of the order of 0.0
0.1 cm in the 2–10 mTorr range.

The large mean free path of high energy electrons at
pressure allows substantial noncollisional heating to occu
the propagating electric field. For example, EEDs for 5 an
mTorr at 300 G are shown in Fig. 7 and Fig. 8, respectiv
~the EEDs for 10 mTorr are in Fig. 5!. At 5 mTorr, the high
energy tail of the EEDs increases with increasing dista
from the coil in the axial direction, and decreases with
creasing distance from the coil in the radial direction. Bo
trends are consistent with continual acceleration and non
lisional heating by axial electric fields. At 2 mTorr, thes
trends become even more pronounced. Along F1, positio
and 2 produce a similar EED, while the EED at position
has a significantly more pronounced high energy tail, sho
in Fig. 8~a!. Along F2, a progressive increase in the hi
energy tail occurs with increasing axial distance from t
coil, shown in Fig. 8~b!. As previously seen, the high energ
tail of the EEDs increases on flux lines closer to the co
Note that the mean free path at 2 mTorr increases with
tance downstream. This trend results from a lifting of the t
of the EED, shifting a larger fraction of electrons to high

-

r.

and

FIG. 7. EEDs along the magnetic flux lines:~a! F1, ~b! F2, and~c! F3. EEDs
are shown at reference axial positions 1 (z527 cm), 2 (z518 cm), and 3
(z59 cm) for 300 G and 5 mTorr. There is continual lifting of the ta
further downstream along F2.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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energies where the total scattering cross section is sma
This allows more efficient acceleration and is akin to a ru
away electron effect.

Radially averaged EEDs at 10 mTorr for several ma
netic field strengths as a function of axial position are sho
in Fig. 9. The EED was averaged over a radius of 10 cm. T
arrows indicate the axial position of the rf coils. At 20 G, t
EED is most extended~indicating a hot tail! near the coils
where most of the power deposition occurs as in conv
tional ICP systems. At this magnetic field, the axial elect
field is not significant, thereby limiting the amount of no
collisional power deposition downstream. Hot electrons th
malize as they diffuse into the downstream region, ther
decreasing the electron EED at 20 eV from 1024 eV23/2 near
the coils to 231026 eV23/2 near the substrate. As the ma
netic field is increased to 150 G, the magnitude of the a
electric field increases, radial diffusion is decreased and
relative conduction in the axial direction is increased.
increase in axial mobility does not necessarily translate in
monotonically larger high energy tail downstream. At th
pressure, there appears to be a local equilibrium betw
acceleration by the axial electric field and the power
sorbed by collisional processes. This results in electrons
celerated by the axial electric field depositing their pow
locally. As a result hot electrons produced near the c
maintain their energy in the downstream region. For

FIG. 8. EEDs along the magnetic flux lines:~a! F1, ~b! F2, and~c! F3. EEDs
are shown at reference axial positions 1 (z527 cm), 2 (z518 cm), and 3
(z59 cm) for 300 G and 2 mTorr. The longer mean free paths at lo
pressure produce more noncollisional heating.
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ample, at 300 G, the EED of electrons at 20 eV is nearly
same near the coils and the substrate, as shown in Fig.~c!.
At 10 mTorr, noncollisional heating does not appear to dom
nate.

As the pressure is reduced, the increase in mean
path and decrease in collisional processes enables contin
acceleration by the axial electric field far into the dow
stream region. For example, the radially averaged EED
300 G for 2 and 5 mTorr as a function of axial position
shown in Fig. 10. As the pressure is decreased from 10@Fig.
9~c!# to 5 and finally to 2 mTorr, the tail of the EED down
stream is raised through noncollisional heating. The popu
tion of electrons at 30 eV near the substrate increases f
531026 eV23/2 at 10 mTorr to 431023 eV23/2 at 2 mTorr.

