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Radio frequency capacitively coupled plasma source (RF-CCP) with a hollow electrode can increase the electron
density through the hollow cathode effect (HCE), which offers a method to modify the spatial profiles of the plasma density.
In this work, the variations of the HCE in one RF period are investigated by using a two-dimensional particle-in-cell/Monte-
Carlo collision (PIC/MCC) model. The results show that the sheath electric field, the sheath potential drop, the sheath
thickness, the radial plasma bulk width, the electron energy distribution function (EEDF), and the average electron energy
in the cavity vary in one RF period. During the hollow electrode sheath’s expansion phase, the secondary electron heating
and sheath oscillation heating in the cavity are gradually enhanced, and the frequency of the electron pendular motion in the
cavity gradually increases, hence the HCE is gradually enhanced. However, during the hollow electrode sheath’s collapse
phase, the secondary electron heating is gradually attenuated. In addition, when interacting with the gradually collapsed
hollow electrode sheaths, high-energy plasma bulk electrons in the cavity will lose some energy. Furthermore, the frequency
of the electron pendular motion in the cavity gradually decreases. Therefore, during the hollow electrode sheath’s collapse
phase, the HCE is gradually attenuated.

Keywords: hollow cathode effect, radio frequency, hollow electrode, particle-in-cell /Monte-Carlo collision

(PIC/MCC) model
PACS: 52.20.j, 52.40.Kh, 52.65.—y

1. Introduction

In plasma etching process and thin film deposition pro-
cess, radio frequency capacitively coupled plasma sources
(RF-CCPs) are widely used due to their simple geometries. [}
In typical RF-CCPs, two plate electrodes are usually adopted
and the electron density is generally less than 10" m=3.13:4]
However, for applications, an increase in electron density is
desirable to improve etching rate and deposition rate.>3 In
order to increase the electron density, several methods have
been proposed, e.g. utilizing very high driving frequencies, >!
or employing magnetic fields.!”~1°1 Although the electron den-
sity can be increased by utilizing these methods, new prob-
lems still exist, and plasma non-uniformity occurs in plasma
processing when a very high driving frequency is utilized.!'!]
With very high driving frequencies, electromagnetic effects,
such as the standing wave effect!!>"13] and skin effect!!6:17]
become evident and cause nonuniform plasma density, which
can be important limitations for plasma processing. However,
with a lower frequency (e.g., 13.56 MHz), the problem of non-
uniform plasma density, caused by the standing wave and skin

(18] Therefore, if high-density plasma

effect, can be avoided.
can be obtained at lower frequencies (e.g., 13.56 MHz), it will
be very beneficial to the processes of ion etching and thin film
deposition.

It has been found that RF-CCP with a hollow elec-
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trode can produce high-density plasma at a lower frequency
(e.g., 13.56 MHz).[!-18-23] Hollow electrode, which typically
consists of hollow cylindrical electrode or rectangular elec-
trode, is widely utilized in direct current (DC) discharge and
RF discharge.**?3] Compared with the conventional parallel-
plate structure, the cavity structure reduces the loss of charged
particles.”®! Depending on the operating conditions, energetic
electrons are electrostatically confined inside the cavity and
oscillate back and forth between opposite side walls (pendu-
lar motion), and the oscillation behavior of electrons inside
the cavity is called the hollow cathode effect (HCE).[25:27:28]
Comparing with parallel-plate structure, energetic electrons
will suffer more inelastic collisions in the cavity due to the
HCE, ?7] hence ionizations and electron densities in the cavity
increase.[*!!

Due to the close correlation between the production of
high-density plasma and the HCE, the HCE turns important
in all hollow electrode discharges. Researchers have found
that the HCE can be maintained and enhanced by adjusting

5.1 It was also found that through the

the plasma propertie
HCE, electrons can gain high energy in the cavity during the
hollow electrode sheath’s expansion phase, and these energetic
electrons pushed out of the cavity by the expanding sheaths
will increase the plasma density outside the cavity, [*!!] which
is beneficial for plasma etching process and thin film depo-

sition process. However, until now, there are few studies on
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the HCE during the hollow electrode sheath’s collapse phase,
hence it is unclear whether the hollow electrode sheath’s col-
lapse phase contributes to increase plasma density. Zhang et
al.B% concluded that HCE cannot exist when the RF voltage
on the hollow electrode is positive. However, excitations in
the center of the cavity were observed to be higher than that
above the planar part of the hollow electrode when a positive
peak RF voltage is applied to the hollow electrode,?!! which
implies that the HCE can exist in the hollow electrode sheath’s
fully collapsed phase.

