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Magnetic fields can be used to enhance the performance and operational envelope of rf capacitive
discharges for semiconductor processing. Antennas in magnetized experimental fusion devices can
experience similar rf processes that lead to surface erosion and degraded antenna performance.
Two-dimensional modeling is needed to understand the combined effects of production and
transport in these plasmas; however, magnetized plasma is a complicated medium because of tensor
rf conductivity, anisotropic transport, and the fact that rf power alone sustains the plasma. In this
paper, we give results from a model originally derived for studies of magnetized fusion and helicon
discharges that has been adapted to capacitive discharges and compare the results with experimental
data. The two-dimensional model combines the effects of the magnetic field on the plasma’s rf
properties and the bulk transport of plasma, including a sheath layer with finite thickness at the
boundaries. A collisionless sheath model uses the rf fields in the sheath region, along with the
density at the interface between the bulk plasma and the sheath, to determine the sheath thickness
and to estimate the rectified dc potential. The driven rf fields are resolved inside the sheath region
by including resistive dissipation caused by ion acceleration. These results are iterated with a model
for transport of the bulk plasma to produce a global model of the sheath voltages and bulk rf plasma
heating. The results at various iterative steps help isolate magnetic field effects that are caused by
modification of the plasma’s rf response from transport effects that are caused by the reduced
electron mobility perpendicular to the magnetic field. The magnetic field can enhance confinement
for some pressure regimes and magnetic configurations. More importantly, the magnetic field can
restrict the motion of electrons that are heated by the rf, localizing the nonequilibrium distribution
of electron energy and reducing the electron transport across magnetic field lines. Changes in the
plasma rf response can also play a role in the behavior of the discharge by further localizing the rf
power deposition in the plasma. © 2006 American Institute of Physics. �DOI: 10.1063/1.2355436�

I. INTRODUCTION

Capacitive discharges are used in the semiconductor in-
dustry for a wide range of processes. The addition of static
magnetic fields to these devices complicates their physics,
but can significantly alter and improve their performance and
operating range. Similar physics can be found near the rf
antennas in magnetic fusion experiments where the rf can
produce its own plasma, or excite existing plasma, that
causes surface damage by ion acceleration and degradation
of the rf performance.

In this paper, we consider frequencies that are more than
ten times higher than the common industrial bias frequency
of 13.56 MHz, and two-dimensional �2D� electromagnetic
modeling is necessary. The goal of the work is to couple the
results of the electromagnetic model to relatively simple
models for the plasma transport and sheaths in order to iden-
tify important physical mechanisms and compare these ef-
fects with those found in experiments. The results of the
model do not precisely simulate an actual device, but rather

are intended to provide guidance concerning improvements
that will be needed for future modeling efforts.

We isolate the dominant physical mechanisms from a
combination of three basic types of effects in magnetized
discharges. The first is the modification of the conducting
properties of the plasma caused by magnetization of the elec-
tron motion on the rf time scale. These modifications are
inherently two dimensional and the frequencies involved re-
quire an electromagnetic solution. The second type of effect
is a change in the cross-field electron transport that directly
modifies the quasineutral density distribution on a transport
time scale. These transport effects can also modify the non-
equilibrium electron energy distribution �EDF�, reduce the
transport of heated electrons across magnetic field lines, and
lead to localization of the ionization source. The third type
occurs inside the sheath layer where rf dissipation, rectifica-
tion, and modification of the sheath capacitance can affect
the rf circuit and plasma-surface interactions. Geometry fur-
ther complicates these effects and their interaction with one
another because the rf plasma properties are affected by both
plasma density and magnetic field, while the plasma density
is self-consistently produced by the deposited rf power.a�Electronic mail: cartermd@ornl.gov
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Many features of these devices and particularly the ef-
fects caused by the magnetization of the sheath layer have
been studied by Kushner.1 He1 used a sophisticated model
for the evolution of the plasma and neutral species, but con-
sidered only the radial component of the static magnetic field
and an electrostatic rf model. In this paper, we adopt a
complementary strategy, using relatively simple heuristic
models for the plasma transport and sheaths, but retaining an
electromagnetic model for the rf coupling suitable for high
frequency applications in 2D static magnetic field geom-
etries. We also study a system where the rf is applied to the
plate opposite that of the wafer to be etched rather than to the
wafer chuck as studied in Ref. 1. For the experimental and
modeling results presented here, the axial static magnetic
field component, rather than the radial component, is pre-
dominantly responsible for modifying the spatial uniformity
of the discharge by inhibiting the transport of rf-heated elec-
trons across magnetic field lines.

In a magnetized plasma, electromagnetic calculations re-
quire the plasma conductivity to be described as a full tensor
in the quasineutral region rather than a scalar. These tensor
formulations are not typically found in commercial electro-
magnetic solvers. Therefore, we have adapted codes devel-
oped for research on magnetized plasma systems2 to address
some of the issues that arise when curved magnetic fields are
added to high frequency parallel plate capacitive reactors.
Findings from this effort have proven useful for testing and
improving these models. The algorithms are joined together
iteratively, as shown in Fig. 1, and are collectively referred to
as the modular oak ridge rf integration code �MORRFIC�. Sim-
plified assumptions are made for each of the individual mod-
els so that 2D results can be obtained for the iterative process
without requiring excessive computation.

Following Fig. 1, the problem is initialized assuming a
uniform distribution of rf power in the transport model to
generate an initial guess for the plasma density. A collision-
less rf sheath model, by Godyak3 and Lieberman,4 is used in
the sheath layer, and the sheath is iterated with the transport
model boundary that feeds the quasineutral bulk plasma into
the sheath at the ion sound speed. Maxwell’s equations are
then solved in the frequency domain, with boundary condi-

tions that are descriptive of the reactor geometry, using a
linearized collisional cold plasma model in the quasineutral
region and nonlinear resistivity �depending on the local elec-
tric field from the previous iteration� in the sheath. The re-
sulting rf power and rf sheath fields are then used in the next
iteration of the transport and sheath models.

We drive the top plate of a magnetized capacitive dis-
charge, as shown in Fig. 2, at frequencies greater than the
electron cyclotron frequency. The precise frequency used for
these reactors is proprietary information and may vary. For
the simulations presented here, the model is driven at
roughly 12 times the typical industrial value of 13.56 MHz.
The gap between the driven top plate and the perfectly elec-
trically conducting plane supporting the wafer is 0.032 m,
and the wafer diameter is 0.3 m. The pump region shown in
Fig. 2 is actually a three-dimensional structure with propri-
etary electrical isolation from the region that holds the wafer.
These features are beyond the scope of the model presented
here and allow the reactor to eliminate plasma production
over the pump region. This effect is modeled by artificially
terminating the plasma source in the model over the pump
region and will be described in more detail when the model
results are compared with experiment. We do not model any
rf or dc bias applied to the grounded wafer. A cross-sectional
cut in the r-z plane, taken from Fig. 2, is shown in Fig. 3 to
more precisely define the system that is modeled. There is a
single magnet coil outside and above the plasma production
region. Precise details of this magnet system and the rf are
proprietary information, and the model aspect ratio is further
skewed relative to the actual device. Therefore, we specify
the magnetic field in the model using an effective coil current
for the experimental device. The reader should note that the
magnetic field in the model causes the electron cyclotron
frequency at the location of highest field in the discharge to
approach the driven rf for a coil current of �20 A. All re-
sults presented here are for coil currents less than 20 A such
that the driven frequency remains above the electron cyclo-
tron frequency everywhere in the discharge.

