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Global Modeling of Magnetized
Capacitive Discharges
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Abstract—Capacitive reactors for semiconductor processing
must simultaneously balance many physical phenomena with engineering constraints to achieve the desired processing properties.
Important phenomena include electromagnetic RF propagation,
gas ionization, plasma heating, plasma transport, and nonlinear
sheath effects. Constraints are driven by process uniformity, radical production, thermal control, and reactor-component lifetime.
These phenomena and constraints are often modeled in isolation;
however, in a real system, they can interact in ways that are not
easily foreseen. It is highly desirable to have global models that can
provide relatively quick feedback for the proposed modifications
to these systems. While an approach based on fundamental physics
models is highly desirable whenever possible, the system can
quickly become too complicated for quick design evaluations. In
this paper, we explore the interaction between several processes
by combining fundamental physics models when reasonable, with
simplified, heuristic, or even empirical models for processes that
are difficult to model from first principles. The goal is to understand the interaction between these processes in a global system
without becoming overly encumbered by details in the individual
components of the model. We study the effects of static magnetic
field on plasma transport and electromagnetic effects arising at
high RF frequency. We also change the RF-coupled power and
ionization efficiency in a simplified 2-D model geometry to contrast the various effects. We find that discharges with very high
frequency and high plasma density can exhibit localized nulls in
the RF fields caused by electromagnetic-propagation effects in the
sheath region. We find that relatively low static magnetic fields
can modify the radial-plasma density profiles. Good agreement
is found between the radial-plasma profiles given by the model
and those measured in an experiment where the currents in two
concentric coils near the plasma are the only variables.
Index Terms—Capacitance, electromagnetic analysis, electromagnetic coupling, electromagnetic fields, electromagnetic heating, electromagnetic measurements, electromagnetic propagation
in absorbing media, electromagnetic propagation in anisotropic
media, electromagnetic propagation in dispersive media, electromagnetic propagation in nonhomogeneous media, electromagnetic
propagation in nonlinear media, electromagnetic propagation
in plasma media, electromagnetic surface waves, magnetic confinement, magnetic field effects, magnetic fields, perpendicular
magnetic anisotropy, plasma applications, plasma confinement,
plasma control, plasma devices, plasma generation, plasma heating, plasma materials-processing applications, plasma measurements, plasma properties, plasmas, plasma sheaths, plasma waves.
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Fig. 1. Models for bulk-plasma transport, sheaths with finite thickness, and
an electromagnetic model are iterated to obtain solutions in magnetized RFgenerated discharges.

I. I NTRODUCTION

S

TATIC magnetic fields affect the plasma-dielectric properties, plasma transport, and the distribution of electrons
heated by the RF in capacitive discharges. Electromagnetic
effects are important to consider for very high frequencies [1]
under plasma conditions that produce thin highly capacitive
sheaths. In this paper, we provide modeling results over a wide
range of parameters to identify various physical effects (the 2-D
model is described in detail in [2]). We also make a direct
comparison between modeling and experimental results for the
effect of magnetic fields on the radial-plasma density profile.
In the parameter study, the effects of magnetic field and
sheath capacitance are shown in a simplified system for somewhat independently varying the RF power and energy cost for
ionization to help isolate sheath and transport effects. We also
vary the RF power, which changes both the sheath and density,
at fixed ionization efficiency for frequencies of 13.56 MHz and
162 MHz. For the comparison with the experiment, good agreement is found between the plasma density profiles calculated
by the model and ion-saturation current measurements from
a movable Langmuir probe in an experiment designed to test
magnetic-field effects in capacitive discharges.
A brief description of the model is reviewed in Sections II
and III. A more detailed presentation of the model and assumptions therein can be found in [2]. As shown schematically in
Fig. 1, the model combines an electromagnetic solver and a
nonlinear-sheath model, which are described in Section II, with
a diffusive transport model for magnetized plasma, which is
described in Section III, where we also discuss a simplified
analytic scaling of plasma transport with magnetic field. We
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Fig. 2. Two-dimensional 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.

