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Abstract
We demonstrate a self-consistent and complete description of electron dynamics in a typical
electropositive radio frequency magnetron sputtering (RFMS) argon discharge with a
dielectric target. The electron dynamics, including the electron power absorption dynamics in
one radio frequency (RF) period, is studied via a fully kinetic 2d3v particle-in-cell/Monte
Carlo collision (PIC/MCC) electrostatic simulation. The interplay between the fundamental
plasma parameters is analyzed through their spatiotemporal dynamics. Due to the influence of
magnetic trap on the electron transport, a spatially dependent charging that perturbs the
electric potential is observed on the dielectric target surface, resulting in a spatially dependent
ion energy distribution along the target surface. The E× B drift-to-discharge current ratio is in
approximate agreement with Bohm diffusion. The electron power absorption can be primarily
decoupled into the positive Ohmic power absorption in the bulk plasma region and the
negative pressure-induced power absorption near the target surface. Ohmic power absorption
is the dominant electron power absorption mechanism, mostly contributed by the azimuthal
electron current. The power absorption due to electron inertial effects is negligible on
time-average. Both the maximum power absorption and dissipation of electrons appear in the
bulk plasma region during the second half of the RF period, implying a strong electron
trapping in magnetron discharges. The contribution of secondary electrons is negligible under
typical RFMS discharge conditions.
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1. Introduction

Capacitively coupled radio frequency (RF) plasmas are widely
used in material processing [1, 2]. Among RF plasmas, radio
frequency magnetron sputtering (RFMS) discharge is one of
themost commonlyused plasma sources, and hasmany unique
advantages comparing with direct current magnetron sput-
tering (DCMS) discharges [3, 4]. In RFMS discharges, the
target can be selected from a wide variety of materials,
including semiconductors and insulators. The magnetron can
maintain a stable discharge and suppress the formation of
micro-arcs because the charges accumulated on an insulat-
ing target surface can be neutralized within one RF period.
Due to the above advantages, RFMS is widely used for fab-
ricating high-quality thin films of various functions, such as
transparent conducting films [5–12], photocatalytic thin films
[13], piezoelectric thin films [14], solar cells [15], ferroelec-
tric thin films [16–18], nanostructural thin films [19, 20],
electroceramic thin films [21], high-entropy alloy films [22],
biocompatible thin films [23, 24], and colossal magnetoresis-
tance thin films [25]. In physical vapor deposition processes,
the properties of deposited thin films depend on the charac-
teristics of the deposition flux [26], such as the ion energy
distribution [27–30] and the ion-to-neutral flux ratio [31] of
deposited species at the substrate, which are directly deter-
mined by the electron dynamics. This is because the electrons
are responsible for the generation of ions via ionization colli-
sions. The generated ions are accelerated by the time-averaged
electric field toward the target surface, where they remove
target material through sputtering and generate the deposi-
tion flux. Therefore, a fundamental knowledge and a thorough
understanding of the electron dynamics in RFMS discharges
are of essential significance for controlling and optimizing the
discharge processes as well as the properties of deposited thin
films.

In contrast to the wide applications of RFMS discharge, its
electron dynamics is still a topic rather poorly understood. Pre-
vious studies on the RFMS discharge, including experimen-
tal diagnoses [27–38] and theoretical analyses [39, 40], have
obtained the primary plasma parameters, such as the plasma
density, the electron temperature, the ion and electron energy
distributions, as well as their spatial and temporal variations.
However, due to the complexity of magnetron discharges,
accurate diagnoses and theoretical studies on electron dynam-
ics under actual geometry and magnetic field distribution are
less investigated.

In addition to experimental diagnosis and theoretical anal-
ysis, plasma modeling is also an essential tool in the investiga-
tion of magnetron discharges. A simple but commonly used
plasma model is the zero-dimensional global model, which
has been adopted to study various characteristics of mag-
netron discharges [41–54], such as electron heating [43, 46],
gas rarefaction [42], self-sputtering [44, 49], target poisoning
[48, 50], etc. Albeit the above-mentioned studies are mainly
for DCMS, the global model has also been applied in inves-
tigating the RFMS discharge [55]. The global model is not
computationally expensive. It provides space-averaged plasma

parameters and their relationships with process parameters,
which helps guide the application of magnetron discharges.
Other commonly used models include the fluid model [56–58]
and the Monte Carlo model [59]. However, these models
are self-inconsistent and incomplete; they cannot provide
a detailed understanding of the rather complicated RFMS
discharge.

Particle-in-cell/Monte Carlo collision (PIC/MCC) simula-
tion overcomes the above-mentioned disadvantages, and pro-
vides a complete and self-consistent picture of magnetron dis-
charges [60]. The main disadvantage is the long computation
time. PIC simulations have been performed in investigating
RFMS discharges for more than two decades [61–70]. The
fundamental plasma parameters and their temporal and spatial
distributions have been successfully simulated and are consis-
tent with experimental results. However, little is known about
the electron dynamics of RFMS discharge in a RF period,
especially the electron power absorption dynamics.

In low-temperature plasmas, ions and reactive radicals
are generated primarily through collisional reactions between
energetic electrons and other species. For example, to ion-
ize the background gas, electrons must have a certain energy,
i.e., the ionization threshold energy of the gas species. There-
fore, one of the most fundamental questions in RFMS, as in
other low-temperature RF discharges, is the electron power
absorptionmechanism, i.e., how the energy is transferred from
the electric field to the electrons and then redistributed among
them. Electron power absorption has also been historically
referred to as ‘electron heating’, although in fact the two are
not the same, since the power absorption resulting from elec-
tron acceleration in one direction does not necessarily imply
an increase in electron temperature, which requires subse-
quent isotropization [71]. However, for simplicity, the histori-
cal terminology ‘heating’ or ‘cooling’ is occasionally used to
describe an increase or decrease in the spatiotemporal elec-
tron power absorption at a certain moment and location. A
considerable amount of work has been reported on the elec-
tron power absorption in unmagnetized [72–95] and magne-
tized [56, 58, 96–107] capacitively coupled RF discharges.
Through the above investigation, two of the most important
electron power absorption mechanisms are identified, i.e., the
collisional or Ohmic power absorption due to electron-neutral
collisions, and the collisionless or stochastic heating due to
momentum transfer from the oscillating sheath. Stochastic
electron power absorption is generally considered as the dom-
inant power absorption mechanism in low-pressure RF dis-
charges. On the other hand, the dominant power absorption
mechanism changes from a stochastic to a bulk Ohmic power
absorption under a low pressure (e.g., 10 mTorr) if a small
transverse magnetic field of 10 G is introduced [96, 108].
This enhanced Ohmic power absorption is attributed to the
azimuthal electron current, i.e., theE× B drift current of elec-
trons [40, 106]. However, this conclusion has not been veri-
fied for RFMS discharges in a self-consistent manner and the
details are unclear.

