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ABSTRACT

This paper presents one and two dimensional simulation results with discontinuous features (shocks) of capacitively
coupled rf plasmas. The model consists of the first two and three moments of the Boltzmann equation for the ion and
electron fluids respectively, coupled to Poisson's equation for the self-consistent electric field. The local field and drift-
diffusion approximations are not employed, and as a result the charged species conservation equations are hyperbolic in
nature. Hyperbolic equations may develop discontinuous solutions even if their initial conditions are smooth. Indeed, in
this work, secondary electron emission is shown to produce transient electron shock waves. These shocks form at the
boundary between the cathodic sheath (CS) and the quasi-neutral (QN) bulk region. In the CS, the electrons emitted from
the electrode are accelerated to supersonic velocities due to the large electric field. On the other hand, in the QN the
electric field is not significant and electrons have small directed velocities. Therefore, at the transition between these
regions, the electron fluid decelerates from a supersonic to a subsonic velocity in the direction of flow and a jump in
the electron velocity develops. The presented numerical results are consistent with both experimental observations and
kinetic simulations.
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1. Introduction

Integrated circuits consist of multiple layers of
patterned thin solid films. Patterning of very small
features with large aspect ratios requires processes
which preferentially etch in the vertical direction.
Plasma etching and reactive ion etching have this
capability and are now the industry standard for VLSI
and ULSI circuit production.

The utility of plasma processes stems from their
ability to generate high temperature chemistry at
essentially room temperature. The discharge is
sustained by transferring energy from an external
source to the plasma electrons. These energetic
electrons subsequently participate in ionization,
excitation and dissociation reactions. The synergistic
interaction of the resulting reactive neutral species
and energetic ions with the substrate produces the

desired anisotropic etching [1]. However, with the
reduction of the minimum feature dimension and film
thickness of ULSI circuits to the order of 0.1 µm and
10 nm respectively, the requirements for etching
selectivity, uniformity and anisotropy have become
quite stringent. To achieve these goals by optimizing
the design of the reactor and/or its operating
conditions, a more detailed understanding of the
impact of process and design variables on etching
performance is needed. This can be facilitated by a
complete reactor model. Such a model will also aid
in pollution prevention through identification of
operating conditions which minimize the formation
of undesirable byproducts, while maintaining or even
increasing chip yield, and through elimination of the
extensive experimentation currently used in equipment
and process design [2].

A complete reactor model must quantify the
interactions of discharge physics, neutral fluid
mechanics and surface/gas phase chemistry [3].
Furthermore, these models need to be multi-
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dimensional to predict properties which affect chip
yield and damage. However, due to the disparate
length and time scales for the electrons and the
atomic/molecular charged species, modeling of the
discharge dynamics has proved a significant barrier to
an overall process model. Previous discharge models
have typically taken either a continuum or kinetic
approach. Kinetic models incorporate the non-
equilibrium and non-Maxwellian nature of the
plasma through self-consistent determination of the
charged species velocity distribution functions.
Unfortunately, the computing resources required for
their solution may be excessive, especially for
discharges with significant secondary electron
emission [4]. Continuum models are usually derived
by taking moments of the Boltzmann equation and
subsequently employing closure assumptions. While
these assumptions can be limiting, proper choices can
minimize the impact on the model's predictive
capabilities [5]. Furthermore, because their solution
entails considerably less computation than kinetic
schemes, these models are well suited for reactor
design purposes [6]. 

Continuum fluid models themselves can be
classified based on the assumptions employed to
achieve closure. Initially, electron impact reaction
rates and charged particle transport coefficients were
calculated based on the local electric field.
Furthermore, charged species transport was described
with drift-diffusion expressions [7]. The local field
approximation assumes that the electrons are in
equilibrium with the local electric field and is valid if
the electric field is varying slowly in time and space.
This criterion is not satisfied in a radio frequency
discharge or near the cathode of a direct current
discharge. To capture the non-equilibrium nature of
the discharge, an electron energy equation was
incorporated in the model and the reaction rates were
determined based on the local electron energy [8].
However, drift-diffusion expressions for charged
particle transport were still employed. This requires
collisional effects to dominate inertial effects and is
appropriate at higher pressures [9]. To alleviate this
restriction, the convective derivative was subsequently
retained in the equation of motion [10]. Later, these

models, which incorporate the complete motion
equation, have become known in the plasma
processing literature as the three moment model [11],
and have been shown to predict many of the plasma
properties of interest [12]. They are therefore, well
suited for use in an overall process model.

