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ABSTRACT

The electron power absorption dynamics and plasma uniformity in low pressure capacitively coupled RF discharges with structured
electrodes are investigated by graphics processing unit-based 2d3v particle-in-cell/Monte Carlo simulations in argon gas. In the presence of
planar electrodes, the plasma is radially nonuniform due to strong electron density peaks close to the reactor sidewall, which are caused by
edge effects that locally enhance the electron power absorption and ionization. Such a local enhancement of these characteristics can also be
achieved in a controllable manner by using a single ring-shaped rectangular trench embedded in the powered electrode close to the reactor
center. This effect is understood by analyzing the trajectories of selected electrons as well as the time evolution of their energy and velocity
inside and above such trenches. Electrons are found to gain high energies inside the trench by bouncing between the sheaths at the trench
walls during the sheath expansion phase. Combined with the cross-firing of energetic electrons at the trench orifice, this leads to high local
ionization rates. Using these trench effects, the plasma uniformity above the wafer placed on a planar powered electrode can be remarkably
improved by including multiple trenches in the opposing grounded electrode, which enhance the ionization and plasma density at their
respective radial positions. Meanwhile, the ion flux-energy distribution function at the wafer is found to be almost unaffected.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0001327

I. INTRODUCTION

Capacitively coupled plasma (CCP) sources have been widely
used in the microelectronics industry due to their simple geometry
and ability to generate large area plasmas. Common applications
including dry etching, plasma enhanced chemical vapor deposition
(PECVD), and sputtering require controllable ion flux-energy dis-
tribution functions at the dielectric wafer to achieve ideal process-
ing performance.1–3 Typical CCPs are generated between two
parallel-plate electrodes separated by a small distance in a vacuum
reactor. Different methods have been proposed in the past years to
enhance the control of plasma properties in such systems. For
instance, utilization of very high driving frequencies is found to sig-
nificantly enhance the plasma density.1–4 Independent control of

ion flux and energy can be realized via the electrical asymmetry
effect (EAE),5–15 and control of electron power absorption and
energy distributions is possible via adjusting the sheath dynamics
by using tailored voltage waveforms (TVWs).16–27 With a magnetic
field applied to the system, the plasma density is found to be
increased due to enhanced electron power absorption and reduced
electron energy loss at the boundary surfaces.28–34

Although improved plasma properties can be realized by using
these methods, significant problems still exist; plasma nonunifor-
mity is usually observed in CCP discharges at various conditions.
With a very high driving frequency applied, the electromagnetic
wavelength in the plasma is comparable to the CCP reactor diame-
ter. Thus, electromagnetic effects, such as the standing wave35–39
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and the skin effect,40,41 become evident and lead to nonuniform
plasma densities in the radial direction. In addition, the electro-
static edge effect is found to cause higher densities near the reactor
sidewall compared to the density near the discharge center due to
the intensive ionization near the edges.42–44 The development of
large area, high density, and uniform CCP sources is to be
accomplished.

This requires finding ways to locally control the electron
power absorption in radial direction over the wafer surface. Hollow
cathode (HC) discharges might help us to achieve this goal. They
consist of a direct current (DC) or radio frequency (RF) driven
hollow cylindrical or rectangular electrode (with a hole diameter of
typically several millimeters) and a grounded counter electrode.
Such HC plasmas have been widely used in a number of applica-
tions, such as light sources, ion lasers, spacecraft propulsion as well
as etching, and deposition devices due to their ability to generate
high density plasmas.45–48 In such plasma sources, energetic elec-
trons are confined within the cavity and oscillate between the
sheaths at the HC walls (pendular motion),49 which is called the
hollow cathode effect (HCE). In this way, such electrons are con-
fined well, generate strong ionization, and, therefore, enhance the
plasma density.45

Previous studies have shown that utilization of the HCE in
large area CCP discharges by using structured electrodes can
enhance the plasma density and improve plasma uniformity.50–53