In this work, we investigate the electron dynamics in RFMS
discharges operated in argon at a frequency of 13.56 MHz, a
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driving voltage of 200 V, and a gas pressure of 10 mTorr via
a fully kinetic PIC/MCC simulation. The spatial and tempo-
ral dynamics of the fundamental plasma parameters, such as
electron densities, electric potentials and fields, as well as elec-
tron current densities during one RF period are investigated
in detail. Animations are provided in the supplementary mate-
rials (https://stacks.iop.org/PSST/30/035019/mmedia) to visu-
ally demonstrate the spatiotemporal evolution of these param-
eters. This paper describes a scenario of electropositive RFMS
discharge under typical parameters, includingmost of the char-
acteristics of electron dynamics under low-pressure magne-
tized conditions. This paper is structured in the following
way: section 2 demonstrates the discharge setup, introduces
the theoretical background for investigating the electron power
absorption based on a moment analysis of the Boltzmann
equation, and describes the PIC/MCC simulation. Section 3
illustrates the electron dynamics during one RF period in four
subsections: subsection 3.1 presents the interplay between the
electron density and the electric potential and field; subsec-
tion 3.2 discusses the phase difference and the amplitude ratio
of the electron current density in different directions; sub-
section 3.3 investigates the different mechanisms of electron
power absorption; subsection 3.4 illustrates the ionization rate
and discusses the influence of secondary electrons. Finally,
conclusions are provided in section 4.

2. Modeling and simulation

2.1. Discharge setup

Figure 1(a) illustrates the schematic of a typical planar RF
magnetron sputtering set-up. Plasmas are generated between
a dielectric target and the upper chamber wall separated by
3 cm in the y− direction, with a reflection plane at x = 0 cm
and confined by the left and right chamberwalls. The dielectric
target is 0.6 cm in thickness and 5.5 cm in width. The back-
ing plate below the dielectric target is connected to a voltage
sourcewhich supplies an RF voltage of V(t) = 200 · sin(2π f t)
[V], where f = 1/T = 13.56 MHz is the driving frequency
with T being the RF period. Since the discharge is symmet-
rical to the central reflection plane, half of the chamber is
selected as the simulation region and enclosed by red lines.
In the selected simulation region, a balanced magnetic field is
created by two magnets located under the target, as shown in
figure 1(b). Due to the magnetic trap, the magnetron plasma is
generally nonuniform and concentrated above the ‘racetrack’
area, where the magnetic field lines are parallel to the target
surface and the plasma density is the highest. For this configu-
ration, the maximum parallel magnetic field Bx over the target
surface is about 240 G at x = 2.9 cm. Other input parameters
can be found in table 1.

The external circuit model with a capacitor is not adopted in
this simulation for the following reasons. Formost capacitively
coupled discharge chambers, the geometry is asymmetric, i.e.,
the area of the powered electrode is smaller than the area of
the grounded electrode. In the presence of an external circuit
blocking capacitor or an insulating dielectric on the electrode,
electrons are easily collected whenever the electrode becomes

Figure 1. (a) Schematic of a planar RF magnetron sputtering set-up,
and the corresponding (b) magnetic field distribution and (c)
boundary conditions in the simulation region.

Table 1. The input parameters for the simulation.

Parameter Value

Gas pressure 10 mTorr
Gas temperature 300 K
Voltage amplitude 200 V
Driving frequency 13.56 MHz
SEE coefficient 0
Electron sticking coefficient 0.5

positive because the mobility of electrons is much higher than
that of ions. Therefore, a DC bias is generated at the powered
electrode to balance the positive and negative charge fluxes
arriving at the electrode. This geometric asymmetry effect has
been studied decades ago [109, 110]. For an external circuit
model, an insulating layer over the powered electrode instead
of using a blocking capacitor is electrically unchanged and an
appreciable voltage will still be developed between the bulk
plasma and the smaller electrode [111]. Under the geomet-
ric conditions studied here, the backing plate is blocked from
the plasma by the dielectric target and no net charge can be
received; the self-bias is expected to be formed on the dielec-
tric target surface instead of on the backing plate. Therefore, a
predefined sinusoidal voltage on the backing plate is adopted
in the simulation. Experimentally, in RFMS discharges with a
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dielectric target, no DC bias voltage can be measured on the
backing plate isolated from the plasma [63].

The boundary conditions for the 2D PIC simulation are
illustrated in figure 1(c), as follows:

(a) The left boundary at x = 0 cm is symmetric, where parti-
cles are reflected and the electric field Ex is 0.

(b) The top and right boundaries at y = 3.6 cm and x = 6 cm
are grounded and the electric potential ϕ = 0, particles
reaching these boundaries are absorbed.

(c) At the gap at y = 0 cm and x = 5.5–6 cm, particles are
absorbed and the potential varies linearly.

(d) On the backing plate connected to the dielectric target, at
y = 0 cm and x = 0–5.5 cm, a sinusoidal periodic voltage
with an amplitude of 200 V is applied.

(e) The region of 0 cm� x � 5.5 cm and 0 cm� y � 0.6 cm
in the simulation region is occupied by the dielectric target
with a relative permittivity of 10.