Incorporating these inertial terms causes more
significant difficulties beyond adding one more
partial differential equation to be solved for each
charged species. Inclusion of the full momentum
equation changes the type of partial differential
equations to be solved from parabolic to hyperbolic.
Hyperbolic equations present unique challenges
because their solutions may possess discontinuities
even if their initial conditions are smooth. For
example, a shock may develop if the fluid velocity
decelerates from supersonic to subsonic in the
direction of flow. The velocity is supersonic
(subsonic) if the directed velocity is greater (less)
than the thermal velocity. In the cathodic sheath,
electrons emitted from the electrode have been shown
to gain significant directed energy from the large
electric field near the boundary. As the time scale for
randomization of this energy is comparable to the
transit time across the sheath, the electron velocity
distribution function has a beam like component [13].
This often results in a directed velocity which is
larger than the thermal velocity. However, in the bulk
or quasi-neutral region, the electric field is small and
the electron directed velocity falls below the thermal
velocity. Thus, the necessary condition for a shock is
satisfied. In this paper, it will be shown that secondary
electron emission may result in transient shocks near
the sheath-bulk plasma interface for the three moment
model. 

2. Plasma Simulation Model

Two distinct types of capacitively coupled radio
frequency discharges were experimentally demonstrated
by [14]. These are termed α and γ discharges and are
distinguished by the type of electrons which provide
the ionization necessary to support the plasma. In the
α discharge, bulk electrons are responsible for the
ionization as they are heated by the sheath oscillations.
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In the γ discharge, secondary electron emission from
the electrodes is significant. Emitted electrons and
their progeny gain energy from the large electric
fields near the electrode during the cathodic phase of
the cycle and participate in the ionization reactions
which support the plasma. The different sustaining
mechanisms for these plasmas results in a divergence
of important characteristics such as the dependence of
the peak plasma density on forcing voltage. Previous
researchers have captured these transitions with
kinetic [15] and multiple electron fluid models [16].
However, for simplicity and computational efficiency,
it is desirable to predict these features with the single
electron fluid model.

The plasma model employed in this study consists
of continuity, momentum and energy equations, for
each charged species, derived from the first three
moments of the Boltzmann equation. Since this three
moment model has been previously described in
detail [2, 11], only a brief description is provided.
Governing equations in this three moment model are
analogous to the Euler equations of gas dynamics
except additional terms quantifying elastic and
inelastic collisions, electric field forces and thermal
conductivity. In the present model the following
assumptions have been employed. The neutral gas
density is constant, neutral fluid motion is not
considered, neutral and ions are in thermal equilibrium
with a spatiotemporally uniform temperature, and
coulomb collisions among charged species are
neglected. Furthermore only ground state electron
impact ionization and excitation are considered.
Future work will include incorporating metastable
ionization. These processes may be important for
reproducing the peak density-voltage characteristics
of the γ discharge [5,15]. However, the reduced
reaction set still demonstrates the dramatic differences
between these discharges. The electric field is self-
consistently determined from Poisson’s equation with
boundary conditions specified in a manner that
Gauss’s law is satisfied for all discontinuous surfaces
between different materials. Use of such boundary
conditions at the surfaces of powered and grounded
electrodes enables evaluation of self-dc biases, in turn
determination of ion bombardment energies. Fur-

thermore, as the differences between the α and γ
discharges stem from secondary electron emission,
these phenomena are also incorporated as boundary
conditions. The plasma model utilized in this study
has been implemented with a simplified version of
the implicit ENO scheme in a virtual integrated
prototyping simulation environment for plasma
chamber analysis and design (VIP-SEPCAD) [3].
The efficient numerical algorithm developed in [6] is
also utilized for the rapid evaluation of time-periodic
steady state solution.