For instance, an enhanced deposition rate was found to be realized
experimentally by using a multihollow electrode to generate a high
density CF4 plasma.54 Using a single ring-shaped powered electrode,
Ohtsu and Fujita demonstrated that the plasma density profile can
be modified by the HCE, while the HCE will only occur, if the
trench width is approximately equal to the sum of the electron mean
free path and twice the sheath thickness so that the plasma can pene-
trate into the structures.55 They also found that the effect of the
hollow trench varies as a function of the trench shape and depth.56,57

Moreover, the plasma density was found to be 1.5–3 times higher in
the presence of strong secondary electron emission (SEEs) at the
cathode.58 The importance of SEE for the HCE is also reported by
Lafleur and Boswell in Ref. 59, where a HC discharge within a multi-
slit electrode was found to be sustained only in the presence of SEE
at the discharge conditions studied by particle-in-cell/Monte Carlo
collision (PIC/MCC) simulations. Schmidt et al. studied the effect of
various structured electrode topologies on CCP discharges experi-
mentally.60 They found a local agglomeration of energetic electrons
above the trenches, which modifies the ionization and plasma
density profiles.

Although previous investigations have shown that setting
trenches at the powered electrode can enhance the plasma density
and improve the plasma uniformity to some extent in CCP dis-
charges, the fundamental understanding of these effects is still
limited. In particular, the effects of such electrode structures on the
electron power absorptions dynamics are unclear. This includes the
energy gain process of cold bulk electrons that penetrate into the
trench and their interactions with the sheaths at the trench walls.
Understanding these processes is important for the knowledge-
based design of structured electrodes to improve plasma properties.
It requires tracing the electrons’ motion and the temporal evolution
of their energy inside the trench. Based on such fundamental

understanding, further investigations are needed to explore whether
a sufficiently uniform plasma can be realized above planar wafers
in realistic reactor geometries at low pressure by structuring the
counter electrode. Such studies can only be realized by 2d3v PIC/
MCC simulations, since a kinetic treatment of electrons is required
under such process conditions and realistic chamber geometries
must be considered including the geometric reactor asymmetry.
Such simulations allow testing various reactor and electrode
designs prior to realizing them experimentally, which is expensive
and time consuming.

In this work, we conduct such studies in a geometrically asym-
metric CCP reactor by using a 2d3v Graphics Processing Unit
(GPU) accelerated PIC/MCC code in argon gas at low pressure.
First, the electron power absorption dynamics is studied without
and with a trench implemented in the powered electrode. In the
latter case, we trace the electrons’ motion inside a trench and find a
high electron mean energy inside the trench as a consequence of
electron bounce resonance heating between the sheaths at the side-
walls of the trench.61 Cross-firing of energetic electrons at the
trench orifice leads to a high ionization rate above the trench and
greatly enhances the local plasma density. Based on this, we set dif-
ferent numbers of trenches at the grounded electrode to compen-
sate the radial nonuniformity of the plasma density in the vicinity
of the powered electrode, which is caused by the high density peaks
at the radial electrode edges in the presence of planar electrodes.
In this way, the plasma uniformity above the wafer is demonstrated
to be improved significantly. The paper is structured in the follow-
ing way: the 2d3v PIC/MCC simulation is described in Sec. II
including the definition of the electrode configurations studied.
The effects of trenches on the electron power absorption dynamics
and the radial plasma uniformity are studied in Sec. III. Finally,
concluding remarks are given in Sec. IV.

II. PIC/MCC SIMULATION

A. PIC/MCC code and basic simulation parameters

The argon discharges studied here are described by a cylindri-
cal 2d3v (two-dimensional in space and three-dimensional in
velocity space) electrostatic PIC/MCC code. While azimuthal sym-
metry is assumed, the radial and axial directions are resolved.
A detailed introduction of this code including grid settings and the
Poisson solver can be found in our previous works.62,63 The reactor
geometries studied in this work are shown in Fig. 1, the plasma is
generated between the top electrode (blue solid line) being
grounded and the bottom electrode (red solid line) being driven by
a single-frequency voltage waveform, V ¼ V0 cos(2πft). The diame-
ter and gap distance of the chamber are 24 and 3 cm, respectively.
As indicated by the light blue line, a dielectric spacer having a
width of 2.3 mm is set between the two electrodes. Such a spacer
corresponds to either a dielectric or a thin gap in experiments.
A linear drop of the potential across it is assumed when solving the
Poisson equation. Due to the small dimension of the dielectric
spacer, its impact on the discharge is not significant. Although
commercial CCP reactors sometimes have more complicated geom-
etries including side flanges and gas/plasma volumes in between
the radial electrode edges and the sidewalls, the geometry studied
in this work is, in fact, used for experiments and industrial
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applications8,64,65 and provides important general insights into the
discharge characteristics in geometrically asymmetric systems.