The global modeling shows strong synergy between the
rf coupling and the plasma source model as they are iterated
to convergence for different applied magnetic fields. These
effects are driven by changes in the plasma conductivity as
well as changes in the electron energy and density distribu-
tion because of spatially localized power deposition and re-
duced electron transport across magnetic fields. We find that
the radial etch rate profile can be significantly altered for
magnetic fields that are low enough to leave the electron
dynamics in the sheath reasonably unaffected.

FIG. 1. �Color online� Models for bulk plasma transport, sheaths with finite
thickness, and an electromagnetic model are iterated in the MORRFIC code to
obtain solutions in magnetized rf generated discharges.

FIG. 2. �Color online� This cutaway shows the geometry of the modeled
system in three dimensions. The top plate is driven by the rf and the bottom
chuck is assumed to be held at virtual ground by other components in the rf
circuit.
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The paper is organized as follows. The models for the
physical processes in the MORRFIC simulation are described
in Secs. II and III. Transport and ionization processes that
determine the electron density distribution are discussed in
Sec. II. The modeling of the plasma ionization source term,
based on the rf power deposition, is described in Sec. II A. A
discussion of the model for the ambipolar flux is given in
Sec. II B. The solution of Maxwell’s equations and the col-
lisional cold plasma model for the quasineutral plasma are
described in Sec. III. The technique for including the rf dis-
sipation in Maxwell’s equations caused by ion acceleration
inside the sheath is described in Sec. III A. The sheath
model, which is used for feedback of the sheath thickness
and ion acceleration power to the other models, is described
in Sec. III B. A simple etch rate model for comparison with
the experimental data is described in Sec. III C.

In Sec. IV, we summarize the equations used in the MOR-

RFIC simulation and present experimental results for com-
parison with the model for high power, low pressure condi-
tions. These results show how the spatial redistribution of rf
power heats electrons that are constrained in their motion
perpendicular to the magnetic field. This heating determines
the ionization reaction rate in the plasma source model. Lo-
calization of the heating, combined with reduced cross-field
electron transport, is found to be the dominant effect in
modifying the etch rate profile. In Sec. V, we compare results
from the model with another set of experiments that tested
the effects of radial and axial magnetic field components
using two magnet coils symmetrically located above the wa-
fer. The results show that the axial component of the mag-
netic field �normal to the wafer� plays the dominant role in
modifying the etch profile rather than the radial component.
The axial magnetic field reduces the scale length for electron
energy relaxation perpendicular to the magnetic field lines.

In Sec. VI, we summarize our results and describe future
work that could improve the model.

II. MAGNETIC FIELD EFFECTS ON THE IONIZATION
SOURCE AND TRANSPORT FLUX

The dimensions of the plasmas to be considered here are
too small to justify a transport model that relies on thermal
equilibration of the electrons. Thus, the standard closure
methods for the fluid moments of the kinetic equations using
Maxwellian energy distributions are suspect. The actual sys-
tem is further complicated by the presence of both positive
and negative ion species as well as many different neutral
atomic and molecular states. For numerical simplicity, we
begin with the continuity equation for the plasma inside the
transport region assuming equal densities for electrons and
singly charged positive ions,

S�x� = � · �p�x� , �1�

where S is the net volumetric source rate for electron-ion
production, and �p is the quasineutral particle flux.

Of chief interest is the ionization source, S�x�, which
depends on the electron energy distribution function �EDF�,
which in turn is controlled by the rf power deposition. Rather
than attempting to model the EDF in detail, we adopt a phe-
nomenological model of the ionization source, based on the
rf power absorption per electron, to form an effective ioniza-
tion rate coefficient, as described in Sec. II A. Relatively
cold electrons can adjust to the ambipolar potential through
processes that are crudely described by diffusion, but this
ambipolar effect is considered separately from the transport
of rf-heated electrons because the rf power deposition ulti-
mately determines the ionization source. Our modeling
shows that magnetic fields, coupled with spatially localized
rf power deposition, can localize the ionization source to
control the etch rate profile in the experiment.

As detailed in Sec. II B, a diffusive model of the unmag-
netized ambipolar flux is not strictly valid,5 but we use such
a model anyway because it is numerically simple and it pro-
vides qualitatively correct behavior for the ambipolar plasma
flux along magnetic field lines. The effect of classical cross-
field diffusion is added heuristically to make a smooth tran-
sition from the unmagnetized to magnetized limits in a 2D
diffusive model for the flux. The results of this modeling
indicate that variations with magnetic field are not strongly
dependent on the model for the ambipolar flux. However,
they are sensitive to the parameters used in the ionization
source calculation and hence the magnetically localized EDF.

A. Source rate model

For the systems discussed here, three-body volume re-
combination can be neglected, and we assume that all recom-
bination occurs when plasma is driven into the surface. Be-
cause the rf alone sustains these plasmas, we assume that
energetic electrons produce ionization at a rate proportional
to the rf power absorbed per electron. To account for the
redistribution of rf-heated electrons throughout the system,
we average the rf power deposition over a region appropriate
for relaxation of the electron energy distribution to derive the

FIG. 3. �Color online� This schematic shows the radial and axial variations
of the dielectric properties and magnetic field in a two-dimensional coaxial
model. Perfect electrical conductors �PECs� are shown in black. Plasma is
allowed to occupy the small region between the top conducting plate and the
wafer.
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local effective ionization rate, S�x�, in Eq. �1�. Thus, for
unmagnetized plasma, the model assumes that electrons
heated by the rf fields scatter their energy through the system
to ionize gas over a range determined by their scale length
for energy relaxation via electron-neutral collisions, �rlx. We
define an effective cross section for inelastic electron-neutral
collisions, �rlx, such that �rlx�1/ �nn�rlx�. For process reac-
tors it is reasonable to consider a uniform neutral density,
although gas flow and localization of the heating can lead to
significant variation in the excitation states of some neutral
species.

For the devices considered here, �rlx is typically on the
order of, or larger than, the dimensions of the device, so that
rf power is fairly evenly redistributed by electron scattering
throughout an unmagnetized system regardless of the spatial
distribution of the rf damping. However, when a magnetic
field is added, the redistribution of rf-heated electrons across
magnetic field lines can be significantly inhibited, while the
scattering of these electrons along magnetic field lines re-
mains governed by �rlx. To account for this physics, the
model averages the rf deposition profile over a flux tube
having length along a magnetic field line of ±�rlx, and a
radius perpendicular to the field line equal to ��

=min��rlx ,�EDF�et /�rlx�, where �EDF is the gyroradius of an
electron with energy representative of the ionizing popula-
tion and �et is the total cross section for electron collisions
with neutrals. The ratio, �et /�rlx, represents the number of
collisional steps before a heated electron loses most of the
energy gained from the rf in collision with neutrals. It is
useful to separate the magnetic field effects from the energy
effects by defining a quantity independent of the magnetic
field that represents the energy of the rf-heated EDF, EEDF

�me��EDF�ce�2, where �ce is the electron gyrofrequency. For
the work presented here, the bounds for the averaging pro-
cess are truncated by rf sheath boundaries such that ioniza-
tion inside the rf sheath layer is neglected.