3. Results and Discussion

One- and two-dimensional simulations with
inclusion of the effect of secondary electron emission
were performed for Ar plasma at 300 mTorr and 323
K with the electrode configuration schematically
shown in Fig. 1. The electrode gap (AB), the
electrode radius (AH) and the reactor radius (AG)
were 2.5 cm, 2.25 cm and 2.5 cm, respectively. The
thickness of insulator was considered to be 6.25 cm.
For these simulations, the time in the cycle will be
denoted by the fraction of the period T. Furthermore,
the one-dimensional solutions are symmetric in the
sense that the solution at time t+0.5T is equivalent to
the solution at time t transposed across y=0.5. Thus,
throughout the discussion, only solutions from the
first half of the cycle will be shown. 

In Fig. 2, the electron velocity profile is shown at
four times in the first half of the cycle for an α
discharge (γ=0) with Vrf=80 Volts. Note that the
position in the abscissa of the figure is normalized

Fig. 1. Schematic of plasma reactor with electrode con-
figuration considered.
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value with respect to the electrode gap (Ly). Since
there is no emission, the velocity near each boundary
points toward that electrode at all times in the cycle.
However, the recombination flux is very small during
the cathodic phase of the cycle due to the extremely
low electron density. In the bulk, the velocity stems
from sheath expansion and contraction and follows
the modulation of the electron density. When the
voltage is increasing (decreasing) at y=1, the bulk
velocity is toward (away from) this boundary. This
combined with the recombination at both boundaries
results in stagnation points (zero velocity) near either
electrode whenever the bulk flow is away from that
boundary. When this occurs, electrons are moving out
of the sheath in both directions. Those very near the
electrode move to the electrode and recombine and
those outside this boundary layer move to the bulk.
Thus, the electron density decreases rapidly during
the cathodic phase of the cycle. This decrease gives
rise to a large density gradient which produces both
the flow to the boundary and a relatively small value
of the peak velocity away from the boundary in spite
of the large electric field. This velocity is roughly 107

cm/sec which is an order of magnitude less than the
local drift velocity.

In Fig. 3, the inertia, pressure and electric field
induced components of the electron velocity are
shown for t=0.25T. With these low velocities, the
inertial terms are reasonably small throughout the

domain and the velocity is essentially a balance
between the pressure and electric field terms. Near
the momentary cathode (y=0), the pressure term is
larger yielding a small velocity toward the boundary.
Outside this boundary layer, the field term is slightly
larger and the electrons move to the bulk. Since the
velocity dictates the rate that energy is gained from
the field, these velocity profiles have a significant
impact on the electron temperature profiles (Fig. 4).
These low velocities result in slow energy gain from
the transient field and only small modulation of the
electron temperature occurs during the cycle. However,
since the inelastic electron impact processes are
essentially exponentially dependent on electron energy,

Fig. 2. Electron velocity variation during the rf cycle for
an α discharge with Vrf=80 Volts

Fig. 3. Inertial, pressure and electric field induced velocity
at t=0.25T for an a discharge with Vrf=80 Volts.

Fig. 4. Electron temperature variation during the rf cycle
for an α discharge with Vrf=80 Volts.
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significant modulation of these processes occurs.
The electron velocity profiles for γ discharge (γ=

0.05) is shown in Fig. 5 with Vrf=80 Volts. The bulk
electron motion again follows the sheath oscillation
and is very similar to that seen for the α discharge.
However, the behavior in the sheaths is considerably
different. At the start of the cycle (t=0.0T), recom-
bination still occurs at y=0 since this electrode was
the anode during the previous half of the cycle. As the
cycle proceeds and the voltage increases at y=Ly,
secondary emission dominates the flux at the left
boundary. These electrons accelerate away from this
boundary. This acceleration occurs rapidly in both
time and space and the electrons reach supersonic
velocities. The manifestation of a supersonic velocity
in the three-moment model is analogous to the beam
like electron velocity distribution function which
develops in kinetic simulations. Both indicate a
directed velocity which is larger than the thermal
velocity. Thus, the results shown here are supported
by kinetic simulations. The supersonic electrons
subsequently decelerate to the low bulk velocity and a
shock results. As these shocks are transient, their
location moves during the cycle. The shock near the
left boundary forms close to the electrode just after
the start of the cycle, (0.0T<t<0.12T). The front then
proceeds toward the discharge, subsequently recedes
and disappears after the midpoint of the cycle
(0.5T<t<0.62T). This is demonstrated by the shock
which is still present near y=1 for t=0.0T but has