2.2. Theoretical background

Moment analysis of the Boltzmann equation has been suc-
cessfully applied in investigating the electron dynamics of
one-dimensional unmagnetized [71, 88, 94, 112], magnetized
[106, 107], electronegative [107, 113], and two-dimensional
unmagnetized [114] capacitively coupled discharges. Here, we
use this rigorous analysis to study the electron dynamics of
the two-dimensional magnetized RFMS discharge in a self-
consistent manner. The magnetized Boltzmann equation for
electrons is

∂ fe
∂t

+ v · ∇ fe −
e
me

(E+ v × B) · ∇v fe =
∂ fe
∂t

∣∣∣∣
c

, (1)

where fe is the electron distribution function,v the velocity,me

and e the electronmass and charge, t the time,E andB the elec-
tric and magnetic fields. Multiplying the Boltzmann equation
by v and integrating all terms of equation (1) over the veloc-
ity space, we obtain the momentum conservation equation for
electrons

mene
∂ue
∂t

+ me (Γe · ∇) ue =− ene (E+ ue × B)

−∇ ·
↔
Πe +

(
∂ρe
∂t

)
c

, (2)

where ne, ue, Γe,
↔
Πe and (∂ρe/∂t)c are the electron den-

sity, drift velocity, drift flux, pressure tensor and change of
momentum due to collisions, respectively [106]. For the two-
dimensional simulation shown in figure 1, the electric field is
in the x–y plane. Hence, the electron power density can be
written as

Pe(x, y, t) = Je · E = JexEx + JeyEy, (3)

where Je = −eneue is the electron current density in the x–y
plane.Multiplying each component of equation (2) in different
directions with the corresponding drift velocities, we obtain
the electron mechanical energy conservation equations in the

x−, y− and z− directions. The sum of these equations gives
the total electron mechanical energy conservation equation,

Pe = Pacc + Pin + Ppress + POhmic, (4)

where

Pacc = mene
∑
i

uei
∂ uei
∂t

,

Pin = me

∑
i

uei

(
Γex

∂ uei
∂x

+ Γey
∂ uei
∂y

)
,

Ppress =
∑
i

uei

(
∂Πexi

∂x
+

∂Πeyi

∂y

)
,

POhmic = −
∑
i

uei

(
∂ρei
∂t

)
c

,

(5)

are the electron power absorption components due to the accel-
eration term, the inertial term, the pressure-induced effects,
and the collisional dynamics. i = x, y, z denotes the axis coor-
dinate. Pacc is the power absorption contributed by the accel-
eration explicitly caused by the time-varying drift velocity
ue; therefore, Pacc = 0 is expected in a steady-state discharge
without induction of instability. Pin is the power absorption
contributed by the inertial term (Γe · ∇)ue and is due to the
spatially varying ue; therefore, Pin can exist even for steady-
state discharges. Ppress is contributed by the force density
obtained from the divergence of the pressure tensor. A non-

zero electron pressure tensor divergence∇ ·
↔
Πe indicates that

there are non-zero gradients in some pressure components in
a small volume, i.e., the pressure components vary in some
directions. This pressure-inducednet force does positive (heat-
ing) or negative (cooling)work on the electrons in this volume.
While Pacc, Pin, and Ppress are generally assigned to collision-
less phenomena,POhmic contributed by the time rate ofmomen-
tum transfer per unit volume due to electron collisions with
other species. POhmic represents the power density required for
the electron motion to overcome the collision-induced fric-
tion. Since collisions generally impede themotion of electrons,
POhmic is generally positive. The above moment analysis of
the Boltzmann equation provides a consistent and complete
description of electron power absorption and clearly shows
when and where electrons gain and lose their energy. The con-
tribution of Hall fields are eliminated since ue · EH = 0, where
the Hall field EH = (−uezBy, uezBx , uexBy − ueyBx). Note that
a negative power absorption in the spatiotemporal profiles is
possible (e.g., in CCP discharges during the sheath collaps-
ing phases), which indicates that the electrons are cooling at
that moment and location. From equations (3) and (4), the total
electron absorbed power Je · E = Pe is contributed by differ-
ent power absorption components. A negative net value of a
power absorption component indicates that the electrons lose
energy through thismechanismunder certain conditions.How-
ever, the total power absorption averaged over time and space
for the entire RF period and discharge region is positive (also
in our case, as shown later). Therefore, when a ‘negative elec-
tron power absorption’ is mentioned, it does not mean that the
electrons do work on the external circuit.
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2.3. Particle-in-cell/Monte Carlo collision simulation

Since the inception of its fundamental framework in the 1960s
[115, 116], the PIC simulation has been widely applied in
almost all the fields of plasma simulation. In PIC simulation, a
large number of particles are followed as theymove in the sim-
ulation domain. The particle distribution and velocity distribu-
tion are directly obtained, therefore, the fully kinetic discharge
characteristics including nonlocal and non-equilibrium effects
are considered. A detailed description on PIC simulation can
be found elsewhere [117, 118]. Boswell and Morey [119]
introduced the charged particle-neutral particle collisions into
the PIC simulation. On this basis, Vahedi and Surendra [120]
further developed themodel by taking into account the energy-
related cross-sectional data. Nanbu [121, 122] subsequently
studied most of the basic aspects in PIC simulation associ-
ated with Monte Carlo methods. The method of using PIC
simulation to describe the particle motion and using Monte
Carlo method to describe the short-range collisions between
particles is called PIC/MCC simulation. The PIC simulation
has few underlying assumptions or approximations and, there-
fore, it can provide an accurate and detailed picture of the
discharge behavior self-consistently. The two-dimensional
simulation performed here is based on our ASTRA PIC/MCC
code [106, 123] (see supplementary materials in [106] for
the description and the code benchmark with Turner et al
[124]). As shown in figure 1, a rectangular magnetron with
infinite length is adopted and the magnetron discharge can
be described in Cartesian coordinate. The plasma is assumed
homogeneous in the ‘azimuthal’ direction and thus the mag-
netron can be treated in two dimensions. Instability and rotat-
ing spokes in the E× B direction, which have been observed
in RFMS [125] discharges, may cause the abnormal transport
of electrons and ions [126, 127]. However, the frequency of
these oscillations is about hundreds of kHz [125], which is
two orders of magnitude lower than the RF. The assumption
that the plasma is uniform in the azimuthal direction should
not affect the general discussion of electron dynamics on the
RF time scale.