use the model to compare the effects of plasma density and
RF power at 13.56 and 162 MHz for the geometry shown in
Fig. 2. For scale, the gap between the showerhead and the
wafer is 30 mm for all of the modeling presented in this paper.
Results from the model for various parameter dependencies
are presented in Section IV to show different regimes in the
model. A comparison between the model and experimental
data is presented in Section V. Conclusions are presented in
Section VI.
II. E LECTROMAGNETIC S OLUTION
The starting point for these calculations is a linear solution to
the driven RF fields with magnetized plasma and finite sheath
regions. Maxwell’s equations
 = iω B;

∇×E

 = µ0 Jext − iω0 µ0 K
 ·E

∇×B

(1)

 and B
 are the complex RF electric- and
are solved, where E
magnetic-field vectors, respectively, with implicit exp(−iωt)
time dependence, Jext represents RF-current sources provided
 is a combination of the magneby an external generator, and K
tized collisional cold plasma-dielectric tensor [3] and nonlinearsheath losses [2].
Equation (1) is solved in cylindrical coordinates assuming
azimuthal symmetry for the plasma properties so that Fourier
analysis for the RF-field components is used only in the azimuthal direction. For this system, the RF drive is also symmetric in the azimuthal direction, so the Fourier decomposition
need only consider the zeroth azimuthal mode. The numerical
solution is obtained using finite-difference techniques in cylindrical coordinates with a staggered Yee grid.
Within a computational domain bounded by perfectly electrically conducting (PEC) surfaces with zero tangential electric
field, additional PEC regions can be added to construct the
driven (top) plate, the wafer-bias grid, and grounding connec-

tions leading to the edge of the domain. An axial RF current
at the driving frequency is imposed across a small vacuum
opening at r = 0 near the top of the model, as shown in Fig. 2,
to generate the power source for the linear fields. Regions
with scalar lossy dielectric properties are specified where they
are desired to model the other components of the chamber.
A static magnetic field is added using a filament model for
coaxial circular coils. The plasma-dielectric-tensor properties
are determined between the driven plates using the plasma distribution from the transport model, including neutral collisions,
Coulomb collisions, and an ad hoc collision model to account
for stochastic heating of electrons. A nonlinear dielectric is
explicitly iterated in the solution to Maxwell’s equations to
describe the resistive dissipation in the sheath (this nonlinear
model is described in more detail in [2]).
The model for the sheath is the collisionless analytic model
of Godyak [4] and Lieberman [5]. RF electric fields obtained
from the solution to (1) are integrated across the sheath and used
to estimate the sheath thickness, which is then iterated with (1)
and the transport model described below to close the scheme
shown in Fig. 1.
III. S TATIC M AGNETIC -F IELD E FFECTS ON T RANSPORT
Beginning with the continuity equation for the plasma inside
the transport region assuming equal densities for electrons and
singly charged positive ions,
S(x) = ∇ · Γp (x),

(2)

where S is the net volumetric source rate for electron–ion
production, and Γp is the quasi-neutral particle flux. We adopt
a phenomenological model of the ionization source, based on
the RF-power absorption per electron, to form an effective
ionization-rate coefficient

Prf d3 x
S(x) =  Vi
≡ ne nn σion v
(3)
Eion (x )d3 x
Vi

where Vi is a volume centered at x and extending over a region
where heated electrons lose their energy as they scatter along
their orbits, and Eion is an average energy required for the
creation of an electron–ion pair. The deposition volume Vi can
be affected by magnetic fields which can change the region
where heated electrons cause ionization. The quantity Eion is
primarily governed by radiation and ionization-energy losses
and can be adjusted to account for losses in the system. As such,
it can be used as a free parameter that is weakly dependent
on details of the process so long as the supplied RF power is
sufficient to sustain a discharge.
To obtain the flux Γp (x) in two dimensions, we adopt a diffusive model for simplicity [2]. For a plasma with a single species
of singly charged ions, the ambipolar-diffusion coefficient is
given by
DA =