The effects of different trench dimensions and shapes on the
plasma characteristics, which are expected to vary as a function of
discharge conditions, are not studied in this work, but represent an
important topic for future investigations. Here, we focus on the
fundamental understanding of the effects of structured electrodes
on the electron power absorption dynamics and plasma properties
for the following specific discharge conditions: argon gas at a pres-
sure of p ¼ 10 Pa, gas temperature of T ¼ 400 K, driving frequency
of f ¼ 13:56MHz, and driving voltage amplitude of V0 ¼ 300 V.
Although secondary electrons are reported to be important to sustain
the discharge at some conditions,59 secondary electron emission and
electron reflection at the boundaries are found not to dramatically
change the effects of the trenches under the discharge conditions
studied here. Therefore, such effects are neglected in this work.

We trace electrons and Arþ ions in the simulations. Electron–
Ar atom collisions include elastic scattering, excitation into 25

individual levels and ionization;66–69 Arþ–Ar collisions include
elastic [isotropic and backward (charge exchange)] scattering and
excitation into three individual levels.70,71 More detailed informa-
tion concerning the treatment of the collision processes and the
cross sections can be found in Refs. 16 and 72–74. In the simula-
tions, 1024 grid points in the radial and axial directions are used to
resolve the Debye-length. Particles are traced with 30 000 time
steps per RF period to provide sufficiently accurate computations
of the electron trajectories and to fulfill all stability criteria of the
simulation. The number of superparticles ranges between 7# 106

and 1# 107.

B. Implementation of trenches

To study the effect of the trenches, several different chamber
geometries are studied, as shown in Fig. 1, i.e., a geometry based on
planar powered and grounded electrodes (a), a scenario based on a
planar grounded electrode and a structured powered electrode
including a single ring-shaped rectangular trench (b), and a case
with a planar powered electrode and a structured grounded elec-
trode including multiple trenches (c). To find a good configuration
for improving the plasma uniformity at the wafer, the effects of dif-
ferent numbers of trenches at the grounded electrode are studied in
scenario (c). Figure 1(c) shows the example case with four ring-
shaped rectangular trenches at the grounded electrode. The trench
boundaries are considered as a part of the electrodes in the simula-
tions i.e., these have the same potential as the powered/grounded
electrode. Considering these boundary conditions, the potentials in
the whole chamber (including the potentials in the trench) are
obtained by solving the Poisson equation.62,63 In this work, we first
study the plasma properties in the chamber shown in Fig. 1(a) in
the presence of planar electrodes. Based on this, the effects of
hollow electrodes on the electron power absorption dynamics and
plasma uniformity are investigated by setting trenches at the
powered/grounded electrode. Although different positions and
numbers of the trenches are studied, we fix the shape and dimen-
sion of each trench. We study the effects of one/multiple ring-
shaped rectangular trench(es) at the electrodes with a trench depth
of d ¼ 1 cm and width of w ¼ 1 cm/w ¼ 1:5 cm. Based on several
tests, these trench dimensions are chosen to ensure that electrons
penetrate into the structures during the local sheath collapse. If the
trench dimensions are too small, this will not happen and there is
very little effect of such trenches on the plasma.55,56 Using too
large trench dimensions also results in reduced effects on local
plasma properties in the vicinity of the structures.