The ability to deposit power nonlocally through Landa
damping depends upon matching the parallel phase velo
of the propagating wave with the thermal velocity of a lar
fraction of the electron population. The more close
matched these velocities are for a larger fraction of the e
tron population, the more likely electrons are to be re
nantly accelerated. The parallel phase velocity of the elec
fields is proportional to the rf frequency. For example, ra

r

FIG. 9. Radially averaged EED as a function of axial position for 10 mTo
~a! 20, ~b! 150, and~c! 300 G. Near equilibrium may occur between acce
eration and collisional damping.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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ally averaged EEDs at 300 G and 2 mTorr for 27.1 and 1
MHz as a function of axial position are shown in Fig. 11. A
the rf frequency is decreased from 27.1 to 1.36 MHz, n
collisional heating throughout the reactor becomes m
prevalent due to better phase matching with thermal e
trons. The population of electrons at 30 eV near the subst
increases from 1026 eV23/2 at 27.1 MHz to 331024 eV23/2

at 1.36 MHz. The proposal is that this increased heatin
due to better phase matching.

FIG. 10. Radially averaged EED as a function of axial position for 300
~a! 5 and~b! 2 mTorr. Significant heating occurs downstream.

FIG. 11. Radially averaged EED as a function of axial position for 300 G
mTorr. ~a! 27.1 and~b! 1.36 MHz.
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To determine if the increase in the high energy tail w
indeed a result of better phase matching of thermal electr
to the wave phase velocity or simply a skin depth effect,
population of electrons that are capable of being conti
ously heated through Landau damping was estimated.
electrons which are likely to be continuously accelerated
those having a thermal speed within a factor oflz/2L of the
phase velocity, wherelz is the axial wavelength of the elec
tric field and L is the length of the reactor. This criterio
limits electrons to at worst ap/2 phase slip relative to the
wave. This fraction,b, is obtained from the EED at eac
location in reactor from,

b~ r̄ !5E
vf@12~lz/2L !#

vf
f ~v, r̄ !dv, ~17!

wherevf is the phase velocity of the axial wave. The ax
wavelength is obtained through a numerical fit of the pro
gating phase fronts. As described in Ref. 33, we also fou
that

lz ~cm!5
7.63106

R ~cm! S B ~G!

ne ~cm23! D
0.63

. ~18!

The parallel phase velocity,vf , is defined as the product o
the frequency and the axial wavelength.

The fraction of electrons in phase with the electroma
netic field for rf frequencies of 1.36, 13.56 and 27.1 MHz
shown in Fig. 12. At 27.1 MHz, the fraction of the electro
in phase with the field peaks at about 15% near the subst
In general, electrons are too cool~slow! to phase match with
the electric field. At 1.36 MHz, the fraction of electrons c
pable of phase matching can reach up to 35% near the c
so electrons are most efficiently heated in the bell jar regi
This heating then extends significantly downstream. Due
the large mean free path of electrons above 15 eV nonc
sional power absorbed in the bell jar can be deposited do
stream. Electron temperatures for these rf frequencies
shown in Fig. 13. For frequencies varying from 1.36 to 27
MHz, the mean free path for electrons above 15 eV is
tween 10 and 20 cm. At 27.1 MHz, electrons are not w
matched with the propagating wave and noncollisional
sorption is minimal. Electron temperatures peak near
coils where power deposition is limited by the skin depth,
shown in Fig. 13~a!. There is a small increase in the electro
temperature near the bottom of the chamber. In this reg
electrons begin to be better phase matched to the propag
wave, as shown in Fig. 12~a!. At 1.36 MHz, electrons are
well matched in the bell jar and substantial noncollision
acceleration occurs. This acceleration enables phase m
ing downstream. The energy gained from the propaga
wave is deposited further downstream due to the long m
free paths.

Several investigators have measured abrupt increase
plasma density as the static magnetic field
increased.5,7,14,37For example, Boswell and Chen made me
surements of ion density in a 10 cm diam glass tube usin
double Langmuir probe oriented along the magnetic fie5

The observed increase in the ion density with magnetic fi
was attributed to narrowing of the plasma column and to

.