Though not precise, this model for the source behaves in
a physically reasonable manner by redistributing locally ab-
sorbed rf power over a region that is accessible by the rf-
heated electrons as they move through the magnetic field and
lose energy to the background neutral gas. For systems with
�rlx and �� everywhere greater than the system size, the
model averages the rf power over the entire volume, giving a
uniform source regardless of any spatial variation in the rf
power deposition. For weakly collisional, but strongly mag-
netized electrons, the model yields a source proportional to
an average of the rf power deposition along a magnetic field
line. In a highly collisional regime where �rlx is everywhere
less than the dimensions of the system, the local rf power
deposition begins to directly determine the spatial distribu-
tion of the source term.

A power balance is needed to define an effective ioniza-
tion reaction rate, ��ionv�, based on the absorbed rf power.
Assuming most of the rf power is used to sustain energy
losses caused by electron collisions with neutrals, we con-
sider a phenomenological heat balance in steady state,

Prf − ne	
n

nn	
j

�� jv�Ej 
 0. �2�

An average energy required for the creation of an electron-
ion pair Eion is then defined as

Eion �
	

n

nn	
j

�� jv�Ej

	
n

nn��iv�
, �3�

where � j is the cross section for inelastic collisions resulting
in a loss of energy Ej in colliding with a neutral species of
density nn, �i is the cross section for ionization, and the � �
indicate an average over the electron energy distribution.
Thus, the power lost to radiation and ionization,
	nnenn	 j�� jv�Ej, is balanced by the absorbed rf power to
create a source term for Eq. �1�. The quantity, Eion, can also
be adjusted to account for other losses in the system, and is a
free parameter in the model that is weakly dependent on
details of the process as long as the supplied rf power is
sufficient to reasonably sustain a discharge. In practice, Eion

can be determined empirically, and minimum values for
ground-state neutrals are available from electron-beam
experiments.6

In terms of an effective ionization rate, the source can be
written as

S�x� =

�
Vi

Prfd
3x�

�
Vi

Eion�x��d3x�

� nenn��ionv� , �4�

where Vi is a volume centered at x and extending over a
region where heated electrons lose their energy as they scat-
ter along their orbits. The effective reaction rate, ��ionv�,
depends on the rf power delivered per electron inside the
energy relaxation volume, Vi, which models the effect of a
nonequilibrium, rf-driven, electron energy distribution func-
tion in the source term and/or the reduced ionization cost in
heated regions where the population of excited neutral states
is increased. For the work here, we assume Eion is spatially
uniform. Note that S�x� in Eq. �4� depends only indirectly on
ne through Prf so that the eigenvalue problem frequently
solved in the literature for the continuity equation is replaced
by the rf power deposition model and solved numerically in
conjunction with Maxwell’s equations.

B. Ambipolar flux model

Linear or nonlinear diffusive approximations can some-
times be used to simplify the form of �p in single ion species
plasmas, depending on the plasma parameters and the size of
the device.5,7,8 We follow Eq. �98� of Fruchtman et al.5 to test
the applicability of simplified models for �p. The condition
that must be satisfied for a linear diffusive model along mag-
netic field lines, or in an unmagnetized system, is

4

bPb2
2 � 1, �5�
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where

bP = L/2�it,

b2 =
S�it

necs
+

4

3
� 8Tg

�Te
P�d� ,

P�d� =
3��

8
d��1 +

1

d2 −
1

4d4�erf�d�

+
1

��
�1

d
+

1

2d3�exp�− d2�� − 1� ,

where d=v /�2Tg /mi, mi is the ion mass, and �it is the mean
free path between ion collisions with neutrals. The ion flow
velocity, v, is bounded between zero somewhere inside the
quasineutral region of the plasma and the ion sound speed,
cs, at the sheath boundary. A nonlinear diffusive model7,8 can
be used in the limit opposite that given by Eq. �5�, while a
fully nonlinear model is required when 4/ �bPb2

2��1.
For an argon plasma with parameters typical of the mod-

eling results presented later, Tg
0.1 eV, Te
1.5 eV, L
=0.03 m, and �it
2�10−3 m, the Paschen parameter bP is

7. However, effects caused by volume ionization and finite
neutral gas temperature are also included in Eq. �5�. For this
device, we consider �0.15	S�it / �necs�	 �0.30, giving
�0.5	b2	 �0.7 and resulting in the range of conditions:
�1	4/ �bPb2

2�	 �3. Thus, we must conclude that a fully
nonlinear model is required to accurately model the ambipo-
lar flux throughout the entire system, even in a simple argon
plasma. The development of such a complete model for the
transport requires effort well beyond the scope of this work,
and requires further investigation of other effects concerning
closure of the fluid equations, and the EDF. So we again
resort to a qualitative heuristic model for the ambipolar
plasma flux and connect the transport region to a distinct
sheath layer using a boundary condition.

We wish to retain a 2D bulk plasma response, including
the curved magnetic fields in the actual device, that can be
adapted to handle collisional transport across magnetic field
lines. The transport model must be computationally expedi-
ent and allow stable iteration with both the calculation of rf
power deposition and a sheath layer of varying thickness
around the perimeter of the plasma. Because of these con-
straints, and the fact that it provides a qualitative ambipolar
description of the bulk plasma, we incrementally extend a
diffusion model for �p from previous work2 to two dimen-
sions, even though it is not strictly valid along magnetic field
lines for the plasma parameters to be modeled. In this model,
ambipolar diffusion controls the particle flux in all directions
for cases where collisional processes prevent the charged
particles from feeling the static magnetic field. The ambipo-
lar potential also controls the particle flux along magnetic
field lines if the electron motion perpendicular to the mag-
netic field is restricted.

For a plasma with a single species of singly charged
ions, the ambipolar diffusion coefficient in a weakly ionized
system of sufficient size is given by

DA =
Cs�1 + Ti/Te�

nn��et
�me/mi + �it

�Ti/Te�
, �6�

where nn is the neutral gas density, �et and �it are the total
scattering cross sections with neutrals for electrons and ions,
respectively ��et� a few�10−19 m2, and �it
�et, depend-
ing on the ion species�, me is the electron mass, mi is the ion
mass, Te is the electron temperature, Ti is the ion tempera-
ture, and Cs��kTe /mi is the ion sound speed.

For the discharges considered here, the ion temperature
is expected to be reasonably close to the temperature of the
neutrals, roughly 1000 K
0.1 eV.9 For electron tempera-
tures around 1 eV, the ratio of Ti /Te can be ignored com-
pared with 1 in the numerator of Eq. �6�. However, the
electron-ion mass ratio, me /mi
10−5�Ti /Te for Ar, so that
Ti typically cannot be ignored in the denominator of Eq. �6�.
Frictional effects caused by the directed ion motion modify
the ambipolar flow, and the ambipolar diffusion coefficient in
the limit of negligible �me /mi is

DA 
 CsLi, �7�

where

Li �
1

nn�it

�Te

Ti
�8�

is the gradient scale length for the electrostatic potential.
The magnetic field can inhibit electron motion perpen-

dicular to the magnetic field lines described by a cross-field
diffusion coefficient, D�. The magnetization of the plasma
determines D�, and for this application, we consider a clas-
sical cross-field diffusion coefficient of

D� 

nn�etvte

2
�e

2, �9�

where vte is the electron thermal speed, and �e is the electron
gyroradius.