III. RESULTS

A. Electron heating dynamics in the vicinity
of trenches

For the reactor geometries studied in this work (see Fig. 1), a
large sheath is formed at the powered electrode due to the geomet-
rical asymmetry. In order to maximize the effect of the trench on
the plasma density, we first set a ring-shaped trench at the powered
electrode to get a fundamental understanding of its effects on the
electron power absorption dynamics. Figure 2 shows the 2D space-
resolved and time-averaged electron density in the chamber for the

FIG. 1. Reactor geometries investigated: (a) planar electrodes, (b) planar
grounded electrode and structured powered electrode including a single ring-
shaped rectangular trench, and (c) planar powered electrode and structured
grounded electrode including multiple trenches. The bottom powered electrode
is indicated by the red line and the top grounded electrode is indicated by the
dark blue line. The light blue segments in between the powered and grounded
electrodes represent a dielectric spacer.
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case of planar electrodes (a) and in the presence of a ring-shaped
trench at the powered electrode with a width of w ¼ 1 cm and a
depth of d ¼ 1 cm (b). High density peaks are observed near the
sidewalls in both cases. These are caused by the strong ionization
near the sidewall due to the edge effect. With a hollow powered
electrode, the electron density above the trench is found to be
enhanced strongly. As a consequence, the local plasma density
above the trench is higher than the density near the sidewalls.

In order to provide insight into the formation of the spatial
distribution of the plasma density, Figs. 3 and 4 show the spatial
distributions of the ionization rate at eight different times within
one RF period in the presence of planar electrodes and with a
trench at the powered electrode, respectively. Since the system is
azimuthally symmetric, only the results in the right half of the
reactor are shown. Due to the geometrical asymmetry, a negative

DC self-bias of $77.6 V is generated in the planar electrode sce-
nario, which leads to a large sheath at the powered electrode.
Strong electron power absorption and ionization are observed
during its expanding phase as shown in Fig. 3(c). A smaller sheath
is formed at the grounded electrode, for which the ionization rate
near the planar part of the grounded electrode is lower. However, a
very strong ionization peak is formed at the top right corner of the
chamber during the sheath expansion at the grounded electrode, as
shown in Fig. 3(g). This intensive ionization is caused by the super-
position of a vertically (at the top electrode) and a horizontally
(at the sidewall) expanding sheath near the “corner,” which greatly
enhances the electron heating.

It is found that ionization peaks are also formed near the
bottom right corner during the sheath expansion at the powered
electrode, as shown in Figs. 3(b)–3(d). However, the ionization
here is lower compared to that at the top-right corner during the
local sheath expansion phase, since the sheaths at this corner move
toward different directions, i.e., the sheath at the sidewall collapses
during the sheath expansion at the bottom electrode. In contrast to
very low gas pressure cases, where nonlocal effects are important
and the enhanced electron power absorption at the corners leads to
the generation of energetic electron beams that can propagate far
toward the chamber center resulting in a center-high density
profile,62 here the strong electron heating at the corners leads to
more local peaks of the ionization rate and of the plasma density
near the edges at the higher of p ¼ 10 Pa.

With the presence of a trench at the powered electrode, the
ionization dynamics change markedly. While ionization peaks at
the corners of the reactor still exist, which keep the density high
near the sidewall, additional ionization peaks are observed above
the trench as a result of the enhanced electron power absorption
inside and above this structure. The trench enlarges the surface
area of the powered electrode compared to the planar electrode
case. Thus, the DC self-bias is reduced to $59.6 eV. A large sheath
is still formed at the powered electrode. During its expanding
phase, a high ionization rate is initially observed inside the trench

FIG. 2. 2D spatial distributions of the time-averaged electron density in the
presence of planar electrodes (a) and with a single ring-shaped rectangular
trench at the powered electrode located at r ¼ 5:5 cm with a trench width of
w ¼ 1 cm and a depth of d ¼ 1 cm (b). Discharge conditions: Ar, 10 Pa,
f ¼ 13:56 MHz, V0 ¼ 300 V, 3 cm electrode gap, 24 cm electrode diameter,
and 400 K gas temperature.

FIG. 3. 2D spatial distributions of the ionization rate at eight different times (a)–(h) within one RF period in the presence of planar electrodes. The discharge conditions
are the same as in Fig. 2. Since the chamber is azimuthally symmetric, only the results for the right half of the cross section of the reactor are shown.
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at t ¼ 0:13 TRF, and then extremely strong ionization is found
above the trench orifice, as shown in Figs. 4(b)–4(e). These simula-
tion results are in excellent agreement with previous experimental
findings of Schmidt et al.,60 which verify our computational results.
Such a strong local ionization at a specific radial position modifies
the radial plasma density profile, i.e., a high density is observed
above the trench, as shown in Fig. 2.