C (1 + Ti /Te )
s

≈ Cs Li
nn (σen me /mi + σin Ti /Te )

(4)

where nn is the neutral-gas density, σen and σin are the
total scattering cross sections with neutrals for electrons and
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ions, respectively (σen ∼ a few 10−19 m2 , and σin  σen ),
depending on the ion species, me is the electron mass, mi
is the ion mass, Teis the electron temperature, Ti is the ion
temperature, Cs ≡ kTe /mi is the ion-sound speed, and

Te
1
Li ≡
(5)
nn σin Ti
is the gradient scale length for the electrostatic potential.
The magnetic field can inhibit electron motion perpendicular
to the field lines described by a cross-field diffusion coefficient
Dρ . The magnetization of the plasma determines Dρ , which
can be describe by classical diffusion for low magnetic-field
strengths or by alternative diffusion models, such as Bohm
diffusion, for higher field strengths. For the case of classical
diffusion, the cross-field diffusion coefficient is given by
Dρ ≈

nn σen vte 2
ρe
2

(6)

where vte is the electron thermal speed, and ρe is the electron
gyro-radius. Transport across field lines is affected by the
field when cross-field diffusion of electron gyro-orbits becomes
smaller than the ambipolar diffusion, i.e., when DA  Dρ . In
the simplified case of σen ≈ σin = σ, this condition occurs for
classical diffusion when the typical collisional mean
free path
with neutrals λ ≡ 1/(nn σ) becomes greater than ρe ρi /2,
where ρi is the ion gyro-radius.
The magnetized and unmagnetized regimes are bridged to
provide a continuous transition over a broad range of magnetic
fields and pressures using
D⊥ ≈

DA Dρ
DA + Dρ

and

D ≈ DA

(7)

where the subscripts and ⊥ denote coordinates parallel and
perpendicular to the field lines, respectively.
In a 2-D diffusion equation that uses an orthogonal coordinate system aligned parallel and perpendicular to the magneticfield lines, (2) becomes
S(⊥, ) ≈ −

∂
∂n(⊥, )
∂n(⊥, )
∂
D
−
D⊥
∂
∂
∂⊥
∂⊥

(8)

where S(⊥, ) is the local-source rate, and the operators are
solved in a cylindrical coordinate system.
Where the plasma encounters a solid surface, nonlinear effects produce a sheath region. Plasma diffusion into the sheath
region can be handled as a boundary condition for (8)




∂n
∂n
DA
= −[Cs ] 1 n1 ;
DA
= [Cs ] 1 n2 (9)
∂
∂
1
2
where 1 and 2 denote the locations along a magnetic-field
line, where the quasi-neutral plasma meets the sheath region.
The values, n1 and n2 , are the plasma densities at 1 and 2 ,
respectively.
Changes in the plasma properties caused by magnetic fields
may modify the RF power flow, but in cases where the RF
absorption is nearly uniform, the predominant effect of a static
magnetic field is to change the transport of the plasma. Under
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these conditions, insight into the physics of the model may
be gained by inspecting an analytic
 estimate for the transport.
ρe ρi /2 and when there is a
For parameters such that λ 
component of the magnetic field tangent to the parallel plates,
plasma confinement can be enhanced. For coaxial magnet coils,
the tangential component is the radial magnetic field. If the
coil radius is greater than the plasma radius, field lines connect
directly between the bottom and the driven top plate. For these
parameters, the losses are mainly along field lines, and for
weakly varying plasma and neutral parameters along a field
line, the confinement time for a parabolic density distribution
along the field line can be estimated by