In this work, a two-dimensional (2D) PIC/MCC simula-
tion is adopted to study the variations of the HCE in RF hol-
low electrode discharges. The rest of this paper is organized as
follows. The 2D PIC/MCC model is introduced in Section 2.
The simulation results are presented in Section 3. Finally, the
conclusions are drawn from the present study in Section 4.

2. Description of model

The reactor geometries used in the simulation are shown
in Fig. 1. The cylindrical hollow electrode is connected to a
13.56-MHz RF source, while the plate electrode is grounded.
The RF voltage amplitude Vgr on the hollow electrode is
210 V, and a DC bias voltage Vpc = —30 V is also applied
to the hollow electrode. The internal diameter D of the hol-
low electrode varies from 4 mm to 20 mm in the simulation,
with an invariant depth 4 = 15 mm. Both of the electrodes
have a radius r of 16 mm, with the electrode gap d = 10 mm.
The working gas is pure argon with pressure p = 1 Torr,
(1 Torr = 1.33322x 10? Pa). A cylindrical coordinate system is
adopted due to the axis-symmetric discharge system, and the
simulation area is half of the discharge device (the red dashed
line area in Fig. 1). The coordinate origin (Z =0, R = 0) is lo-
cated in the center of the orifice, while Z > 0 and Z < O refer to
the axial positions inside and outside the cavity, respectively.

The XOOPIC code is utilized in the simulation, which
is an object-oriented 2d3v (two-dimensional coordinate space
and three-dimensional velocity space) PIC-MCC code.3>3]
A detailed description of this model can be found in our pre-
vious work, [*® hence in this work the model is described only
briefly . Electron and argon ion (Ar™) are the main particles in
the simulation. The initial distributions of electrons and argon
ions in the discharge space are uniform, their temperatures be-
ing T. =2 eV and T; = 0.04 eV, respectively. The background
gas argon is assumed to have a temperature of 0.04 eV and a
constant density. The time steps of electrons and argon ions
are set to be 3 x 10713 s and 3 x 10712 s, respectively. The
number of spatial grids is 256(R) x 192(Z).

In the model, collision process and recombination pro-
cess between electrons and argon ions are not considered due
to the low ionization degree in RF-CCPs. Electron—neutral
particle collisions include elastic, excitation, and ionization

collisions, and their collision cross sections can be found in
Ref. [37]. Ton—neutral particle collisions include elastic colli-
sions and charge—exchange collisions, and their collision cross
sections are cited from Ref. [38]. Similar collision processes
were considered in other PIC simulations of RF-CCPs with
hollow electrodes.[27-30311 Tn this work, the secondary elec-
tron emission coefficient 5.+ of ions bombarding the elec-
trode surface is set to be 0.1, and the initial energy of sec-
ondary electrons is set to be 1 eV. The computation is carried
out on an Intel 13-3240 CPU machine with 4 GB of RAM and
running at a clock speed of 3.4 GHz. And the simulation time
is about 15 days under given conditions.
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Fig. 1. Schematic diagram of RF hollow electrode discharge model.

3. Results
3.1. Plasma density profiles

Figure 2 shows the spatial distributions of the time-
averaged electron density with different values of cavity diam-
eter D of 4 mm—20 mm. And each distribution is averaged over
ten RF periods after the discharge has become stable. With a
small cavity diameter D = 4 mm, the plasma is mainly located
outside the cavity, and the electron density is the lowest. With
D increasing to 7 mm, the electron density near the orifice in-
creases significantly, and part of the peak electron density is
located in the center of the cavity, indicating the formation of
the HCE.[®! Further increasing D, the electron density inside
the cavity gradually decreases, indicating that the HCE is grad-
ually attenuated.!'®! Similar variations of the electron density
inside the cavity with the cavity diameter were also observed
in the fluid simulations of RF hollow electrode discharges. 3!
Since the HCE is the strongest with D = 7 mm, in the follow-
ing D =7 mm is chosen to investigate the variations of the
HCE within one RF period.