In order to understand these effects of the trench on the ioni-
zation and the plasma density inside and above the structure, Fig. 5
shows the axially and radially resolved electric field Ez and Er, the
mean electron energy, and the ionization rate near the trench at
four different times during the sheath expansion phase at the
powered electrode. At t=Trf ¼ 0, the local sheath is fully collapsed,
the electric field inside the trench is weakest in both the radial and
axial directions. Thus, electrons can penetrate into the trench.
When the sheath starts to expand, the electric field in the trench
gradually builds up, the electrons in the trench are accelerated
strongly by the electric field, which leads to a high mean electron
energy and ionization rates inside the trench, as shown in the second
and third columns of the figure. According to Figs. 5(c2) to 5(c4),
the mean electron energy in the trench is enhanced evidently. As
illustrated in detail in the following, this is caused by electron bounce
resonance heating between the sheaths at the trench walls, i.e., the
sheaths at the trench sidewalls expand toward each other in radial
direction so that electrons are accelerated resonantly back and forth
between these lateral sheaths. With the sheath further expanding, a
strong electric field is found everywhere inside the trench so that
electrons are accelerated out of the trench through its orifice and
into the plasma bulk. At the corners of the trench orifice the sheath
edge is curved and, thus, its expansion velocity vector has radial as
well as axial components. Consequently, a cross-firing of highly ener-
getic electrons at the orifice of the trench happens. In combination

with the energetic electrons being pushed out of the trench, this leads
to a high local ionization rate, as shown in Fig. 5(d4). Previous experi-
mental studies by Schmidt et al.60 proved that a ring-shaped trench
having a width of 1 cm can effectively modify the plasma density in a
neon discharge at similar discharge conditions as used in our work:
driving frequency 13.56MHz, voltage amplitude 264 V, gas pressure
10–20 Pa. In agreement with our simulation results, this was found to
occur due to a local increase of the electron power absorption above
the trench orifice. Lee et al.51 also reported that the plasma density
enhancement is most pronounced by setting a multihole electrode
with a hole diameter 1 cm at a gas pressure of 64.5mTorr and a
driving frequency of 13.56MHz in a large voltage range in an argon
discharge. At t ¼ 0:27TRF, the sheath is almost fully expanded, most
of the electrons have left the trench. Thus, no more ionization is
observed inside the structure. In contrast to the ionization rate, which
is high at the orifice of the trench and low inside the trench at this
time, the mean electron energy is high inside the trench in Fig. 5(c4)
but much lower above the trench. This is because the electron density
is high outside the trench due to a high local density of low energy
bulk electrons. In the work of Schmidt et al.,60 high excitation peaks
were also observed at the trench corners with a large trench size, i.e.,
6.6 cm trench width and 6 cm trench depth, which is caused by edge
effects similar to the ones we observed at the chamber corners in Figs.
3 and 4. Such effects are absent in Fig. 5 since the trench size is much
smaller, the electrons in the whole trench can be strongly heated
during the sheath expansion, which makes the electron heating
enhancement at the corners to be not evident.

The above explanations can further be supported by the obser-
vation of the trajectories of individual electrons within the trench.
Figure 6 shows such an exemplary trajectory during the local
sheath expansion phase as well as the variation of the energy, axial
and radial velocity components of this sample electron as a

FIG. 4. 2D spatial distributions of the total ionization rate at 8 different times (a)–(h) within one RF period in the presence of a single ring-shaped trench at the powered
electrode. The other discharge conditions are the same as in Fig. 2.
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function of time starting from t=Trf ¼ 0 when the sheath at the
powered electrode starts to expand. According to Fig. 6(a), the elec-
tron initially moves toward the bottom center of the trench. It is
reflected by the bottom sheath at point “1” and point “2” where its
axial velocity reaches 0 as shown in Fig. 6(c). The knee point in
between the red and the green points is caused by a collision,
which reverses the axial velocity direction of the electron. Soon
after point “2,” the electron is reflected by the expanding sheath at

the right sidewall. Thus, its energy continuously increases until
point “3,” where an inelastic collision occurs. At points “4,” “5,”
and “6,” three more collisions occur. The radial velocity of the elec-
tron changes direction at point “5,” where it has already entered
the sheath at the left sidewall. The radial velocity first increases
then decreases from point “5” to point “7” as the electron moves
toward the right sidewall, since it is accelerated initially by the
expanding sheath at the left sidewall and then decelerated, when it