2
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3708 J. Appl. Phys., Vol. 90, No. 8, 15 October 2001 R. L. Kinder and M. J. Kusher
increase in the ionization efficiency by improved coupling
the electrons to the helicon wave. The magnitudes of
jumps in plasma density often measured in these experim
are factors of 2–10 while the total power deposition is co
stant. If the change in density is attributed solely to an
crease in efficiency, then the change in power dissipa
mechanisms from nonionizing to ionizing must have sim
larly increased by factors of 2–10. In rare gases such as A
is difficult to find such mechanisms. As has been observe
many inductively coupled systems operating in anH mode,
the total electron population~density integrated over the vo
ume! largely depends only on input power and so sho
remain somewhat constant with increasing magnetic fi
Small increases in the total plasma density with increas
magnetic fields can be attributed to a decrease in perpend

FIG. 12. Fraction of electrons that are in phase with the rf electric field
300 G and 2 mTorr.~a! 27.1, ~b! 13.56, and~c! 1.36 MHz. Electrons are
better phase matched at the lower frequency where up to 40% of the p
lation can be in phase with the rf field.
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lar diffusional losses, but not necessarily with a change
ionization mechanism.

It is important to note that most experimental measu
ments in which plasma density jumps are observed w
taken at a single point in the reactor as the magnetic fi
was varied. The ‘‘jumps’’ may in fact be a result of chang
in the distribution of the plasma in the vessel due to chan
in the modal electromagnetic wave patterns that in turn
termine the location of the power deposition. For example
was previously shown that as the magnetic field is increa
axial propagation of the electromagnetic wave dominates
significant power can be deposited downstream.33 The peak
in the electron density shifts from being near the coils
being located in the downstream chamber. If monitored a

r

u-

FIG. 13. Electron temperature for 300 G, 2 mTorr.~a! 27.1, ~b! 13.56, and
~c! 1.36 MHz. At 27 MHz, the electron population is not well phase match
with the rf field and most of the heating is due to collision processes. At 1
MHz, electrons are better matched to the rf field. Their long mean free p
allows substantial energy to be absorbed noncollisionally and be depo
downstream.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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single point, this shift in the plasma density gives the appe
ance of a large increase in the ionization while the total
ventory of electrons does not significantly change.

To demonstrate this effect the electron densities on F
positions 1, 2, and 3 are shown in Fig. 14 for Ar at 10 mT
as a function of magnetic field while keeping the total pow
deposition constant. The average electron density~total elec-
tron inventory divided by the volume of the chamber! is also
shown. At 50 G, the electron density at position 1 peaks
1.4531012cm23, while at position 3 the electron density
only 4.531011cm23. As the magnetic field is increased, th
peak plasma density shifts downstream. At 300 G, the e
tron density at position 1 is 3.031011cm23, while at posi-
tion 3 it is 6.531011cm23. While these shifts are occurring
the average density is nearly constant at 3.031011cm23

from 25 to 300 G. A small increase in average density fr
0 to 25 G is likely due to confinement.

IV. EFFECTS OF THE ELECTROSTATIC TERM ON
PROPAGATION AND HEATING

In order to resolve the TG mode, the divergence term
Eq. ~1! was incorporated into the solution for the electroma
netic fields, as described in Sec. II. The azimuthal, rad
and axial electric fields and power deposition are shown
Fig. 15 for 20 G and 2 mTorr. At this low value of the stat
magnetic field, the electrostatic term significantly affects
propagation and structure of the electromagnetic fields.
azimuthal electric field peaks near the coils and penetr
further into the chamber than in the absence of the elec
static term. The radial and axial components also show
increased skin depth, however standing wave structures
not as evident. BothEu andEr have maxima near the cente
of the chamber. The structure in the radial and axial elec
fields outside of the bell jar region also changes. This is
to new sources of the electric field which are generated in
bell jar and subsequently propagate away from the sour
Electromagnetic propagation is enhanced in the axial di
tion, but falls off rapidly at aboutz'12 cm. At this location
the propagating wave encounters an electron cyclotron r
nance ~ECR! zone where substantial power absorpti
occurs.38 At 13.56 MHz, ECR occurs at 4.8 G. For this ma
netic field configuration, the 5 G surface lies betweenz