3. Results

3.1. Fundamental plasma parameters

In a typical magnetron sputtering discharge, the bulk plasma is
highly nonuniform and concentrated above the target surface,
where the magnetic field lines are parallel to the target surface
and the plasma density is the highest. The target surface in con-
tact with the bulk plasma is often called the ‘racetrack’ area
because this area is subjected to the strongest ion bombard-
ment in conventional DCMS, creating a racetrack groove on
the target surface. This racetrack area is also the effective target
area for collecting current in DCMS, which is generally about
one order of magnitude smaller than the total area of the target
surface [128, 129]. For RFMS discharges, once the discharge
reaches a periodic steady state, the density and profile of the
bulk plasma are basically stable, with small changes in one RF
period. To investigate the electron dynamics in detail, figure 2

Figure 2. Electron density at different times during an RF period.

shows the spatial distributions of electron density at four typ-
ical times during the RF period. The well-confined plasma,
with a maximum electron density of about 2.2× 1016 cm,
appears above the target surface at around x = 2.9 cm. From
figure 2(b), the electrons can only reach the target surface near
the phase of t/T = π/2. At this time, the sinusoidal voltage
reaches its positive maximum value; the powered electrode
temporarilyworks as an anode and attracts the electrons. How-
ever, the electrons near the target are magnetized, their motion
is restricted by the transverse magnetic field lines. For the tar-
get area right below the bulk plasma region, the magnetic field
is basically parallel to the target surface, which greatly reduces
the local electron flux. Therefore, most of the electrons reach
the target surface at around x < 1.5 and x > 4 cm, where the
magnetic field lines cross the target surface. This is consistent
with previous simulation results [64]. At t/T = π the electrons
are no longer in contact with the target surface and are blown
away at t/T = 3π/2, when the voltage reaches its negative
maximum value and works as a cathode. For a conductive tar-
get, this nonuniformelectron flux to the target surface does not
have much effect on the ion dynamics, because the ions are
not magnetized due to their inertia and only response to the
time-averaged electric field. However, for an insulating target
studied here, the nonuniform electron flux reaching the target
surface results in a nonuniform charge accumulation, which
distorts the electric potential.

Figure 3 shows the electric potential at different times dur-
ing the RF period. Since the powered electrode is insulated
from the plasma by the dielectric target, the DC bias caused
by the magnetic asymmetric effect [36–38, 130] appears on
the target surface instead of the electrode. The voltage on the
electrode strictly follows a sinusoidal waveform.

The charge accumulation on the dielectric target surface
is expected but is not uniform, due to the above-mentioned
nonuniform electron flux. As shown in figure 4(a), two
negative charge accumulation regions, i.e., x < 2 cm and
x > 3.5 cm, are separated by a positive charge accumula-
tion region along the dielectric target surface. Positive argon
ions are accumulated below the bulk plasma region, where
the electrons are locally confined by the transverse magnetic
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Figure 3. Electric potential at different times during an RF period.
Note that the region of 0 cm � x � 5.5 cm and 0 cm � y � 0.6 cm
is occupied by the dielectric target. Perturbed electric potential
distribution can be observed along the dielectric target surface at
y = 0.6 cm.

field and cannot reach the target surface. This nonuniform sur-
face charging results in a perturbation of the potential distri-
bution on the dielectric target surface with a similar profile.
This in turn significantly affects the ion energy distribution
function (IEDF) of the ions reaching the dielectric target sur-
face. As seen from figure 4(b), the IEDF is spatially dependent
along the dielectric target surface. The ion energy at which
the IEDF peaks at different locations on the dielectric target
surface varies, approximately corresponding to the difference
in potential from the highest time-averaged potential to each
location. The top marginal plot of figure 4(b) shows a spatially
dependent ion flux distribution along the dielectric target sur-
face. Two ion flux peaks appear at both sides of the racetrack
region (for convenience, we still refer to the location of the
target surface facing the highest plasma density as the race-
track region, although this is not necessarily where the dielec-
tric target surface is most deeply etched, as will be discussed
later). Fromfigure 4(b), although themaximumplasma density
appears near the racetrack region, the ion energy is less than
20 eV. On the other hand, the ion energy gradually increases
beyond the racetrack region, resulting in a relatively uniform
energy distribution for all the ions bombarding the dielec-
tric target surface, as shown in the right marginal plot. The
distortion of the electric potential distribution caused by the
nonuniformcharge accumulation has an impact on the electron
dynamics, which can be clearly observed from the electric field
distribution.

Figure 5 demonstrates the electric field at different times
during the RF period. As shown in figures 5(b) and (d), when
the electrode voltage is not zero, there is an observable elec-
tric field even in the bulk plasma. This is an obvious differ-
ence from an unmagnetized RF plasma, in which the electric
potential of the bulk plasma is almost constant during an RF
period, and the electric field is close to zero [114]. This elec-
tric potential drop in the bulk plasma region originates from
the confinement of electrons by the magnetic field, which has
been observed in DCMSdischarges decades ago [131–134]. In

Figure 4. (a) Time-averaged charge density and electric potential,
and (b) the IEDF along the dielectric target surface at 0 cm � x �
5.5 cm and y = 0.6 cm.

DCMS discharges, the electric potential is funnel-shaped, sim-
ilar to figure 3(d), but generally with a stronger gradient. This
potential profile results in an electric field which accelerates
ions toward the target surface and forms a racetrack via sputter-
ing. In RF discharges, ions response to a time-averaged electric
field, which generally points from the bulk plasma region to
the electrodes. Therefore, for RFMS discharges using a metal-
lic target, the racetrack formed by sputtering is located on the
target surface closest to the bulk plasma region. However, for
RFMS discharges with a dielectric target, the positive accu-
mulation region on the target surface reduces the local elec-
tric field around x = 2.9 cm, where is the racetrack region in
DCMS or RFMS with a metallic target. To sustain the same
ion and electron fluxes at all positions on the dielectric target
surface within one RF period, two electric field peaks appear
at the negative charge accumulation regions. The plasma den-
sity is reduced in the locations away from the racetrack region.
However, due to the inducement of two electric field peaks,
the ions tend to move toward these locations and cause higher
ion fluxes, as shown in the top marginal plot of figure 4(b). In
addition, the ion energy at these locations is also higher than
that in the racetrack region. The high ion fluxes and energies
at both sides of the racetrack enhance the local sputtering rate;
deeper etching is expected on both sides of the location fac-
ing the highest plasma density. This may result in an abnormal
erosion profile, that the intensively etched region on a metal-
lic target can be the least eroded on a dielectric target, which
has been predicted via numerical calculation and observed in
experiments [135].