FIG. 5. 2D spatial distributions of the electric field in the axial direction Ez (a1)–(a4), the electric field in the radial direction Er (b1)–(b4), the mean electron energy (c1)–
(c4), and the ionization rate (d1)–(d4) near the trench at four different times during the sheath expansion phase at the powered electrode within one RF period: t=Trf ¼ 0
(first column), t ¼ 0:13 TRF (second column), t ¼ 0:17 TRF (third column), and t ¼ 0:27 TRF (fourth column). The other discharge conditions are the same as in Fig. 2.
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penetrates into the sheath at the right sidewall. At point “7,” the
electron is reflected by the expanding sheath at the right sidewall.
Thus, its energy continuously increases and reaches around 53 eV
at point “8,” since it is accelerated by both the vertical sheath at the
trench bottom and the horizontal sheath at the right sidewall. After
point “8,” the electron leaves the trench region. This analysis of the
motion of a single electron is representative of the dynamics of elec-
trons in the trench region during the phase of local sheath expan-
sion. Overall, electrons penetrate into the trench during the local
sheath collapse and are then accelerated to high energies by electron
bounce resonance heating inside the trench, during which both, the
sheaths at the trench sidewalls and the sheath at the trench bottom,
play important roles for the electron power absorption.

Originally, this effect was discovered in planar CCPs driven at
particular frequencies and with particular electrode gaps at low
pressure,61 where electrons accelerated by sheath expansion heating
at one electrode propagate toward the bulk collisionlessly and
arrive at the opposite electrode, when the local sheath is expanding,

so that they gain additional energy upon reflection by this sheath.
In the scenario studied here, the sheaths adjacent to the trench walls
expand simultaneously so that electron bounce resonance heating
always occurs inside the trench. While bouncing between these
sheaths, such electrons cause ionization inside the trench and finally
leave the trench with high energies, which allows them to cause ioni-
zation outside the structure as well. The cross-firing of these ener-
getic electrons at the orifice of the trench leads to a strong local
ionization peak above the trench, as shown in Fig. 5(d4).

It is also worth noting that the electron bounce resonance
heating happens only in the trenches with appropriate sizes. Based
on previous studies50,51,75 and several tests we made by simulations,
the trench width should be larger than twice the sheath width. For
a smaller trench width, the bulk electrons can hardly penetrate into
the trench, no significant electron heating can occur within the
trench. If the trench width is too large, i.e., much larger than twice
the sheath width, the trench effect would also decrease, which has
also been examined by experiments previously.51,55 Based on Fig. 6,

FIG. 6. Trajectory of an electron inside the trench during the local sheath expansion phase (a) and the time evolution of its energy (b), of its axial velocity (c), and of its
radial velocity component (d). The discharge conditions are the same as in Fig. 2. The numbers assist cross-referencing between the different panels.
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we can estimate the maximum trench width for the occurrence of
electron bounce resonance in the trench. From Fig. 6, the electron
is found to leave the trench at point 7, which means that from
t ¼ 0, i.e., when the electron starts to be accelerated in the trench,
the electron residence time in the trench is around 0.25 TRF, i.e.,
18.4 ns. This is mainly determined by the depth of the electron
penetration into the trench and the axial velocity which is related
to the electron acceleration in the vertical sheath. Based on
Fig. 6(d), we use a radial electron velocity vr ¼ 1# 106 m/s to esti-
mate the distance that the electron can travel in the radial direction
within its residence time in the trench. By multiplying with the
time, this distance is 1.84 cm; if the trench width is larger than this
value, the electron that starts near one of the trench walls would
leave the trench before it can reach the opposite sheath and bounce
back. This is also coincident with the findings of Ref. 50, where
based on the experimental results, the authors suggest the hole diam-
eter to be three to five times the sheath width to achieve a strong
effect of the structured electrode. At the discharge conditions studied
in our work, the time-averaged sheath width at the trench wall is
around 0.37 cm for the trench at the powered electrode and around
0.32 cm for the trench at the grounded electrode. Therefore, signifi-
cant electron bounce resonance heating is observed.