Relatively cold electrons can adjust to the ambipolar po-
tential through processes described by a diffusion coefficient,
but this effect must be considered separately from the trans-
port of heated electrons which affects the ionization source
described in Sec. II A. The transport of bulk electrons across
magnetic field lines is affected by the magnetic field strength
when cross-field diffusion of electron gyro-orbits becomes
smaller than the ambipolar diffusion, that is, when DA
D�.
In the simplified case of similar total collision cross sections
for electrons and ions, �et
�it=�, the magnetic field begins
to affect classical diffusion when the typical collisional mean
free path with neutrals, ��1/ �nn��, becomes greater than
��e�i /2, where �i is the ion gyroradius. In contrast, the re-
distribution of the 2D rf power deposition by the transport of
heated electrons becomes constrained by the axial magnetic
field when �EDF�et /�rlx becomes smaller than the radial scale
length for the device. For the weakly ionized argon plasmas
considered here, �et /�rlx
50.

In cases where the cross-field diffusion is greatly re-
duced by a strong magnetic field, ambipolar diffusion is used
along magnetic field lines regardless of the magnetic field
strength. Thus, a reasonable diffusive transport model that
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accounts for both perpendicular and parallel diffusions in the
system over a wide range of magnetic fields and pressures
can be generated using

D� 

DAD�

DA + D�

�10�

and

D� 
 DA, �11�

where the subscripts � and � denote coordinates parallel and
perpendicular to the magnetic field lines, respectively. In a
2D diffusion approximation using an orthogonal coordinate
system aligned parallel and perpendicular to the magnetic
field lines,

�p = − D�

�n�� ,s�
�s

− D�

�n�� ,s�
��

, �12�

where s is a coordinate in the direction of B. The operators in
cylindrical coordinates are

�

�s
� br

�

�r
+ bz

�

�z
�13�

and

�

��
� bz

�

�r
− br

�

�z
. �14�

For the overall transport model, Eqs. �12�–�14� are used
with a cylindrical divergence operator and Eq. �4� for the
source to solve the continuity equation �Eq. �1�� numerically
for ne. The boundary conditions near solid surfaces are mod-
eled by surrounding the surface with a 2D sheath layer.
Plasma diffusion into the sheath region is handled as a
boundary condition for Eq. �12�,

�DA
�n

�s
�

s1

= − �Cs�s1
n1, �DA

�n

�s
�

s2

= �Cs�s1
n2, �15�

where s1 and s2 denote the locations along a magnetic field
line where the quasineutral plasma meets the sheath region.
The values, n1 and n2, are the plasma densities at s1 and s2,
respectively.

III. SOLUTION OF MAXWELL’S EQUATIONS

For the electromagnetic fields, Maxwell’s equations are
solved in 2D with a local dielectric tensor �required for mag-
netized plasma�,

� � E = i�B, � � B = �0Jext − i��0�0K̃ · E , �16�

where E and B are the complex electric and magnetic rf field
vectors, respectively, with implicit exp�−i�t� time depen-

dence, K̃ is the nine component local dielectric tensor, and
Jext represents rf current sources provided by an external
generator or antenna. In the numerical solution, the rf mag-
netic fields are eliminated from Eq. �16� and the resulting
���� operator is conservatively differenced on a stag-
gered mesh in cylindrical coordinates. All units are mks.

For regions where linear charged particle orbits are valid
on the rf time scale �not in the sheath�, the dielectric tensor in
cold plasma can be written as10

Kc
˜ = � S − iD 0

iD S 0

0 0 P
�, E = �E�1,E�2,E�� . �17�

In the right-handed orthogonal coordinate system of Eq.
�17�, ��1, �2, � �, the � direction is along the static magnetic
field and �1 is in the direction of perpendicular wave propa-

gation. In a cylindrical �r̂ , ̂ , ẑ� coordinate system with no
azimuthal static magnetic field, such as those presented here,

�2= ̂, and Kc
˜ is rotated into cylindrical coordinates. The

quantities, S, D, and P, are described in the cold plasma limit
as

S = Sc � 1 − 	
j

�pj
2 /��2 − �cj

2 � ,

D = Dc � 	
j

��cj/���pj
2 /��2 − �cj

2 � ,

P = Pc � 1 − 	
j

��pj
2 /�2� , �18�

where �cj =qjB0 /mj is the cyclotron frequency of the jth spe-
cies, �pj =�qj

2nj / ��0mj� is the plasma frequency for the jth
species, B0 is the static magnetic field strength, �0 is the
permittivity of free space, and qj, mj, and nj denote the
charge �with sign�, mass, and density of the jth species, re-
spectively. Collisional damping based on the neutral collision
frequencies is included in the cold plasma model by allowing
the species mass to be complex and multiplying mj by �1
+ i� j /��, where � j is the effective total collision frequency
for the jth species.

Solutions to Eq. �16� are obtained by assuming azi-
muthal symmetry for the plasma properties, Fourier analyz-
ing the rf field components according to

E�r,t� = 	
−�

�

Em�r,z�ei�m�−�t�, �19�

and numerically solving Maxwell’s equations in the r-z
plane, where r and z are the radial and axial coordinates,
respectively. The numerical solution is obtained using finite
difference techniques in cylindrical coordinates with a stag-
gered Yee grid, typcially with a radial resolution of 0.6 mm
and an axial resolution �across the sheath� of 0.08 mm. For
this 2D system, the rf drive is also symmetric in the azi-
muthal direction, so the Fourier decomposition in Eq. �19�
need only to consider m=0.

For the very high frequencies considered, the 2D elec-
tromagnetic solution requires a careful description of the
grounding paths provided by the perfectly electrically con-
ducting �PEC� components. The 2D electromagnetic solution
is found in cylindrical geometry with PEC boundary condi-
tions on the outer limits of the solution domain. Within the
computational domain, additional PEC regions can be added
to construct the driven �top� plate, the wafer bias grid, and
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the conducting paths leading to the edge of the domain. Ex-
posed corners are rounded to a prescribed radius of curvature
to prevent localized peaking of the electric fields near cor-
ners. A specified rf current at the driving frequency is im-
posed across a small vacuum gap far from the region of
interest, as shown in Figs. 2 and 3, to provide the only rf
power source in the calculation. Energy conservation is used
to check the convergence of the solution, and the integrated
incoming power typically matches the absorbed power to
within six decimal places.

Regions with scalar dissipative dielectric properties are
specified where desired to model the other components of the
chamber. The plasma tensor properties are described between
the driven plates in the quasineutral plasma region using Eq.
�17� and results from the transport model with the static
magnetic field calculated using a filament model for the mag-
net coils. The nonlinear dissipation of the rf in the resistive
sheath region is described below.