Lc
Lc
1+
(10)
τ≈
2Cs
6Li
where Lc is the connection length along the magnetic field lines
between the plates. Modifications to transport are particularly
important for plasma parameters, such that Lc  6Li , where
the factor “six” is a geometrical constant related to the assumption of a parabolic density profile along field lines.
For magnet-coil configurations that generate nearly straight
field lines in the plasma region, the connection length between
sheaths is roughly

(11)
Lc ≈ LG 1 + Br2 (r)/Bz2 (r)
where LG is the axial distance between the capacitor plates,
and Br and Bz are the radial and axial components of the
magnetic field, respectively. Using (11) in (10) shows how confinement can be controlled over the radial extent of the plasma
according to


LG
τ (r) ≈
2Cs

B2
1 + r2
Bz

1/2

LG
+
6Li



B2
1 + r2
Bz


.

(12)

The enhancement in confinement that can be gained by using
a static magnetic field is given by τ̄ ≡ τ (r)/τ (r = 0). Using
(12), the fact that Br (r = 0) = 0 for coaxial magnet coils and
further assuming that nn , Te , and Ti vary weakly in the radial
direction, gives

τ̄ ≈

1+

Br2
Bz2

1/2
+

LG
6Li


1+

Br2
Bz2

 
1+

LG
6Li

−1
.

(13)
The resulting enhancement is shown in Fig. 3.
A related modification occurs if the magnetic field is strong
enough to guide heated electrons preferentially along field lines
[2]. The transfer of heat by electrons becomes anisotropic in
these regions so that heat supplied by the RF is redistributed
along field lines in the discharge. This effect changes the
density distribution by changing the ionization source S(x) in
(3), rather than Γp .
IV. P ARAMETER V ARIATION
It is instructive to identify mechanisms in the model that
allow changes to be controlled in a way that isolates different
physical effects. In this section, we show the effects of variation
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Fig. 3. For magnetic-field strengths and neutral-collision parameters such that
electron transport is strongly guided along field lines, the radial component of
the static magnetic field can significantly enhance confinement for plasma near
the outer radius of the wafer.

Fig. 4. Radial magnetic-field profiles from the transport model show the
effects of varying the ionization efficiency ∝ 1/Eion for Eion = 100 and
300 eV and the applied RF power for 600, 1200, and 3600 W at 13.56 and
162 MHz. Results from the model for 13.56 MHz, with higher densities than the
one shown, were not stable. The different magnetic-field settings, for a single
coil just above the plasma at a radius of 16 mm, with Eion = 300 eV and RF
power of 3600 W, show how the field moves plasma toward outer radii.

in the model’s parameters without necessarily attempting to
model any specific device. For these studies, the model illustrated in Fig. 1 was converged for several values of Eion at
different RF power levels Prf , with and without magnetic fields
produced by a single coil embedded in the top plate at a radius
of 16 mm. The RF power is delivered to the top plate only.
Increasing Prf increases both the plasma density and the sheath
voltage, so varying Eion allows the bulk plasma density and the
sheath thickness to be varied somewhat independently from the
RF power. Similar variations in Eion would be expected with
different plasma chemistries. The radial density profiles for the
various cases are shown in Fig. 4.

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 35, NO. 5, OCTOBER 2007

Fig. 5. RF voltage across the sheath at the top plate was weakly reduced by
the magnetic field. The voltage is peaked on axis and drops monotonically over
the region atop the wafer location for all of the cases shown except for the case
of 162 MHz with Eion = 100 eV and RF power of 1200 W. For this highfrequency high-density low-power case, the sheath capacitance becomes large
enough to form a propagation node in the fields, giving rise to a zero crossing
in the RF sheath voltage on the top plate near a radius of 0.05 m.