B. Plasma uniformity improvement with customized
boundary surface topologies

Through the above analysis, the trench at the powered elec-
trode is found to greatly change the electron power absorption
dynamics and to modify the radial plasma density profile. Such
trench effects are promising to improve the radial plasma uniform-
ity at a planar wafer located on the powered electrode by including
trenches at the counter (grounded) electrode. This is of great signif-
icance for industrial applications of CCPs. To test this concept, we
vary the number of trenches in the grounded electrode. The goal is

to find a good configuration of trenches to improve the plasma uni-
formity at the powered electrode.

Figures 7 and 8 show the spatial distributions of the time-
averaged electron density and ionization rate, respectively, for the
cases with 1–4 ring-shaped trenches at the grounded electrode.
Notice that the trench width in Figs. 7(b) and 7(c) is 1.5 vs 1 cm in
(7a) and (7d). This selection is made to ensure that a larger region
in the radial direction is affected by each trench to improve radial
uniformity in the presence of a low number of trenches. Electron
density/ionization peaks are always observed below the trenches
due to their effects on the electron power absorption dynamics
described above. Since the sheath at the grounded electrode is
much smaller compared to the sheath at the powered electrode due
to the geometric reactor asymmetry, the electron power absorption
inside these trenches via bounce resonance heating is less promi-
nent. Thus, the density/ionization peaks generated below the
trenches are lower compared to those formed by the powered elec-
trode trench in Fig. 2(b)/Fig. 4. However, the density peaks gener-
ated below the trenches are comparable to the density peaks near
the sidewalls of the reactor caused by edge effects. Thus, such
trenches can be used to make the plasma more uniform in the
radial direction. As shown in Fig. 7(d), the plasma is fairly uniform
in the presence of four trenches at the grounded electrode. In
Fig. 8, strong ionization is also observed at the opposite sheath at
the powered electrode at the radial positions where the trenches are
located inside the grounded electrode since a high number of elec-
trons is accelerated toward the powered electrode by the sheath at
the trenches, which leads to the ionization peaks near the local
sheath edge during the sheath expansion at the powered electrode.

By setting trenches at the grounded electrode, the ionization
in the central region of the reactor is enhanced, which leads to an
increase of the electron density in the center. Figure 9(a) shows the
radial distribution of the time-averaged electron density near the
powered electrode (z ¼ 1 cm). A good plasma uniformity is found

FIG. 7. 2D spatial distributions of the time-averaged electron density for a reactor with ring-shaped trench(es) at the grounded electrode: one trench (w ¼ 1 cm,
d ¼ 1 cm) at r ¼ 5:5 cm (a); two trenches (w ¼ 1:5 cm, d ¼ 1 cm) at r ¼ 2:25 cm and r ¼ 6:25 cm (b); three trenches (w ¼ 1:5 cm, d ¼ 1 cm) at r ¼ 1:5 cm,
r ¼ 4:5 cm, and r ¼ 7:5 cm (c); and four trenches (w ¼ 1 cm, d ¼ 1 cm) at r ¼ 1 cm, r ¼ 3 cm, r ¼ 5 cm, and r ¼ 7 cm (d).The other discharge conditions are the
same as in Fig. 2.
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in the presence of four trenches at the grounded electrode, while a
poor uniformity is observed in the absence of trenches. The relative
nonuniformity (nmax=nmin $ 1, where nmax and nmin are the
maximum and minimum electron densities in the bulk region at
z ¼ 1 cm, respectively) is reduced from 43% (no trench case) to 6%
(four trenches case). Moreover, these trenches are found to have
only a weak influence on the ion flux-energy distribution function
(IFEDF) at the powered electrode, although the DC self-bias
changes from $77.6 V (planar electrode) to $96.7 V (four trenches
at the grounded electrode) due to the enhanced geometrical asym-
metry, as shown in Fig. 9(b).