3.2. Electron current densities

Figure 6 shows the electron current density at different times
during an RF period. Note that the direction of electron cur-
rent is opposite to electron flux since electrons are negatively
charged. As shown in figures 6(a) and (b), during the first half
of theRF period, the electron current flowsmainly from the tar-
get to the upper groundedwall, which means that the electrons
are attracted by the positive voltage of the electrode and flow
to the target surface. From figure 5, the electric field in the neg-
ative charge accumulation regions always points to the target
surface, even at t/T = π/2 when the electrode voltage reaches
its positive maximum value. However, as shown in figure 6(b),
when the electrons leave the bulk plasma region and are close

6



Plasma Sources Sci. Technol. 30 (2021) 035019 B Zheng et al

Figure 5. Electric field at different times during an RF period. Note
that the region of 0 cm � x � 5.5 cm and 0 cm � y � 0.6 cm is
occupied by the dielectric target. Two electric field peaks can be
observed on both sides of the racetrack region along the dielectric
target surface at y = 0.6 cm.

to the dielectric target surface, they may still reach the tar-
get surface at this time under an opposite electric field force,
since the velocities of the electrons toward the target are not
yet reduced to zero and are not repelled immediately. This is
the equilibrium state that the system reaches spontaneously, so
that all positions on the target surface receive the same positive
and negative charges in one RF period. At around x = 0 cm,
the magnetic field is basically perpendicular to the target sur-
face; the electron current changes sinusoidally at a RF of
13.56 MHz along the direction of magnetic field. In the bulk
plasma region, the electron dynamics becomes more com-
plicated under the influence of the magnetic trap. Taking
x = 2.9 cm as a symmetry axis, where the plasma density is
the highest, the magnetic field distribution is not exactly sym-
metrical; as a result, the electron current direction is slightly
inclined to the upper right, which can be clearly observed
in figures 6(a) and (c). In the bulk plasma region, the move-
ment of electrons along the y− direction is constrained by the
transverse magnetic field; the cross-field transport of electrons
is facilitated via collisions with other particles, and through
Bohm diffusion induced by collective effects such as waves
and instabilities [136, 137]. From figures 6(b) and (d), before
the direction of the electron current changes, the amplitude
of the electron current density along the y− direction, Jey, is
greatly reduced; the electrons at a distance of 1.5–3 cm from
the target surface, where the curvature of the magnetic field is
relatively large, can primarily move in the x − direction. How-
ever, this phenomenon only occurs when the direction of the
electron current changes. During most of an RF period, the
electron current density along the x − direction, Jex , is about
one order of magnitude lower than Jey, as revealed by previ-
ous numerical investigations [62]. As a result, the contribu-
tion of the electron current in the x − direction to the electron
power absorption is small or even negligible [40], which will
be discussed in section 3.3.

The azimuthal electron current density along the E× B
direction, Jez, is shown in figure 7. Note that the unit of Jez

Figure 6. Electron current density in the x–y plane at different
times during an RF period.

is in kA m−2. Since the electrons are negatively charged, the
azimuthal drift direction of electrons is opposite to the direc-
tion of Jez, but the same as the E× B direction. During one
RF period, Jez changes sinusoidally at the RF of 13.56 MHz,
with a phase difference to Jey. The phase difference and ampli-
tude ratio between Jez and Jey are primarily determined by the
electron collision frequency, the electron cyclotron frequency,
and the frequency of the RF source. The derivation is briefly
described as follows.

We examine a typical location of x = 2.9 cm and y = 1 cm,
where the azimuthal electron current density reaches its peak
value. The phase difference and amplitude ratio between Jez
and Jey at the selected location are about 0.28π and 26, respec-
tively. To illustrate the relationship between the phase and the
amplitude of the electron current density in different direc-
tions, in the momentum conservation equation for electrons,
equation (2), neglecting the inertial termme (Γe · ∇) ue and the

pressure term−∇ ·
↔
Πe, using the approximated form of colli-

sion term
(
∂ρe/∂t

)
c
= −meνmneue, where νm is the electron

momentum transfer collision frequency, equation (2) gives

mene
∂ue
∂t

= −ene (E+ ue × B)− meνmneue. (6)

Assuming E and ue to be of the form exp(−iωRFt), where
i =

√
−1 is the imaginary argument, from equation (6), we

have
ue × B = −E− (νm − iωRF)meue/e. (7)

Equation (7) can be further simplified as a tensor equation,

ε0ω
2
peE =

↔
AJe, (8)

where ε0 is the vacuum permittivity and ωpe =
(
e2ne/ε0me

)1/2
the electron plasma frequency. The tensor

↔
A is

↔
A =

⎡
⎣ ξ Ωz −Ωy

−Ωz ξ Ωx

Ωy −Ωx ξ

⎤
⎦ , (9)
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Figure 7. Azimuthal electron current density Jez at different times
during an RF period.

where ξ = νm − iωRF is a complex frequency, with a real part
from the collision between electrons and neutrals, and an imag-
inary part from the angular frequency of the RF power supply,
Ωx = eBx/me, Ωy = eBy/me, and Ωz = eBz/me are the elec-
tron cyclotron frequencies along different directions. At the
selected location of x = 2.9 cm and y = 1 cm, the magnetic
field along the y− direction can be ignored. In addition, for
a two-dimensional model, Bz = Ez = 0 is assumed. Using the
above simplification, the relationship between the electron cur-
rent density in the y− and z− directions can be obtained from
equation (8) as

Jez =
Ωx

ξ
Jey. (10)

In the selected location, the magnetic field is in the x −
direction, the electric field is in the y− direction, and the E×
B drift is in the z− direction. Therefore, the Hall-to-discharge
current density ratio in a steady-state direct currentmagnetized
discharge (e.g., DCMS discharge) can be represented as the
classical Hall parameter Jez

Jey
=

eneEy/Bx
σyEy

= Ωx/νm [138, 139],

where σy = σ0(ν2m/Ω
2
x) is the plasma conductivity in the strong

magnetic field approximation and σ0 =
e2ne
meνm

is the conduc-
tivity in the absence of the magnetic field. Note that when
ωRF = 0, equation (10) degenerates to this Hall parameter.
However, it has been found that the use of the electronmomen-
tum transfer collision frequency νm substantially underesti-
mates the cross-field conduction of electrons, usually by orders
ofmagnitude [138]. In addition, asmentioned above, the cross-
field diffusion of electrons in magnetron discharges is gener-
ally considered to be Bohm diffusion, i.e., diffusion scales as
1/B rather than 1/B2. In Bohm diffusion, the Hall parameter is
usually written in the form ofωeτ eff [140, 141], whereωe is the
cyclotron angular frequency and τ eff the effective momentum
transfer time of electrons that includes collective collision pro-
cesses. Bohm [136] developed a semiempirical conductivity of
σB = 1