Figure 3 shows the spatiotemporal distributions of the
electron density within one RF period after the discharge has
become stable. In order to make the variations between the
individual components more distinct, horizontal and vertical
yellow dashed lines are drawn in Fig. 3. At wf/27 = 0, the
RF voltage on the hollow electrode reaches a positive peak
value of 210 V, and the sheath inside the hollow electrode cav-
ity is fully collapsed. While at wr/27 = 0.5, the sheath in-
side the cavity is fully expanded. As wf/27 varies from 0
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to 0.5 within one RF period, sheath inside the hollow elec-
trode cavity expands. As shown in Fig. 3, during the hollow
electrode sheath’s expansion phase, electrons inside the cav-
ity move to the grounded electrode for a certain distance, and
the volume of electrons in the cavity is significantly reduced.
As also shown in Fig. 3, at @t /27 = 0, part of the peak elec-
tron density is located in the center of the cavity, which indi-
cates that the HCE exists at the fully collapsed phase of the

hollow electrode sheath. In the following, we will study the
variations of the HCE during the hollow electrode sheath’s ex-
pansion phase and collapse phase by investigating the sheath
electric field, the sheath potential drop, the sheath thickness,
the radial plasma bulk width, the electron energy distribution
function (EEDF), and the average electron energy inside the

cavity within one RF period.
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Fig. 2. Time-averaged electron density profiles with cavity diameter D =4 mm, 7 mm, 10 mm, 15 mm, and 20 mm, with unit of electron density being m3.
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Fig. 3. Spatiotemporal distributions of electron density in RF hollow electrode discharge in one RF period, with unit of electron density being

m~3 and cavity diameter of hollow electrode D = 7 mm.

3.2. Sheath dynamics

3.2.1. Sheath dynamics during hollow electrode sheath’s expansion phase

Figure 4 shows the spatial distributions of the radial electric field at different times of @t /27 = 0.08, 0.25, and 0.42 in one
RF period during the hollow electrode sheath’s expansion phase. As can be seen from Fig. 4, the radial sheath electric field in

the cavity gradually increases.
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3.3%x10%
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0
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Fig. 4. Spatial distributions of radial electric field at different time of wz/27w = 0.08, 0.25, and 0.42 in one RF period during hollow electrode

sheath’s expansion phase, with unit of electric field being V-m~'.

Figures 5(a)-5(d) show the variations of the peak radial
sheath electric field, the radial sheath potential drop, the ra-
dial sheath thickness, and the radial plasma bulk width in the

cavity during the hollow electrode sheath’s expansion phase.

The radial sheath potential drop in the cavity is the poten-
tial difference between the potential at the sheath edge and
the potential on the hollow electrode, while the selection of

the instantaneous position of the radial sheath in the cavity
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is referred to Ref. [27]. In Figs. 5(a)-5(d), the axial position
Z = 0.3 mm is chosen to present all the radial distributions,
since the maximum electron density is obtained at Z = 0.3 mm
with D =7 mm. As shown in Figs. 5(a)-5(c), during the hol-
low electrode sheath’s expansion phase, the peak electric field
of radial sheath, the potential drop of radial sheath, and the
radial sheath thickness in the cavity gradually increase with

ot /2w increasing. At t/2m = 0, the radial sheath thickness
is about 1.75 mm, and it increases to 3.38 mm at @¢ /27 = 0.5.
However, the radial plasma bulk width in the cavity decreases
monotonically as shown in Fig. 5(d). The radial plasma bulk
width in the cavity decreases from 3.50 mm to 0.24 mm during

the hollow electrode sheath’s expansion phase.
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Fig. 5. Inside the cavity during hollow electrode sheath’s expansion phase, (a) peak radial sheath electric field (at Z = 0.3 mm) versus ®t /27, (b) radial sheath
potential drop (at Z = 0.3 mm) versus ¢ /27, (c) radial sheath thickness (at Z = 0.3 mm) versus @¢/27, and (d) radial plasma bulk width (at Z = 0.3 mm)
versus ot /27, with cavity diameter of the hollow electrode D = 7 mm.