FIG. 14. Electron density as a function of static magnetic field at refere
axial positions 1 (z527 cm), 2 (z518 cm), and 3 (z59 cm) along F2 for
Ar at 10 mTorr for constant power deposition.
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512 cm on axis andz520 cm near the chamber wall. Al
though power deposition peaks near the location of p
electric fields upstream, significant power deposition also
curs in the ECR zone. This ECR heating was not observe
20 G in the absence of the electrostatic term because
electromagnetic field was largely absorbed upstream
there was less propagation of the electric field downstream
encounter the ECR surface.

e

FIG. 15. ~Color! Plasma properties obtained when including the electrost
term in Maxwell’s equations for Ar, 20 G, 2 mTorr, and 1 kW power dep
sition. ~a! Azimuthal and radial electric field amplitude and~b! axial electric
field amplitude and power deposition. At this low static magnetic field
TG mode enhances the propagation of the wave into the core of the pla
Propagation continues until the ECR region which is indicated by the lo
maximum in the power deposition at aroundz515 cm.
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The azimuthal, radial and axial electric fields and pow
deposition with the electrostatic term are shown in Fig.
for 300 G. These results are quite similar to those shown
Fig. 2 in the absence of the electrostatic term and indic
that propagation of the electric fields is not significantly
tered by the TG mode at higher static magnetic fields. N
that, for these magnetic fields, an ECR surface does not

FIG. 16. ~Color! Plasma properties when including the electrostatic term
Maxwell’s equation for Ar, 300 G, 2 mTorr and 1 kW power deposition.~a!
Azimuthal and radial electric field amplitude and~b! axial electric field
amplitude and power deposition. At 300 G, the TG mode does not affec
propagation of the wave into the core of the plasma. The propagation
sembles the pure helicon mode shown in Fig. 2. There is, however, res
turing of the power deposition near the coils.
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cur in the chamber and so does not affect the propagatio
the fields.

The manifestation of the electrostatic term can be s
through the harmonically driven perturbation in the electr
density shown in the left side of Fig. 17. At 20 G, the pe
turbed electron density has a small maximum near the
jar–plasma interface. There is significant propagation i
the chamber, with a peak near the axis. Axial propagat
occurs until the ECR zone where strong absorption occ
The electron density at 20 G, shown on the right side of F
17~a!, is similar to the pure helicon case shown in Fig. 3~b!.
The case with the electrostatic term has a lower peak pla
density because a constant power is deposited into a la
volume, thereby also distributing plasma over a somew
larger volume.

At 300 G, the TG mode is strongly absorbed near
bell jar–plasma interface, as shown on the left side of F
17~b!. There is minimal penetration into the chamber at t

e
e-
c-

FIG. 17. ~Color! Manifestation of the TG mode can be seen through
harmonically driven perturbation in the electron density shown on the
side for~a! 20 and~b! 300 G. The electron density is shown in the right si
for ~a! 20 and~b! 300 G. At 20 G, the perturbed electron density penetra
into the plasma core, while at 300 G there is significant perturbation onl
the bell jar–plasma interface.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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higher magnetic field. These trends agree with those repo
by Shamrai and Taranov who suggested that stron
damped electrostatic waves can reach the plasma core a
magnetic fields, while at high fields they deposit power at
periphery of the plasma column.27 Since the electromagneti
fields are little affected by the TG mode at 300 G, the el
tron density profiles are similar to those in the pure helic
case. There is a local maximum in the electron density n
the coils and near the substrate where significant po
deposition occurs. The peak electron density in the case
the electrostatic term is smaller than for the pure helic
case, but the reactor averaged electron density is higher
the electrostatic term. For the pure helicon case at 300 G
2 mTorr, the average electron density is 2.431011cm23,
while with the electrostatic term the average electron den
is 7.731011cm23.