ωeτeff

ene
B , where ωeτ eff = 16 is in close agreement with

experimental results, usually within a factor of 3. Substituting
the calculated frequencies into equation (10), the phase differ-
ence and amplitude ratio between Jez and Jey at the selected

location is 0.298π and 27.4, close to the above observations of
0.28π and 26. The relationship between the electric field and
the electron current density can be obtained as well. Substi-
tuting equation (10) into the y− direction of equation (8), we
have

ε0ω
2
pEy =

(
ξ +

Ω2
x

ξ

)
Jey, (11)

the phase difference between Ey and Jey calculated from
equation (11) is about 0.3π, consistent with the observa-
tion in figures 5 and 6. For unmagnetized plasmas Ωx = 0,
equation (11) gives Jey = σpEy, where σp = ε0ω

2
pe/(νm −

iωRF) is the plasma conductivity. One can note that the phase
differences between the azimuthal current density and the axial
current density (i.e., Jez and Jey) and the axial electric field and
axial current density (i.e.,Ey and Jey) are near identical in abso-
lute value of around 0.3π. Comparing the complex frequencies
in equations (10) and (11), we deduce the phase difference of
Ωx
ξ
/(ξ + Ω2

x
ξ
) being 2νmωRF

ν2m−ω2
RF+Ω2

x

. In a typical RFMS discharge,

such as the case studied here, the electron cyclotron frequency
Ωx at a magnetic field of several 100 Gauss is on the order
of 109 to 1010, while the electron collision frequency νm and
the RF source frequency ωRF are on the order of 107 to 108,
i.e., about two orders of magnitude smaller. This results in a
phase difference between these two complex frequencies of the
order of 0.01. Therefore, it can be expected that these two fre-
quencies in equations (10) and (11) should have approximately
the same complex phase. The azimuthal current induces a sig-
nificant Ohmic power absorption, which is the primary elec-
tron power absorption component and will be discussed in
section 3.3.

Note that the electron current densities presented in
figures 6 and 7 are directly obtained from a fully kinetic
PIC/MCC simulationwithout omissions or assumptions, while
equations (6)–(11) are derived by neglecting some relatively
unimportant terms in the momentum conservation equation (2)
in order to study some fundamental relationships in a typical
RFMS discharge. The simplifications and discussions in this
section do not affect the reliability of the PIC simulation.

3.3. Electron power absorption

In RFMS discharges, an RF electric field is applied through an
RF power supply, thereby coupling energy to electrons, induc-
ing ionization, and maintaining a stable discharge. Since elec-
trons are responsible for generating ions through ionization
collisions, which bombard the target surface to cause sputter-
ing and particle flux for deposition, one of the most funda-
mental questions in RFMS discharges is how electrons gain
and lose energy. Kondo and Nanbu [64] suggested that the
E× B drift and the energy gain via collisionwith an oscillating
sheath are the primary electron power absorption mechanism.
Minea and Bretagne [40] provided a simple model for power
deposition in RFMS discharges, i.e., by neglecting the inertial
and pressure terms in the momentum conservation equation
of electrons, the electron power absorption can be shared into
the electric field direction and the E× B direction. Albeit the
above studies are based on certain assumptions and are not
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complete, they all capture the main characteristics of the elec-
tron power absorption in RFMS discharges. Here we demon-
strate a self-consistent and complete description of electron
power absorption via PIC/MCC simulations and a moment
analysis of the Boltzmann equation.

Bymultiplyingfigure 5 and 6, we can get the electron power
density, Pe = Je · E. Figure 8 shows the electron power den-
sity Pe at different times during the RF period. The electron
power density is primarily comprised of two components, i.e.,
an electron power absorption region in the bulk plasma region,
which is always positive, and an electron power absorption
region that changes sinusoidally with time in the sheath region.
At t/T = 0, from figure 6(a), the electrons in the bulk plasma
region are accelerated by the electric field and moving to the
target, resulting in a positive Pe; however, as they approaching
the target surface, an opposite electric field appears in the nega-
tive charge accumulation region, as shown in figure 5(a), repels
the electrons and results in a local negative Pe in figure 8(a).
At t/T = π, from figure 6(c), the electrons near the target sur-
face and in the bulk plasma region are repelled and moving
away from the target under the corresponding electric field as
shown in figure 5(c); therefore, Pe is positive in both the bulk
plasma region and in the sheath. For the same reason, an oppo-
site trend of Pe can be observed near the grounded wall. The
most significant electron power absorption occurs at t/T =
π/2 and t/T = 3π/2; although the electron current densities
in the bulk plasma region in figures 6(b) and (d) are reduced,
the considerable electric fields observed in figures 5(b) and
(d), corresponding to the maximum and minimum voltage val-
ues, ensure a significant power absorption in the bulk plasma
region. For the electron power absorption near the target, Pe is
reduced due to the weakened electric field at t/T = π/2 and
the low electron density near the target at t/T = 3π/2, respec-
tively. The always positive Pe in the bulk plasma region is a
typical feature of the Ohmic power absorption, while the time-
modulated Pe in the sheath region is a typical feature of the
pressure-induced power absorption [88, 94, 106, 114, 142].
In section 2.2, a consistent and complete description of
the electron power absorption is provided by analyzing the
moment of the Boltzmann equation for two-dimensional mag-
netized plasmas. We use this method to decouple the electron
power absorption into different components and study them
separately, as described below.

The time-averaged electron power absorption components
are calculated from equations (4) and (5) and the results are
illustrated in figure 9. The first and second terms on the right-
hand side of equation (4), Pacc and Pin, are the electron power
absorption due to electron inertial effects, which are gener-
ally assigned to a collisionless phenomenon. The electron drift
velocity ue only has a relatively strong temporal and spa-
tial variation in the sheath region, therefore, the contribution
of the inertial components is negligible in the bulk plasma
region, but can be observed in the sheath region. As shown in
figure 9(a), the acceleration term Pacc is positive near the bulk
plasma region and negative near the target surface, in the range
of about −3.5–2.5 kW m−3. The power absorption induced
by the time-modulated electron drift velocity is expected to
change sinusoidally with time; however, since the electrons

Figure 8. Electron power density at different times during an RF
period.

are attracted and repelled by the target surface within one
RF period, the positive and negative power absorption peaks
do not overlap in the spatial distribution. The spatiotemporal
dynamics of Pacc will be shown later. From figure 9(b), the
inertial term Pin is mostly positive near the target surface, up
to 10 kW m−3. The positive power absorption of Pin is pri-
marily contributed from the first half of the RF period, which
will be discussed later. With the exception of a few cases such
as low pressure unmagnetized RF plasmas [88], the contribu-
tion of electron inertial effects to electron power absorption is
small and generally negligible, but not strictly zero. The con-
tribution of inertial effects to power absorption under various
discharge conditions and whether they can be the dominant
mechanism under certain conditions might be an interesting
topic that deserves further investigation and discussion in the
future.