Only a single low-density low-power case is shown for
a driving frequency of 13.56 MHz, because parameters giving higher density typically make the ion-plasma frequency
approach the driving frequency, so that the power does not
efficiently penetrate the bulk plasma. For higher density cases
at 13.56 MHz, excessive RF fields occur in the sheath region,
preventing the sheath model from converging.
Two cases at 162 MHz, one with Eion = 100 eV and Prf =
1200 W and the other with Eion = 300 eV and Prf = 3600 W,
show nearly identical density profiles in the absence of a
magnetic field because the source rate, roughly proportional
to Prf /Eion , and transport conditions are nearly identical for
these systems. The addition of 300 and 500 Amp turns (AT) in
a single filament (just above the top plate at a radius of 16 mm)
for Eion = 300 eV and Prf = 3600 W caused the plasma
density profile to change dramatically.
The RF voltages at the top (driven) plate for all these cases
are shown in Fig. 5. The rise in RF voltage, with power on
the top plate, is similar for all cases except for the 162-MHz
case with Eion = 100 eV and Prf = 1200 W. This highfrequency high-density low-power discharge produced a thin
high-capacitance sheath along the top plate that allowed wavepropagation effects to cause a field node in the top sheath near
a radius of 0.05 m.
The RF voltage on the bottom plate (not driven) is shown in
Fig. 6. The fields on the bottom plate were only very weakly
affected by the magnetic field and remained similarly peaked
near the center for all cases. However, the profile is much
more peaked for the high-density low- power 162-MHz case
with Eion = 100 eV and Prf = 1200 W because of propagation
effects caused by the thin sheaths.
These results indicate that a static magnetic field can be
used to significantly control the processing uniformity in these
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Fig. 6. RF sheath voltage along the grounded bottom plate remains peaked
near the center for a wide range of parameters and is only weakly affected by
the magnetic field. RF propagation effects give rise to a more strongly peaked
voltage distribution on the bottom plate for the high-density low-power case at
162 MHz.

devices because of a change in plasma transport and RFpower deposition in the bulk of the plasma. They also show
the importance of retaining electromagnetic effects when thin
sheath conditions exist at high driving frequencies. The model
was able to converge at significantly higher densities using
162 MHz as the driving frequency, rather than 13.56 MHz,
because the ion-plasma frequency does not approach the driving
frequency at 162 MHz at the power levels considered here.
V. C OMPARISON W ITH E XPERIMENT
Ion-saturation current data from a Langmuir probe in the
proprietary charged species tuning unit experiment were made
available for comparison with radial density profiles from the
model for argon discharges using roughly 1200 W of RF
power. The details of the actual configuration in the experiment
are proprietary; therefore, the modeling was performed using
a distorted simplified geometry with a small capacitive gap
between the top portion of the pump plate, just below the
alumina block, and the outer wall shown in Fig. 2. Parameters in
the model were chosen to fit the experimental density profiles
with no magnetic field, and these parameters were held fixed
for comparison with data from magnetized discharges to see
whether the observed experimental trends could be duplicated.
The relevant parameters for the model are Eion = 50 eV, Te =
2.8 eV, Ti = 0.075 eV, and 1200 W of total RF power to the
plasma. The radial profile of the neutral gas density was also
adjusted to provide a good fit with the unmagnetized data, as
shown in Fig. 7. The functional used for the radial neutral-gas
density profile was
nnp + nn0 [1 − tanh ((r − rn )/rs )] /2.

(14)