3.2.2. Sheath dynamics during hollow electrode sheath’s collapse phase

As ot /27 varies from 0.5 to 1 in one RF period, sheath in the hollow electrode cavity collapses. Figure 6 shows the spatial
distributions of the radial electric field at @¢/2m = 0.58, 0.75, and 0.92 in one RF period during the hollow electrode sheath’s
collapse phase. As shown in Fig. 6, the radial sheath electric field in the cavity decreases gradually.

During the hollow electrode sheath’s collapse phase, the peak radial sheath electric field, the radial sheath potential drop,
and the radial sheath thickness in the cavity gradually decrease as shown in Figs. 7(a)-7(c). However, the radial plasma bulk
width in the cavity gradually increases with @¢ /27 increasing, as shown in Fig. 7(d).
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Fig. 6. Spatial distributions of radial electric field at w7 /27 = 0.58, 0.75, and 0.92 in one RF period during hollow electrode sheath’s collapse
phase, with unit of electric field being V-m~.
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Fig. 7. (a) Peak radial sheath electric field (at Z = 0.3 mm) versus @t /27, (b) radial sheath potential drop (at Z = 0.3 mm) versus ¢ /27, (c) radial sheath
thickness (at Z = 0.3 mm) versus ¢ /27, and (d) radial plasma bulk width (at Z = 0.3 mm) versus ®¢/27, in the cavity during hollow electrode sheath’s
collapse phase, with cavity diameter of the hollow electrode D = 7 mm.

3.3. HCE variation law hollow electrode discharge, the voltage on hollow electrode

The results in Subsection 3.2 show that in RE-CCPs with keeps constant, hence electric field and sheath in the cavity

hollow electrode, the sheath electric field, the sheath potential keep constant as well, and so does the intensity of the HCE. In

drop, the sheath thickness, and the radial plasma bulk width
in the cavity vary with t/27 in one RF period. In a DC

an RF hollow electrode discharge, the electron pendular mo-

tion takes place under the environment of periodic variations
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of high-frequency electric field and sheath, hence the intensity
of the HCE might vary in one RF period.

In RF-CCPs, electron heating is very important to under-
stand the way of electron energy absorption. Secondary elec-
tron heating and sheath oscillation heating are primary elec-
tron heating mechanisms in an RF-CCP.[*Y) Secondary elec-
tron heating is that secondary electrons emitted from elec-
trodes can be accelerated in the sheath and enter the plasma
bulk with substantial energy. While sheath oscillation heat-
ing is a collision-free stochastic heating arising from electron
interaction with the oscillating plasma boundary sheath. The
variations of electric field and sheath in the cavity in one RF
period cause the electron heating and the HCE to change, since
the HCE is sustained by the electron heating.?”#!] It has been
confirmed that both the sheath oscillation heating and sec-
ondary electron heating are important in maintaining the dis-
charges under the simulated conditions in this work. ¢! In the
following, the variation of the HCE in one RF period is ana-
lyzed in detail.

3.3.1. HCE \variation law during hollow electrode
sheath’s expansion phase

During the hollow electrode sheath’s expansion phase
(ot /21 = 0-0.5), the radial sheath electric fields and poten-
tial drops in the cavity gradually increase, and secondary elec-
trons accelerated in the sheath can gain more energy, hence
the secondary electron heating is gradually enhanced. And the
calculation results of EEDF and average electron energy can
also confirm the above conclusions. The EEDF is obtained by
calculating the energy of electrons in the local radial sheath re-
gion or the local plasma bulk region at the corresponding time
over 20 RF periods after the discharge has become stable.

Figure 8(a) shows the variations of EEDF in the radial
sheath region during the hollow electrode sheath’s expansion
phase. At @t /27w = 0.08, the hollow electrode sheath expands
from a fully collapsed phase, and electrons in the sheath re-
gion are mainly low-energy electrons with an energy range of
0 eV-5 eV, hence the secondary electron heating is weak. At
ot /21w = 0.25, energetic electrons with energy over 15.76 eV
(the first ionization energy of argon atom) appear in the sheath
region, and the number of low-energy electrons with energy
in a range of 0 eV-5 eV decreases significantly, indicating the
enhanced secondary electron heating in the sheath region. At
ot /271 = 0.42, the number of energetic electrons in the sheath
region increases, and the energy of some energetic electrons
even reaches 30 eV, indicating that the secondary electron
heating in the sheath region is further enhanced.