The pressure-induced power absorption Ppress, as shown
in figure 9(c), is negligible in the bulk plasma region and
mostly negative near the target surface. As the dominant
power absorption mechanism in low pressure RF discharges
[88, 94], Ppress is also a collisionless mechanism and is related
to the concept of ‘pressure heating’ developed by Turner et al
[73, 75, 79, 96]. However, formagnetized low-pressureRF dis-
charges [96, 106] or RF discharges under very low pressures
[143], the dominant mechanism could be the ‘Ohmic heating’,
and the pressure-induced power absorption may even be nega-
tive. The last term in equation (4), POhmic, is the Ohmic power
absorption due to collisions. From figure 9(d), POhmic is the
dominant mechanism for RFMS discharge under typical con-
ditions investigated here. This result is similar to the previous
one-dimensional PIC/MCC simulation investigation on mag-
netizedRF discharges [106].Most of theOhmic power absorp-
tion appears in the bulk plasma region, where the azimuthal
electron current plays the most important role and the Ohmic
power absorption is mostly contributed from the azimuthal
direction, since the Ohmic power absorption is proportional to
the square of the electron current density in the correspond-
ing direction. The contribution of Ohmic power absorption
in the x−, y−, and z−directions is 0.6%, 2.1%, and 97.3%,
respectively.
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Figure 9. Spatial distributions of time-averaged electron power
absorption components: (a) power absorption due to the acceleration
term, Pacc; (b) power absorption due to the inertial term, Pin; (c)
power absorption due to pressure-induced effects, Ppress; (d) power
absorption due to collisional dynamics, POhmic; (e) the sum of the
above four power absorption components, Psum; (f) electron power
density calculated from Je · E.

Figure 9(e) shows the sum of the above-mentioned power
absorption components, Psum = Pacc + Pin + Ppress + POhmic.
Comparing with figure 9(f), the power absorption Psum from
the sum of each component matches well with the power
absorption directly calculated from Je · E. The contribution
from inertial terms can be neglected and the power absorp-
tion can approximately be decoupled as the positive Ohmic
power absorption in the bulk plasma region in figure 9(d), and
the negative pressure-induced power absorption near the tar-
get surface in figure 9(c). However, the time-averaged elec-
tron power absorption cannot provide the temporal dynamic
information; in this respect, the spatiotemporal distribution of
power absorption is required.

The temporal dynamics of the electron power absorp-
tion at x = 3 cm is shown in figure 10. From figures 10(a)
and (c), the amplitude of Pacc in one RF period is up to
190 kW m−3, approximately equivalent to the amplitude of
Ppress. The power absorption from the inertial term, Pin, as
shown in figure 10(b), is primarily contributed from the first
half of the RF period, when the electrons are attracted to the
target surface. The pressure-induced power absorption Ppress

in figure 10(c) shows a typical spatiotemporal distribution
for low pressure RF plasmas. For the Ohmic power absorp-
tion, as shown in figure 10(d), two maximum values appear
around t/T = π/2 and t/T = 3π/2, where the azimuthal elec-
tron current achieves its maximum. Comparing figure 10(e)
with figure 10(f), the spatiotemporal power absorption Psum

from the sum of each component is in good agreement with
Je · E as well. The spatiotemporal power absorption near the
topwall at y = 3–3.6 cm,where the magnetic field is relatively

Figure 10. Temporal dynamics of electron power absorption
components at x = 3 cm: (a) Pacc; (b) Pin; (c) Ppress; (d) POhmic; (e)
Psum; (f) Je · E.

weak (less than 20 G), is primarily contributed by Ppress; other
components can barely be observed, similar to the unmagne-
tized case. Due to the strong negative Ppress near the target sur-
face during the first half of the RF period, the maximum power
absorption Je · E appears during the second half of the RF
period. The negative Je · E in the bulk plasma region at around
t/T = 0.4 and t/T = 0.9 is contributed from Pacc. Comparing
this RFMS discharge with a typical low-pressure unmagne-
tized RF discharge [71], the amplitude of the power absorption
induced by inertial effects is significantly increased, which is
equivalent to the pressure-induced power absorption; however,
the time-averaged contribution is still negligible. Revisiting
the study on electron power absorption in RFMS discharges
by Minea et al [40], their assumptions and conclusions are
still correct under the conditions investigated here; by neglect-
ing the inertial and pressure terms, which are not dominant
in the bulk plasma region, Je · E can be decomposed into the
power absorption in the electric field direction and in theE× B
direction. According to their analytical model, the ratio of
POhmicz/POhmicy can be derived from the electron momentum
transfer collision frequency νm, the electron cyclotron angu-
lar frequency Ωx, and the RF source frequency ωRF. At the
location of x = 2.9 cm and y = 1 cm, ωRF/Ωx ≈ 0.03 and
νm/Ωx ≈ 0.02, the Ohmic power absorption ratio between the
z− and y−directions derived by the analytical model [40] is
about POhmicz/POhmicy ≈ 50, comparable to the contribution of
Ohmic power absorption in the y− and z− directions directly
calculated from the PIC simulation, i.e., 2.1% and 97.3%.

3.4. Ionization dynamics

The power absorbed by electrons in the bulk plasma region
is dissipated through inelastic collisions, i.e., ionization and
excitation for the RFMS discharge simulated here. Figure 11
shows the ionization rate at different times during the RF
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Figure 11. Ionization rate at different times during an RF period.

period, the excitation rate has similar profiles. From the ion-
ization rate profile at different times, ionization occurs mainly
in the bulk plasma region, where is therefore often referred to
as the ‘ionization region’ [41]. At t/T = 3π/2, as shown in
figure 11(d), the ionization rate reaches its maximum of up to
1.7× 1022 (m3 s), when the electrons are repelled from the tar-
get and accelerated along the magnetic field lines to the bulk
plasma region. Comparing figures 11 and 8, the power absorp-
tion and dissipation of electrons in the bulk plasma region
are approximately synchronized in time and space, which is
expected in magnetized plasmas. Previous investigations have
shown that a magnetic field applied perpendicular to the elec-
tric field results in an electron trapping [137], and collisional
bulk electron power absorption becomes dominant [144]. This
is because the magnetic field weakens the electron diffusion
in the configuration space but enhances the diffusion in the
energy space [145].