Such a distribution has not been measured but provides a means
to study the effect of introducing gas from the showerhead
while pumping away gas at the outer radii of the device.
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A good fit to the unmagnetized discharge data was obtained
using crude estimates for the effective cross sections with
nnp = 8 × 1019 m−3 , nn0 = 4 × 1020 m−3 , rn = 15 mm, and
rs = 25 mm in (14). Near the center of the discharge, these
parameters produce a mean free path for all electron collisions
of ∼4 mm and a mean free path for all ion collisions of ∼2 mm.
The model uses the algorithm described in [2] to determine
the redistribution of RF power across field lines for ionization
depending on the strength of the magnetic field. The mean free
path for ionization in the absence of and along the direction of
magnetic-field lines was ∼200 mm for these parameters. These
mean-free-path lengths smoothly transition according to (14)
to roughly double these values in the pump region for these
parameters.
The only information provided for the geometry of the
magnet coils in the experiment was that two coils were embedded near the surface of the showerhead somewhere above
the plasma. An exhaustive study of the possible coil positions
was not undertaken, but a reasonable fit to the data was obtained by assuming the same number of turns in each coil
and placing two coils with 10-mm cross section 25 mm above
the surface of the showerhead centered at radial locations of
r = 120 and r = 220 mm. As shown in Fig. 7, this configuration in the model provided a good fit between the modeling
and experimental results over a broad range of magnetic-field
configurations.
The top plot in Fig. 7 shows the density profiles from
both the model and experiment when no current was driven
in the magnet coils. As previously discussed, the parameters
in the model were adjusted to make the resulting density profile
fit the experimental profile for the unmagnetized case, and a
small capacitive gap was added in the pump region. Note the
monotonically peaked radial profile in both the experiment and
the model. After this initial fitting, all parameters except the
currents in the magnet coils were kept the same for all of the
plots shown in Fig. 7. In the second plot from the top, 400 AT
were used in the model for the inner coil at r = 120 mm, and
0 AT were used in the outer coil at r = 220 mm; the result
from the model is plotted along with the case from the experiment using 10 A on the inner coil only. Compared with the
unmagnetized case, the profile shape for this case shows a mild
depression in density near the center for both the model and
experiment. In the third plot from the top, a current of −400 AT
(opposite direction from the inner coil) was applied in the outer
coil in addition to the 400 AT applied on the inner coil; this
result shows little change from the unmagnetized case in both
the model and experiment. In the bottom plot of Fig. 7, 400 AT
were used in both the inner and outer coils (same direction);
this result shows a significant hollowing of the plasma density
profiles in both the model and experiment.
VI. C ONCLUSION
Good agreement has been found between experimental measurements of radial-plasma density profiles and modeling for
a wide range of different magnetic configurations where only
the magnetic field was changed. Only very limited details
concerning the power level and geometry of the proprietary

1418

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 35, NO. 5, OCTOBER 2007

Fig. 7. To compare the model with experimental measurements, the model parameters were adjusted to fit the profile for the unmagnetized case in the experiment,
as shown in the top plot. Except for the magnet currents, these same modeling parameters were used for all of the cases shown. The second plot (from the top)
compares the density profiles from the model and experiment using the inner coil with only 400 AT in model and 10 A in the experiment. The third plot from
the top shows the results of using +400 AT/ +10 A in the inner coil and −400 AT/ −10 A in the outer coil for the model/experiment. The bottom plot shows
the results of using +400 AT/ +10 A in both coils for the model/experiment. The experimental variation was obtained by running repeated scans and reversing
currents with roughly a 5% variation in results.

experimental device were provided, so parameters in the model
were first adjusted to reasonable values that fit the unmagnetized data from the experiment. The comparison between
experiment and model was then made for cases that involved
only a change in the magnet-coil currents. The resulting model
provides insight into the physics involved in the experiment
using reasonable assumptions for the coil locations. The model
relies on coupling relatively simple 2-D models for the electromagnetic response, the resulting RF sheath, the ionization
source based on the deposition of RF power in the system,
and the magnetized plasma transport. The model indicates
that many of the effects caused by the addition of magnetic
fields to these devices result from interactions between different processes. One significant process is the redistribution
of RF power via heated electrons to modify the ionization
along magnetic-field lines. A related effect is the reduction
of the transport of plasma across magnetic-field lines after it
is produced. Another important effect is the modification of
the sheath capacitance that can lead to changes in the pattern
of standing-wave electric fields for high-frequency sources.
Proper modeling of these effects requires knowledge of the 2-D
electrical connections both around and through the plasma.
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