A. Nonlinear resistivity in the sheath

The resistive properties of the plasma sheath are nonlin-
ear and are included in the solution to Maxwell’s equations
by explicit iteration. We follow a procedure similar to that of
Jaeger et al.,11 except that we retain the finite sheath thick-
ness in the rf calculations. The ion acceleration through the
sheath requires the system to supply an average power flux
of

�nl
E = csnsZeV0, �20�

where cs and ns are the sound speed and density at the
sheath/transport interface, Z is the ion charge state, e is the
electron charge, and V0 is the rectified dc voltage. This
power is supplied directly to the ions by rectification of the
driven rf fields in the sheath. We model the time-averaged
power transfer to the sheath at the driven frequency by a
uniform conductivity across the sheath layer,

1

2
Re��

0

�

E · Jnl
* ds� � �nl�En

2��/2, �21�

where s is the distance across the sheath in a direction nor-
mal to the surface, � is the sheath thickness, Jnl is the non-
linear rf current at the driven rf, �nl is the effective nonlinear
conductivity of the sheath, and �En

2� is the average of the
square of the rf electric field component normal to the sur-
face across the sheath layer, En.

Note that some care is required on the rf time scale to
make the transition from a linear rf response in the quasineu-
tral bulk plasma to the sheath layer because of the resonance
in the linear plasma response at �=�pe.

12 If the time-
averaged electron density passes through a value such that
�=�pe in Eq. �18�, then care must be taken to ensure that the
linear orbits used to calculate Eq. �18� remain valid. For the
work here, we assume a sharp transition between the bulk
plasma region where Eq. �18� is used and the nonlinear
sheath region where nonlinear orbits occur on the rf time
scale. Setting the right hand sides of Eqs. �20� and �21� equal
gives

�nl =
2csnsZeV0

�En
2��

�22�

inside the sheath region. With this formulation, a nonlinear
sheath model can provide the relationships between � and V0

given En from a previous solution to the rf model, and cs and
ns from the transport model.

Transformation from the normal component coordinates
back to the cylindrical coordinates of the 2D rf model gives
the nonlinear conductivity tensor,

�̃nl = �nl� nr
2 0 nrnz

0 0 0

nrnz 0 nz
2 � , �23�

where nr and nz are the cylindrical components of the surface
normal vector.

We further assume that there is no modification of the
real dielectric response caused by the time-averaged electron
distribution inside the sheath. Thus, we take the real part of
the dielectric in the sheath region to be one, giving a nonlin-
ear dielectric for use in Eq. �16� inside the sheath,

K̃sheath = Ĩ + i�̃nl/��0, �24�

where Ĩ is the identity tensor. Numerical diagnostics track the
sheath characteristics in the system, as shown in Fig. 4, re-
cording the various quantities in Eqs. �20�–�23� for use in
following iterations. Upon convergence, the integrated power
deposition in the sheath region from the solution to Eq. �16�,
using Eq. �24� in the sheath region, becomes equal to the
nonlinear ion heat flux to the surface.

Stochastic heating may also occur at the oscillating in-
terface between the sheath and the bulk plasma. We crudely
model this effect by adding a uniform effective collision fre-
quency �F to the electron-neutral collision term13 in Eq. �18�.

FIG. 4. �Color� The 2D sheath model tracks the sheath thickness in r and z
coordinates, using the previous iterates to determine the self-consistent
sheath thickness. The thickness is based on a collisionless model using local
values of the dependent quantities. The bulk plasma density inside the
sheaths is determined by the transport model with the source obtained from
the rf power deposition in the rf model. The electrical circuit is assumed to
provide a virtual ground at the wafer location. Note the short at the outer
edge of the pumping port may affect results with relatively high magnetic
fields.
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This effective collision frequency is enhanced because of the
high frequency and relatively low pressure in this device.14,15

We use a uniform value of �F=4�108 s−1 to simulate sto-
chastic heating in all of the work presented here, but note
that the results are somewhat sensitive to the value of �F. An
improved model for this effect requires a computational ef-
fort beyond the scope of this work.

B. Sheath model

Following the notation of Lieberman,4 the nonlinear dy-
namics is described by a harmonic expansion of the voltage
across the sheath,

V�t� = 	
k=0

�

Vk cos�k�t� . �25�

In Eq. �25�, V0 denotes the rectified dc voltage across the
sheath, V1 denotes the rf voltage amplitude driven across the
sheath by the rf transmitter, and Vk�1 denotes harmonic volt-
age amplitudes. Given the driven rf voltage, V1, the sheath
model can be used to determine the dc voltage, V0, the sheath
thickness, the electron density profile throughout the sheath,
and all the harmonic voltages.

Assuming V1, Te, and ns are known, a collisionless
sheath thickness is given by

� = �e��H�1/2�2 + 5�H/12� + �0, �26�

where �e=7430�Te /ns is the Debye length at the bulk-sheath
interface,

H =
�1 + �2V1C�/��Te��1/2 − 1

C
, C =

5�

6
−

1024

675�
, �27�

and �0 is a limiting value for the sheath thickness when the
rf electric field becomes small.16 It is important to use a
value of �0 that is at least several �e in order to prevent a
numerical collapse of the sheath during the iteration process
and its subsequent shorting by either direct plasma currents
or displacement currents. A value of �0=10�e was used for
simplicity in this work, although a more complete model for
�0 is available.16

To calculate the rectified dc voltage, V0, information
from both sheaths in the circuit is needed. Magnetic field
connections, 2D effects, and imbalances in the rf voltage at
opposite connected sheaths greatly complicate the details of
the dc potential. Also, for magnetic fields such that �e	�
and �rf	�ce, the electron motion through the sheath can be
affected, invalidating the assumptions used to derive Eq.
�26�. These complications are beyond the scope of the
present work. However, we proceed heuristically using

V0 =
�HTe

4
�3 +

9�H

8
� �28�

for each sheath, and we later average the V0 values obtained
at opposite plates. Thus, while the model remains reasonable
for field lines that are normal to the solid surface, it is not
valid if the field lines become nearly tangential to the surface
for �rf	�ce. Thus, for the results in this paper, we consider
only �rf��ce �coil currents ¡20 A�.

C. Etch rate model

Etch rate estimates are needed from the model to com-
pare with etch rate measurements from the experiments. The
actual etch rate is strongly influenced by the wafer bias and
the halogen content of the plasma, which is proprietary in-
formation. However, experimental conditions were chosen to
reduce these effects and allow reasonable comparison with
the argon model. To provide a diagnostic with relevance to
an experimentally measurable quantity, we calculate the etch
rates for physical etching of argon on polysilicon using the
formula17

� = 0.0375���V0� − �Eth��p �29�

with � in units of Si at. m−2 s−1, where �p is the particle flux
to the wafer, and a value of Eth=16 V was used. The values
of the rf voltage were converted to dc voltages using Eq. �28�
and the two values at each radius location were averaged to
obtain �V0� in Eq. �29�. The actual particle flux at the plasma-
sheath interface over the wafer, �p, was obtained from the
transport model.