Secondary electron emission (SEE) induced by positive
ions is of essential importance in sustaining the DCmagnetron
discharges [141, 146]. However, for RF plasmas, especially
when the discharge is operated in low-pressure α mode, sec-
ondary electrons are not necessary and their contribution is
negligible. To illustrate the influence of SEE in the RFMS dis-
charge investigated here, an energy-dependentSEE coefficient
for argon ions is adopted as [147, 148]:

γi(ε) =
0.006ε

1+ (ε/10)
+

1.05× 10−4(ε− 80)1.2

(1+ ε/8000)1.5
, (12)

where ε is the argon ion energy. Although this coefficient was
originally developed for dirty surfaces, such as oxidized metal
surfaces, here we adopt it as an approximation to theoretically
investigate the influence of an energy-dependent SEE coeffi-
cient in RFMS discharges. With SEE, the RFMS discharge is
simulated under the same conditions. Comparing the results
with SEE and the above-mentioned results without SEE, there
is no observable difference except for the electron energy pos-
sibility function (EEPF). The results that include the effect of
SEE are not shown here because the influence is small and lit-
tle difference is observed as compared with the results without
including SEE. For example, the increase in electron density

Figure 12. Temporal EEPF collected in the entire simulation region
(a) without and (b) with secondary electrons.

is less than 0.6% by considering the SEE. The charging effect
of the dielectric surface and the perturbed potential profile is
not significantly modified by the inclusion of SEE in the simu-
lation as well. Note that combining the energy-dependentSEE
coefficient of equation (12) and the spatially dependent IEDF
shown in figure 4(b), it can be expected that the EEPF is also
spatially dependent in the x − direction, albeit this has limited
effect on typical RFMS discharges.

Note that the SEE coefficient used in the PIC simulation
is not the apparent SEE [149] commonly used in fluid simula-
tions. The SEE processes can be treatedwith either an apparent
or a true SEE coefficient in numerical simulations [150]. In
PIC simulations, the true SEE treatment is used and a prede-
termined SEE coefficient is adopted to emit secondary elec-
trons at the locationwhere the ion bombards the surface.When
the SEE coefficient is less than one, the coefficient is used
as the probability to determine whether the secondary elec-
trons are emitted; when the SEE coefficient is greater than one,
secondary electrons with a quantity of the integer part of the
coefficient are emitted, and the fractional part of the coeffi-
cient is used as the probability to determinewhether secondary
electrons are emitted. This is an approach with first-principle
nature, and no prior assumptions are made about the location
of SEE.

Figure 12 shows the temporal EEPF collected in the entire
simulation regionwithout and with secondary electrons.With-
out SEE, as shown in figure 12(a), the maximum electron
energy is around 50 eV, which corresponds to the potential dif-
ference between the target surface and the bulk plasma region.
With SEE, as shown in figure 12(b), a high energy tail of up
to more than 200 eV appears, corresponding to the maximum
potential of the RF sheath. This high energy tail comes from
the high-energyballistic electrons (HEBEs) that originate from
secondary electrons in low-pressureRF plasmas.However, in a
typical low-pressure RFMS discharge, the contribution of sec-
ondary electrons to ionization and electron power absorption is
negligible, which is consistent with previous studies [62, 64].
This is because the number of ballistic secondary electrons are
very small, which was found to be several orders of magni-
tude less compare to the bulk density. A detailed discussion of
HEBEs can be found in [151].
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4. Conclusions

The electron dynamics in a typical electropositive RFMS dis-
charge operated in argon at a frequency of 13.56 MHz, a
driving voltage of 200 V, and a gas pressure of 10 mTorr is
studied via a fully kinetic, 2d3vPIC/MCC electrostatic simula-
tion. The spatiotemporal dynamics of the fundamental param-
eters, such as electron densities, electric potentials and fields,
as well as electron current densities during one RF period
is demonstrated in detail. Due to the influence of magnetic
trap on the electron transport, a spatially dependent charg-
ing is observed on the dielectric target surface, resulting in
a reduction in the electric field at the target surface closest
to the bulk plasma, and an enhancement on both sides of the
field reduction region. This results in a spatially dependent ion
energy distribution along the target surface, which in turn may
cause an abnormal erosion profile, that the intensively etched
region on a metallic target can be the least eroded on a dielec-
tric target. The phase difference and amplitude ratio between
electron current densities in different directions are primar-
ily determined by the electron cyclotron angular frequency,
the electron momentum transfer collision frequency, and the
RF source frequency. The amplitude ratio of the electron cur-
rent densities in the E× B and the electric field directions,
observed in the bulk plasma region, is about 27.4, in approx-
imate agreement with the classical Hall parameter in Bohm
diffusion. The electron power absorptionmechanism is investi-
gated using a self-consistent, spatiotemporal resolved moment
analysis of the Boltzmann equation, forwhich the input param-
eters are taken from PIC/MCC simulations. In contrast to a
variety of previous analyses on electron power absorption in
RFMS discharges, this method makes no assumptions other
than which inherited from PIC simulations, therefore provides
a fully self-consistent and complete description of this compli-
cated phenomenon. The dominant electron power absorption
mechanism on time- and space-average is the Ohmic power
absorption, mostly contributed from the E× B direction. The
power absorption due to electron inertial effects is negligi-
ble on time-average; therefore, the electron power absorption
can be primarily decoupled into the positive power absorp-
tion in the bulk plasma region due to collisional dynamics,
and the negative power absorption near the target surface due
to pressure-induced effects. The ionization rate reaches its
maximum during the second half of the RF period, when the
electrons are repelled from the target and accelerated to the
bulk plasma region. The power absorption and dissipation of
electrons in the bulk plasma region are approximately syn-
chronized in time and space, suggesting a suppression of the
nonlocal electron motion in magnetron discharges. The con-
tribution of secondary electrons is negligible under typical
RFMS discharge conditions investigated here.
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