While different reactor configurations might be used in com-
mercial CCPs, plasma nonuniformity caused by similar edge
effects42,44 always happens. By introducing trenches and adjusting
their positions and dimensions, such nonuniformities are expected to

be reduced. Radial nonuniformities caused by other effects such as the
standing wave and the skin effect are also expected to be reduced in
this way. In the case of center-peaked radial density profiles such as
those resulting from the standing wave effect, trenches would have to
be located close to the electrode edge to enhance the local plasma den-
sities at these positions relative to the electrode center. As long as the
neutral pressure is low enough and the electrode gap is small enough,
such trenches can be placed at the grounded electrode and will still
yield a uniform plasma at the planar wafer, which is located on the
powered electrode. In fact, such counter electrodes are typically
already structured due to the presence of a showerhead electrode
design used for the gas supply. Redesigning the dimensions of the
showerhead holes based on predictions of realistic PIC/MCC sim-
ulations to enhance plasma uniformity seems to be a promising
approach.

FIG. 8. 2D spatial distributions of the time-averaged ionization rate for reactors with 1–4 ring-shaped trenches [(a)–(d) with sizes and positions specified in Fig. 7] at the
grounded electrode. The other discharge conditions are the same as in Fig. 2.

FIG. 9. Radial distributions of time averaged electron density at z ¼ 1 cm (above the powered electrode) (a) and ion flux-energy distribution functions (IFEDFs) (b) at the
powered electrode for reactors without trench and with 1–4 ring-shaped trenches at the grounded electrode. The other discharge conditions are the same as in Fig. 2.
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IV. CONCLUSIONS

Based on 2d3v GPU accelerated PIC/MCC simulations, the
electron power absorption dynamics and the radial plasma uni-
formity in capacitively coupled plasmas are studied in the presence
of structured electrodes (having vertical trenches). Strong ionization
is observed at the electrode edges due to enhanced local electron
power absorption caused by edge effects. Such effects lead to non-
uniformities of the plasma density, i.e., high density peaks are
formed near the sidewall. With a trench set at the powered elec-
trode, the plasma density at the trench orifice is strongly increased.
This is caused by enhanced local electron power absorption inside
and above the trench. Due to the geometrical reactor asymmetry, a
large sheath is formed at the powered electrode. Electrons penetrate
into such a trench during the local sheath collapse and are strongly
accelerated toward the bulk region by the sheaths at the trench
walls during the local sheath expansion phase within the RF
period. Strong electron bounce resonance heating inside the trench
results in a high mean electron energy inside such structures. At
the trench orifice, the cross-firing of energetic electrons due to the
expansion of curved sheaths at the trench corners in combination
with high energy electrons, which are pushed out of the trench,
leads to a high (local) ionization rate. By tracing the trajectories of
selected electrons inside the trench, electrons are found to acquire
high energies through bouncing between the sheaths at the
trench walls.

In order to use the trench effects to improve the radial plasma
uniformity above planar wafers, we have investigated the scenario
with various numbers of trenches at the grounded counter elec-
trode. Since the sheath at the grounded electrode is smaller, the
electron power absorption inside the trenches at the grounded elec-
trode is less pronounced compared to that in the powered electrode
trench, but the electron density below the trenches is still enhanced
significantly and can be made similar to the density near the
reactor sidewall. With four trenches at the grounded electrode, a
good plasma uniformity was achieved above the powered electrode.
Moreover, with increasing the number of trenches at the grounded
electrode, the geometrical asymmetry is slightly enhanced, which
leads to small changes of the DC self-bias, while the IFEDF at the
powered electrode was found to be almost unaffected.

Our results show that the electron power absorption and the
radial plasma density profile can be controlled to a great extent by
including trenches in the electrodes. Although different reactor
geometries might be used in commercial CCPs, the radial nonuni-
formities caused by edge, standing wave, or skin effects are all
expected to be compensated by structured electrodes with different
trench shapes and dimensions. Thus, these results are highly rele-
vant for applications where they can serve as a basis for plasma
reactor design and knowledge based process optimization. Clearly,
further investigations on the effects of various types of structured
electrodes at different discharge conditions are required.
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