The EEDs for 20 G at 10 mTorr and 300 G at 2 mTo
with the electrostatic term along F2 are shown in Fig.
These EEDs should be compared to Figs. 4 and 8 for res
without the electrostatic term. At 20 G, there is a significa
raising of the tail of the EED from position 1 (z524 cm) to
position 2 (z516 cm), indicating some additional down
stream heating, perhaps due to the nearby ECR zone, w
was not observed in the pure helicon case. Past the E
zone, at position 3 (z58 cm), the electron population begin
to cool and there is a decrease in the tail of the EED. At 3
G, the tails of the EEDs progressively increase further aw
from the coil. Including the electrostatic term produces o
a small increase in the tail of the EED in comparison w
the pure helicon case shown in Fig. 4.

Radially averaged EEDs for 20 G at 10 mTorr and 300
at 2 mTorr as a function of axial position are shown in F
19. These radially averaged EEDs should be compare
Figs. 9~a! and 10~b! for results without the electrostatic term
Compared to the pure helicon case at 20 G@Fig. 9~a!# there is
an increase in the EED population near the coils at 20
from 731025 to 531024 eV23/2, as shown in Fig. 19~a!. In

FIG. 18. EEDs along magnetic flux line F2 at reference axial position
(z527 cm), 2 (z518 cm), and 3 (z59 cm) with electrostatic term.~a! 20
G ~10 mTorr! and ~b! 300 G ~2 mTorr!.
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contrast, for 300 G the radially averaged EED with the el
trostatic term, shown in Fig. 19~b!, is nearly the same as in
the pure helicon case, shown in Fig. 11~c!. These results
again indicate that the TG mode plays a more dominant
in the power deposition at lower magnetic fields. The eff
of the TG mode is to restructure the power deposition profi
especially near the coils. However, the propagation of
helicon component is little affected, particularly at larg
magnetic fields where the TG mode is damped.

V. CONCLUDING REMARKS

Using a tensor conductivity in the solution of Maxwell
equations, 3D components of the inductively coupled elec
field were computed from anm50 antenna and 2D applie
magnetic fields. These fields were used in a Monte Ca
simulation to generate EEDs, transport coefficients and e
tron impact source functions. In the absence of the elec
static term, electric field propagation progressively follow
magnetic flux lines and significant power can be depos
downstream. When the propagating wave encounter
boundary, such as the substrate, a standing wave pa
forms in the axial direction. The power deposition profil
reflect electromagnetic profiles in the reactor.

The tail of the EEDs were found to increase in mag
tude in the downstream chamber forB.150 G and P
,5 mTorr, indicating some amount of electron trapping a
wave heating. This heating results from noncollisional acc
eration by the axial electric field for electrons which ha
long mean free paths in the tail of the EED while low ener

1

FIG. 19. Radially averaged EED with the electrostatic term as a functio
axial position for~a! 20 g ~10 mTorr! and ~b! 300 G ~2 mTorr!.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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electrons are still somewhat collisional. The mean free p
for electrons above 15 eV is between 10 and 20 cm a
mTorr. The increase in the high energy tail of the EED is
result of better phase matching of thermal electrons to
phase velocity of the wave. Electrons whose speeds are c
to the phase velocity are efficiently heated and subseque
deposit their power downstream through collisions with
background gas. These results indicate that the helicon c
ponent of the wave produces significant nonlocal heating

The TG mode was resolved by including the electrosta
term in the solution of the wave equation. The electrosta
component in the wave equation was approximated by a
monically driven perturbation of the electron density. T
results indicate that strongly damped electrostatic waves
reach the plasma core at low magnetic fields~,20 G!, while
at high magnetic fields~.150 G! the electrostatic waves de
posit power primarily at the periphery of the plasma colum
These results indicate that the TG mode plays a more im
tant role in the power deposition mechanisms at lower m
netic fields by restructuring the power deposition profile. T
propagation of the helicon component is little affected, p
ticularly at large magnetic fields where the TG mode
damped.
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