During the hollow electrode sheath’s expanding phase,
the average electron energy in the sheath region gradually in-
creases as shown in Fig. 8(b), which can further prove that
during the hollow electrode sheath’s expansion phase, the sec-
ondary electron heating is gradually enhanced.
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T 0.12
>
L
e 0.08
a
" 0.04

0 L

0 5 10 15 20 25 30
Electron energy (eV)

N

2 6o} (b)

> "

a0

& 5.5

3

o 5.0

Q

S

k3!

[0} 45 §

5

$% 4.0t

]

S

g 3 5 1 1 1 1

< 0.1 0.2 0.3 0.4
wt/2m

Fig. 8. (a) EEDF and (b) average electron energy versus ¢ /27 in radial
sheath region during hollow electrode sheath’s expansion phase.

When secondary electrons are accelerated in the sheath, a
lot of ionization occurs in the sheath, yielding numerous sub-
electrons.?!l These sub-electrons accelerated in the sheaths
can also gain high energy and generate more sub-electrons,
forming ionization avalanches. Due to the gradually en-
hanced secondary electron heating, the ionization avalanches
in the sheath are also gradually enhanced, resulting in gen-
erating more high-energy sub-electrons. These high-energy
secondary electrons and sub-electrons enter the plasma bulk
and oscillate back and forth between the side walls (pendular
motion), enhancing the HCE. In addition, with the gradually
increase of radial sheath electric field in the cavity (see Fig. 4),
the sheath oscillation heating in the cavity is gradually en-
hanced, and electrons interacting with the oscillating plasma
boundary sheath can gain more energy, which can enhance
the HCE further. Furthermore, due to the gradual decrease of
the radial plasma bulk width in the cavity (see Fig. 5(d)), the
path for one energetic electron to undergo a pendular motion
becomes shorter, and the frequency of the electron pendular

1301 which can also gradually enhance the

motion turns higher,
HCE. Therefore, during the hollow electrode sheath’s expan-
sion phase, the HCE is gradually enhanced.

Figure 9(a) shows the variations of EEDF in the plasma
bulk region inside the cavity during the hollow electrode
sheath’s expansion phase, which can also confirm the gradu-
ally enhanced HCE. At @t /27 = 0.08, the number of electrons
with energy exceeding 15.76 eV is very small, hence the HCE
is weak. At @t/2m = 0.25, the number of energetic electrons
with energy exceeding 15.76 eV increases, and the energy of
some electrons reaches 20 eV, indicating that the HCE is en-
hanced. At wr/27m = 0.42, the number of energetic electrons
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with energy exceeding 15.76 eV further increases, and the en-
ergy of some electrons even reaches 30 eV, indicating that the
HCE is further enhanced. In addition, the average electron
energy in the plasma bulk region also increases during the hol-
low electrode sheath’s expansion phase, as shown in Fig. 9(b),
and our simulation results are consistent with those obtained
from other researchers, ! which further indicates the gradual
enhancement of the HCE inside the cavity.

0.20

— wt /271 =0.08 (a)
0.16}F — wt/27r=0.25

— wt/2r=0.42

EEDF (eV-1)
(]
o
(0]
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Electron energy (eV)

(b)

0.1 0.2 0.3 0.4
wt /27

Fig. 9. Variations of (a) EEDF and (b) average electron energy with oz /27w
in plasma bulk region inside cavity during hollow electrode sheath’s expan-
sion phase.

Average electron energy (eV)

3.3.2. HCE variation law during hollow electrode
sheath’s collapse phase

During the hollow electrode sheath’s collapse phase
(w1 /21 = 0.5-1.0), the sheath electric field and sheath poten-
tial drop in the cavity gradually decrease (see Figs. 7(a) and
7(b)), hence the secondary electron heating is gradually atten-
uated, which can also be confirmed by the calculation results
of EEDF and average electron energy.