IV. COMPARING THE MODEL TO THE EXPERIMENT

For the MORRFIC simulation here, the 2D transport mod-
ule numerically solves the continuity equation, Eq. �1�, in-
side the bulk plasma region using Eq. �4� for the ionization
source, S, and Eqs. �10�–�14� to model the ambipolar particle
flux, �p, with the boundary condition at the interface with the
sheath region given by Eq. �15�. The 2D �m=0 in Eq. �19��
electromagnetic module for the rf fields solves Eq. �16� with

the dielectric tensor, K̃, given by the cold plasma result, K̃c,
of Eq. �17� in the bulk plasma region �not the sheath� and by

the resistive sheath result, K̃sheath, of Eq. �24� inside the
sheath region. In the sheath module, the sheath thickness, �,
near a solid surface is determined locally by Eq. �26�, and the
sheath region extends a distance, �, normal from the solid
surface. The iteration procedure is started assuming a uni-
form rf power deposition profile in Eq. �4� and a uniform
guess for the sheath thickness to calculate the plasma density
distribution from the transport module. The electromagnetic
module then uses this plasma density distribution to calculate
the rf fields and power deposition required to update Eq. �26�
for �, Eq. �24� for K̃sheath, and Eq. �4� for S. Relaxation
techniques and subiteration are used to stabilize the density
profile and the sheath-transport boundary between iterations
with the electromagnetic module. A specified fixed uniform
neutral density profile and fixed cross sections are assumed
for all iterations.

Precise details of the prototype reactor and its results are
proprietary, but the normalized measured etch rate profiles
for a process that can reasonably be compared with an argon
simulation are shown in Fig. 5. For this work, 300 mm Si
wafers, coated with 0.5 �m deep ultraviolet �DUV� photore-
sist, were etched by a very high frequency capacitively
coupled plasma with a small amount of conventional
13.56 MHz wafer biasing for several different coil currents
in the magnet. Ammonia gas was fed as the main etching gas
to suppress excessive chemical reactions that complicate the
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calculation of the radial etch rate profile in the model, al-
though a small amount of oxygen gas was also fed to avoid
etch stop on the resist blanket of the wafer. The data shown
were taken for a gas mixture that can reasonably be com-
pared with an argon model of the plasma. The maximum
level of very high frequency power was applied to the top
electrode in order to keep the source of plasma dominated by
power from the top electrode. A small bias power was ap-
plied to the bottom electrode to simultaneously maintain the
necessary sheath voltage and thickness. At these conditions,
the rf voltage measured at the bottom electrode through a V-I
probe varied between 270 and 290 V depending on coil cur-
rents. These results show that a radially peaked profile with
no magnetic field can be made flat, or even hollow, by add-
ing a small static magnetic field. This additional control al-
lows the uniformity of the etch or deposition rate to be tuned
for more desirable wafer processing independent of other
circuit parameters or the gas mixture.

The physical etch rate profiles, using Eq. �29� and the
results of the 2D MORRFIC argon model of this system, are
shown in Fig. 6. These results also show a transition from a
radially peaked profile for no magnetic field18 to a hollow
profile as the magnetic field is increased. The transition in
the model also occurs for roughly the same magnet coil cur-
rents as those shown in Fig. 5. A uniformly hollow etch
profile is observed for coil currents greater than 8.8 A in
both the model and the experiment. The slight modulation in
the results of the model shown in Fig. 6 appear because the
numerical grid spacing in the radial direction is significantly
longer than the spacing in the axial direction to improve
computational performance. When the sheath thickness
changes from iteration to iteration, because of interference
patterns in rf waves that are reflected along the sheath layer,
corner effects near interference points on the grid can give
rise to a slight peaking of the rf field. This physical interfer-
ence pattern, coupled with the grid “peaking”, introduces
noise in the model for the sheath thickness, and the slight
modulations shown. Increasing radial resolution and over-

relaxation techniques can further reduce this numerical
noise, but require additional computational resources.

The sensitivity of the modeling results to the parameters
that are used provides information concerning the physical
processes involved. Two parameters in this relatively simple
plasma source model control the magnetic field strength re-
quired to produce this hollowing effect. These are EEDF and
�rlx, as discussed in Sec. II A. Both control the spatial vol-
ume over which power deposited by the rf can cross mag-
netic field lines. The values used in Fig. 6 were EEDF=Te

=1.4 eV and �rlx=1�10−20 m2, with �et /�rlx=50. Other im-
portant parameters for the modeling were �it=1�10−18 m2,
a neutral fill density of nn=4.6�1020 m−3, Ti=0.07 eV, and
Eion=200 eV. The value of EEDF can be adjusted in the
model to control the magnetic field strength at which the
profile begins to flatten. Increasing EEDF to values greater
than Te, such as might be expected for a strongly heated
EDF, raises the magnetic field required for the onset of a
flattening effect. Adjusting �rlx controls the extent to which
the hollowing occurs, especially for higher values of the
magnetic field. These results demonstrate the need to con-
sider 2D cross-field transport and the 2D distribution of ab-
sorbed rf power when modeling magnetized discharges.

The most notable difference between the model results
and the experiment is the overall reduction in etch rate with
increasing magnetic field in the model. This effect in the
model is primarily caused by a radially outward shift in the
plasma toward the pump region as the current in the coil is
increased. The formation of plasma in the larger volume at
larger radius, combined with the roughly fixed global num-
ber of electron-ion pairs produced �fixed total rf power and
Eion�, reduces the plasma density near the center of the dis-
charge as the magnetic field increases. In the actual device,
plasma is not produced in the pump region of the discharge
because of circuit effects beyond the scope of the model and
the three-dimensional nature of the pumping region. How-
ever, because the pumping region is grounded along with the
wafer chuck in the 2D model, an artificial method must be
used to simulate the lack of significant plasma formation in

FIG. 5. �Color� The measured radial etch rate profile of 300 mm photoresist
blanket wafer etched by NH3 with a small amount of O2 in a capacitively
coupled plasma with various magnet coil currents at 50 mT operating pres-
sure. Increasing the magnetic field causes the radial etch profile to become
hollow.

FIG. 6. �Color online� The radial profile of physical etching by Ar in the
model of the mockup can be strongly affected by the applied magnetic field,
driving the profile hollow near the center of the wafer. EEDF=Te=1.4 eV,
Ti=0.07 eV, nn=4.6�1020 m−3, �et=5�10−19 m2, and �rlx=1�10−20 m2.
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the pump region, especially for cases with large radial mag-
netic field components in the pump region. For the modeling
results in Fig. 6, the plasma source was artificially set to zero
for radii larger than 0.23 m to simulate the lack of produc-
tion in the pump region, and plasma was allowed to diffuse
into the pump region to prevent numerical difficulties asso-
ciated with an abrupt transition to vacuum. This setting al-
lowed reasonable comparisons with the experiment and was
kept the same for all results presented in this paper to mini-
mize its effect on the conclusions. Additional variations be-
tween the model and experiment may arise because of small
modifications in the oxygen content and the small amount of
wafer biasing used in the experiment at 13.56 MHz, both of
which are beyond the scope of the model presented here.

Figure 7 shows the rf sheath voltages, V1, on the top
�driven� and bottom �grounded� plates for several different
coil currents in the magnet. Note that the top and bottom rf
sheath voltages are not symmetric, so the average of the top
and bottom values of V0 from Eq. �28� were used to estimate
the etch rate. These profiles flatten somewhat with increasing
magnetic field strength, but remain peaked for all of the
cases considered here. The sudden transitions in voltage oc-
cur when the surface beneath the sheath is dielectric rather
than conductor, as labeled �see Fig. 3�.