subsided for t= 0.12T.
The inertia, pressure and electric field components

of the velocity profile at t=0.25T are depicted in Fig.
6. The electric field is very similar to that in Fig. 3,
but the pressure force in the sheath is considerably
smaller. This is because secondary emission injects
electrons into the sheath and diminishes the density
gradients as compared to the α discharge. As
expected, very near the electrode, the inertial terms
retard the electrons acceleration. Outside this boundary
layer, the pressure and inertia terms are still significant
but they are each less than one-third of the value of
the electric field term and the resulting electron
velocity is of the same order as the drift velocity. In
the bulk, near the cathodic sheath-bulk boundary
(y 0.08), the pressure term is large and responsible
for the rapid deceleration.

The temperature variation during the cycle is
shown in Fig. 7. The energy gain in the sheath
follows the velocity modulation. The energy peaks
near the left boundary first appear when t is between
0.0T and 0.12T and subside when t is between 0.5T
and 0.62T. The large electron velocities during this
time of the cycle allow rapid energy gain from the
electric field in the cathodic sheath. Thus, the
temperature modulation in the γ discharge is much
more pronounced than in the α case. This combined
with the large directed electron velocity causes the
peak electron energy to be 21 eV as opposed to 7 eV

 ≈

Fig. 5. Electron velocity variation during the rf cycle for
an γ discharge with Vrf=80 Volts.

Fig. 6. Inertial, pressure and electric field induced velocity
at t=0.25T for an γ discharge with Vrf=80 Volts.
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in the α discharge.
Two-dimensional simulations of a γ discharge are

shown in Fig. 8 and 9 with Vrf=80 Volts. Interesting
multi-dimensional phenomena such as corner heating
as well as the behavior at the electrode-insulator
interface were already discussed elsewhere [2] but
with a lower forcing voltage. Qualitatively, these
aspects of the discharge were unchanged by the
increase in forcing voltage. However, the higher
voltage simulations developed larger directed
velocities in the cathodic sheath and shocks resulted.
This is demonstrated in the y-direction electron
velocity profile at t=0.25T (Fig. 8). At this time in the
cycle, a shock is present near the lower boundary
(y=0). The shock is well resolved and propagates

nearly normal to the electrodes. Along the centerline,
the profiles resemble the one-dimensional simulations.
Nearer to the insulating sidewall, the longitudinal
electric field diminishes and the electrons do not
reach supersonic velocity. Thus, the shock disappears
as it moves to this boundary. Very near the sidewall,
the electron density is low and the resulting density
gradient in the y-direction diminishes. This results in
an increase in the electron velocity in this region. The
total electron energy is shown in Fig. 9. Again,
energy gain in the cathodic sheath is significant and
the electrons reach peak energies of 20 eV. The small
peak at x=0.9 and y=1 is due to the fringing of the
electric field at the electrode-insulator interface 

4. Conclusions

In this paper, transient shocks were demonstrated in
radio frequency discharges. These discontinuities
formed at the interface between the quasi-neutral
(QN) and cathodic sheath (CS) regions. In the QN,
the absence of any significant electric field results in
small directed velocities for the electrons. However,
in the CS the large electric fields produced supersonic
velocities for the secondary electrons emitted from
the electrode. They propagated normal to the electrodes
for the operating conditions considered and did not
extend to the sidewall. As these shocks are a direct
consequence of secondary electron emission, they are
consistent with both experimental observations and
kinetic simulations.

Fig. 7. Electron temperature variation during the rf cycle
for an γ discharge with Vrf=80 Volts.

Fig. 8. Electron velocity at t=0.25T.

Fig. 9. Total electron energy at t=0.25T.
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