Figure 10(a) shows the variations of EEDF in the radial
sheath region during the hollow electrode sheath’s collapse
phase. As shown in Fig. 10(a), the number of energetic elec-
trons with energy exceeding 15.76 eV gradually decreases,
indicating that the secondary electron heating in the sheath
region is gradually attenuated. Moreover, during the hollow
electrode sheath’s collapse phase, the average electron energy
in the radial sheath region gradually decreases as shown in
Fig. 10(b), which can further prove that the secondary elec-
tron heating is gradually attenuated.

With the gradual attenuation of secondary electron heat-
ing, the ionization avalanche in the sheath is gradually atten-

uated, which can weaken the HCE. In addition, when inter-
acting with the gradually collapsing sheath, the high-energy
plasma bulk electrons will lose some energy, which will also
weaken the HCE intensity. Furthermore, due to the gradual
increase of the radial plasma bulk width in the cavity (see
Fig. 7(d)), the path for the electron pendular motion gradually
becomes longer, and the frequency of the electron pendular
motion gradually decreases, which further attenuates the HCE
intensity. Therefore, during the hollow electrode sheath’s col-
lapse phase, the HCE is gradually attenuated.
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Fig. 10. Variations of (a) EEDF and (b) average electron energy with ot /271
in radial sheath region during hollow electrode sheath’s collapse phase.

Figure 11(a) shows the variations of EEDF in the plasma
bulk region inside the cavity during the hollow electrode
sheath’s collapse phase, which can also confirm the gradu-
ally attenuated HCE intensity. As shown in Fig. 11(a), in the
plasma bulk region, the number of energetic electrons with en-
ergy exceeding 15.76 eV gradually decreases, indicating that
the HCE intensity is gradually attenuated. Furthermore, dur-
ing the hollow electrode sheath’s collapse phase, the average
electron energy in the plasma bulk region gradually decreases
as shown in Fig. 11(b), which can further prove that the HCE
is gradually attenuated.

Due to the existence of the HCE at the hollow elec-
trode sheath’s fully collapsed phase, it is observed experimen-
tally that the excitation rate inside the cavity is higher than
that above the planar part of the hollow electrode at the hol-
low electrode sheath’s fully collapsed phase.*'l And with the
gradually enhancing HCE during the hollow electrode sheath’s
expansion phase, the excitation and ionization inside the cav-
ity are gradually enhanced as can be found in Ref. [31]. How-
ever, with the gradually attenuating HCE during the hollow
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electrode sheath’s collapse phase, the excitation and ioniza-
tion inside the cavity are gradually attenuated, which can also
be found in Ref. [31].
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Fig. 11. Variations of (a) EEDF and (b) average electron energy with oz /27
in plasma bulk region inside cavity during hollow electrode sheath’s collapse
phase.

4. Conclusions

The variations of the HCE in one RF period in RF-
CCP with a hollow electrode are investigated by using a 2D
PIC/MCC model. It is found that the sheath electric field, the
sheath potential drop, the sheath thickness, the radial plasma
bulk width, the EEDF, and the average electron energy in the
cavity vary in one RF period. During the hollow electrode
sheath’s expansion phase, the sheath potential drop and sheath
electric field in the cavity gradually increase, which can grad-
ually enhance the secondary electron heating and sheath oscil-
lation heating, and the enhanced electron heating can enhance
the HCE. Furthermore, during the hollow electrode sheath’s
expansion phase, the frequency of the electron pendular mo-
tion gradually increases, which can enhance the HCE fur-
ther. Therefore, during the hollow electrode sheath’s expan-
sion phase, the HCE is gradually enhanced.

However, during the hollow electrode sheath’s collapse
phase, the sheath potential drop and sheath electric field in the
cavity gradually decrease, hence the secondary electron heat-
ing is gradually attenuated, which can weaken the HCE in-
tensity. In addition, energetic plasma bulk electrons will lose
some energy during their interactions with the gradually col-
lapsed sheath, which can attenuate the HCE intensity as well.
Furthermore, the frequency of electron pendular motion grad-
ually decreases, which can further attenuate the HCE inten-
sity. Therefore, during the hollow electrode sheath’s collapse
phase, the HCE is gradually attenuated.
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