As shown in Fig. 8, the magnetic field primarily affects

the plasma density in the model because of spatial changes in
the rf power deposition and confinement of these heated
electrons to localize the source. Relatively flat density pro-
files were found for magnet currents below 4.4 A. For coil
currents from 8.8 to 17.6 A, the density was strongly peaked
outside the wafer region, although this peaking is influenced
by details used to model the pump region.

Figure 9 shows the ionization source from Eq. �4� for
each of the converged cases shown in Figs. 6–8. The figure
has been vertically stretched to better visualize the plasma in
the vertical gap �0.03 m� compared with the full radial extent
of the simulation �0.3 m�, and reference locations for differ-
ent radial features have been added for comparison with pre-
vious figures. For the neutral parameters considered here, the
ionization source is nearly uniform in the case with negli-
gible magnetic field. However, as the magnetic field in-

FIG. 7. �Color online� The combined sheath, rf, and transport models pro-
duce rf voltages that are not balanced between the top and bottom capacitor
plates. The amplitude of the voltages is affected by the static magnetic field,
but the peaked shape near the center is not changed.

FIG. 8. �Color online� The density halfway between the top and bottom
plates gives an indication of the ion flux at the sheaths for different radii for
various magnetic fields when the models are iterated to convergence.

FIG. 9. �Color� The ionization source is affected by the magnetic field
because of reduced cross-field heat transport and a redistribution of the rf
power toward outer radii with increasing magnetic field for the single coil
geometry. As the magnet coil current is increased, the ionizing electrons
become more confined by the magnetic field and, at high enough fields, are
restricted to move primarily along field lines. This figure has been vertically
stretched to better illustrate the effect. For comparison with previous figures,
the radial location marked as the wafer edge is at 0.15 m, the thickness of
each plasma section is roughly 0.03 m, and the “pump region” begins at a
radius of 0.23 m.
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creases, the heated electrons are increasingly constrained by
the magnetic field. For EEDF=1.4 eV, the confinement of the
heated electrons becomes important for coil currents as low
as 4.4 A, similar to that observed in the experiment. Further
increases in the magnetic field lead to increasing density at
outer radii which further localizes the rf power deposition at
the outer radii.

The effect of the magnetic field on the plasma source can
be isolated from the effect of the field on the ambipolar flux
by considering a uniform source rate for differing magnetic
fields, as shown in Fig. 10. These results were taken from the
first iteration of each case in the code such that the source
rate and all other parameters are identical, except for the
magnetic field strength. Because of the relatively weak effect
of the magnetic field on particle transport with uniform
power deposition, we conclude that the effects of the mag-
netic field on the diffusive model of the ambipolar flux are of
significantly less consequence than their effect on the ioniza-
tion source. Again, the gap between plates is 0.03 m and the
full radial extent of the simulation is 0.3 m. Reference loca-
tions for different radial features have been added for com-
parison with previous figures.

Through this comparison, we conclude that the rf power
deposition primarily determines the plasma source rate, and
transport of the plasma along field lines can play a synergis-
tic role in modifying the rf power deposition. The two-
dimensional geometry of the system cannot be ignored.
These results suggest that the plasma becomes more absorb-
ing because of the increased electron density �rf plasma cur-
rent� toward the outer radii with increasing magnetic field,
and this effect feeds back on itself to move the plasma den-
sity distribution outward with increasing magnetic field.
However, these results do not completely resolve the ques-
tion of whether the magnetic field also modifies wave propa-

gation because of the magnetized rf dielectric tensor. Al-
though these studies were performed for rf’s above the
electron cyclotron frequency at all locations in a highly col-
lisonal plasma, and no cavitylike behavior was observed,
which might be expected in the presense of an extraordinary
waves or other short wavelength modes, it is possible that the
wavelength of magnetized plasma waves could approach the
size of the system when the electron cyclotron frequency
approaches the driven frequency. Such wave propagation ef-
fects could further complicate the synergy. For these plasma
parameters, the role of the electrostatic electron Bernstein
mode should also be investigated, but this kinetic mode can-
not be described by the cold plasma dielectric tensor used in
this model.19

V. MAGNETIC FIELD COMPONENT EFFECTS

To better understand the physics behind the magnetic
field effects on uniformity, it is important to determine the
sensitivity of the process to changes in the direction of the
magnetic field lines. To isolate the importance of the differ-
ent magnetic field components, an experiment was per-
formed using a second proprietary tool similar to the one
pictured in Figs. 2 and 3, except that a second magnet coil
was placed an equal distance below the wafer. Such a coil
was also added to the MORRFIC model shown in Fig. 2 with
no other changes.

The symmetric magnet coils were operated in three dif-
ferent configurations. The first configuration used only the
top coil with varying current increments, similar to the re-
sults already presented. The second configuration used cur-
rents in the same direction for each coil to form a mirror
configuration that eliminates all radial �tangential to the wa-
fer� magnetic field components at the wafer surface. The
third configuration used coil currents in opposite directions
to form a cusp configuration that eliminates all axial �normal
to the wafer� magnetic field components at the wafer surface.
For the mirror and cusp configurations, half the current per
coil was used relative to the top-coil-only experiments to
make the strength of the axial and radial magnetic field com-
ponents comparable with the top-coil-only cases.

Probe measurements of the plasma density in the experi-
ment with no field, and with the three different field configu-
rations using 5 A of equivalent current, are shown in Fig. 11.
These results show that the magnetic field for the cusp con-
figuration has a minimal effect on the radial density profile,
while the mirror and top-coil-only configurations show a
much stronger, and very similar, dependence on the magnetic
field strength. Thus, the axial �normal to the wafer� magnetic
field component plays an important role in modifying the
experimental etch rate profile.

Results from the model comparing the calculated plasma
density halfway between the plates with 4.4 A in the top-
coil-only configuration and 2.2±2.2 A for the mirror and
cusp configurations, respectively, are shown in Fig. 12. Other
parameters in the model are identical with those used in Sec.
IV. The effect of magnetic field in the model is very similar
to that observed in the experiment, showing only a small
effect on the overall transport caused by the cusp fields, but

FIG. 10. �Color� Transport modeling results using the same uniform plasma
source and all other parameters, except the magnetic field, show only slight
enhancement of the plasma density at radii near the wafer edge with increas-
ing magnetic field for a single coil configuration. This figure has been
stretched for to better illustrate the effect. For comparison with previous
figures, the radial location marked as the wafer edge is at 0.15 m, the thick-
ness of each plasma section is roughly 0.03 m, and the “pump region”
begins at a radius of 0.23 m.
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a much stronger hollowing of the profile with increasing
axial magnetic field strength. In the model, the hollowing in
the mirror and top-coil-only configurations occurs because of
the restricted transport of heated electrons from the outer
regions, where the rf power deposition is stronger, to the
inner parts of the discharge, where the rf power deposition is
weaker. The model also shows a slightly hollow density pro-
file for the case with no magnetic field because of the in-
creased sheath thickness near the center of the discharge �rf
voltage peaked at the center�. This deviation from the experi-
ment may be partly caused by the methods used to simulate
the pump region. But it is also likely an artifact of the diffu-
sive model used for the ambipolar flux and the collisionless
approximation used for the sheath.

A more complete, global model of the particle transport,
the heat transport, and the sheath processes is needed to ac-
curately model these discharges.8 However, because similar
effects are observed with changing magnetic field in both the
model and the experiment, we conclude that the model con-
tains the most basic physical mechanism responsible for the
modification of the etch profiles in the experiment. This
physical process is a synergy between the magnetic field’s

effect on the electromagnetic rf power deposition and its re-
duction of the cross-field transport of rf-heated electrons.

VI. CONCLUSIONS AND FUTURE DIRECTIONS

The effects of a magnetic field on capacitive discharges
have been studied using experiments and integrated two-
dimensional �2D� physics-based models for rf’s above the
electron-cyclotron frequency and more than ten times higher
than 13.56 MHz. The models were used to survey and iden-
tify 2D effects and important physics in relevant devices. A
Maxwell solver calculated the electromagnetic rf fields in
two dimensions, suitable for very high frequency applica-
tions, and the spatial rf power deposition in the magnetized
plasma. Analysis of the electron energy relaxation lengths,
both along and across magnetic field lines, was used to esti-
mate a spatially varying ionization source rate that was con-
sistent with the deposited rf power and the static magnetic
fields. The redistribution of the rf power deposition in space
by the transport of heated electrons becomes constrained by
the axial magnetic field when ��=�EDF�et /�rlx becomes
smaller than the radial scale length for the device ���


50�EDF for the conditions considered here�, as described in
Sec. II A. The rf fields from the Maxwell solver were also
used with a collisionless sheath model to create a 2D capaci-
tive layer of finite thickness between solid surfaces and the
bulk plasma. A resistive term was added to Maxwell’s equa-
tions to sustain the ion acceleration within the sheath and
consistently extract that power from the electromagnetic
fields. A simplified model for the transport of the bulk
plasma, using the ionization source and the sheaths, then
closed an iterative cycling to convergence between the mod-
el’s component modules.

The configuration shown in Figs. 2 and 3 was studied
with three different magnetic field geometries suitable for
qualitative comparison with experimental prototype reactors.
In one configuration, a single magnet coil surrounding the
system near the top of the device was energized, and etch
rate profiles were studied. Two additional configurations
used a second coil, located symmetrically below the wafer, to
study the effect of the individual components of the magnetic
field. For the corresponding experiments, minimal wafer bias
was used so that the system was dominated by very high
frequency power applied to the top electrode, and the gas
composition was chosen to allow reasonable comparison
with an argon model. For the model, high frequency rf power
was applied to only the top electrode in the model, and the
plane of the wafer chuck was treated as a grounded perfect
conductor to simulate controlling circuitry in the actual de-
vice that was outside the region of simulation.

Experiments from the prototype reactor using a single
magnet coil above the plasma showed a transition from cen-
trally peaked to hollow etch rate profiles with increasing
magnetic fields. The model was used to estimate the physical
etch rate of a pure argon plasma having similar conditions,
and good agreement was found with the experiment when
appropriate parameters were used. The results indicate that
the magnetic field primarily allows a localized increase in the
ionization rate for larger radii with increasing magnetic field.

FIG. 11. �Color online� The direction of the magnetic field was changed in
the experiment using cusp and mirror configurations. The cusp produces
primarily a radial magnetic field throughout the plasma while the mirror
produced an axial magnetic field with comparable field strengths. The re-
sults indicate that the axial component of the magnetic field plays an impor-
tant role in controlling the radial density and etch rate profiles.

FIG. 12. �Color online� The direction of the magnetic field was changed in
the model using cusp and mirror configurations with field component
strengths comparable with the top-coil-only case. The cusp produces prima-
rily a radial magnetic field �tangent to the wafer� throughout the plasma,
while the mirror produced an axial magnetic field �normal to the wafer� with
comparable field strengths. The axial component of the magnetic field plays
an important role in controlling the radial density and etch rate profiles by
reducing the transport of heated electrons across field lines.
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The localization of the plasma source is caused by localized
rf power deposition coupled with a reduction in the transport
of rf-heated electrons across magnetic field lines with in-
creasing magnetic field strength. The model was also in rea-
sonable agreement with the second experimental reactor hav-
ing symmetric coils operated in cusp and mirror
configurations. These results showed that the static magnetic
field component normal to the wafer was primarily respon-
sible for modifying the radial profile of the etch rate, further
supporting the finding that the magnetic field reduces the
transport of rf-heated electrons across field lines.

In conclusion, we find that a two-dimensional electro-
magnetic solution is necessary to describe localized rf power
deposition in very high frequency systems where the wave-
length in plasma becomes comparable with any dimension of
the system. The transport of the deposited power and the
direction of the magnetic field must be considered, even at
very low magnetic field strengths. Although the magnetic
field’s effect on uniformity was not very sensitive to the dif-
fusive model used for the ambipolar flux, analysis indicates
that this diffusive model is not well justified for the devices
studied here. Thus, for more detailed modeling, a full solu-
tion of the fluid equations may be required in many regimes.
The effects of magnetized transport and localized variations
in the electron energy distribution should be included if mag-
netic fields are present. Further improvements in modeling
should consider multiple ion and neutral species, collisional
sheath models, and possibly effects caused by gas flow.
Models for plasmas produced near high power fusion anten-
nas, or in helicons with a high degree of ionization, will
certainly require a more detailed self-consistent model of
neutral gas distributions.
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Magnetic fields can be used to enhance the performance and operational envelope of rf capacitive discharges for semiconductor processing. 
Antennas in magnetized experimental fusion devices can experience similar rf processes that lead to surface erosion and degraded antenna 
performance. Two-dimensional modeling is needed to understand the combined effects of production and transport in these plasmas; 
however, magnetized plasma is a complicated medium because of tensor rf conductivity, anisotropic transport, and the fact that rf power 
alone sustains the plasma. In this paper, we give results from a model originally derived for studies of magnetized fusion and helicon 
discharges that has been adapted to capacitive discharges and compare the results with experimental data. The two-dimensional model 
combines the effects of the magnetic field on the plasma's rf properties and the bulk transport of plasma, including a sheath layer with finite 
thickness at the boundaries. A collisionless sheath model uses the rf fields in the sheath region, along with the density at the interface 
between the bulk plasma and the sheath, to determine the sheath thickness and to estimate the rectified dc potential. The driven rf fields are 
resolved inside the sheath region by including resistive dissipation caused by ion acceleration. These results are iterated with a model for 
transport of the bulk plasma to produce a global model of the sheath voltages and bulk rf plasma heating. The results at various iterative 

steps help isolate magnetic field effects that are caused by modification of the plasma's rf response from transport effects that are caused by 
the reduced electron mobility perpendicular to the magnetic field. The magnetic field can enhance confinement for some pressure regimes 
and magnetic configurations. More importantly, the magnetic field can restrict the motion of electrons that are heated by the rf, localizing the 
nonequilibrium distribution of electron energy and reducing the electron transport across magnetic field lines. Changes in the plasma rf 
response can also play a role in the behavior of the discharge by further localizing the rf power deposition in the plasma. ©2006 American 
Institute of Physics 

doi:10.1063/1.2355436 
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