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Two classic radio-frequency (RF) plasmas, i.e., the capacitively and the inductively coupled plasmas (CCP and ICP),
are widely employed in material processing, e.g., etching and thin film deposition, etc. Since RF plasmas are usually op-
erated in particular circumstances, e.g., low pressures (mTorr—Torr), high-frequency electric field (13.56 MHz-200 MHz),
reactive feedstock gases, diverse reactor configurations, etc., a variety of physical phenomena, e.g., electron resonance
heating, discharge mode transitions, striated structures, standing wave effects, etc., arise. These physical effects could sig-
nificantly influence plasma-based material processing. Therefore, understanding the fundamental processes of RF plasma
is not only of fundamental interest, but also of practical significance for the improvement of the performance of the plasma
sources. In this article, we review the major progresses that have been achieved in the fundamental study on the RF plasmas,
and the topics include 1) electron heating mechanism, 2) plasma operation mode, 3) pulse modulated plasma, and 4) elec-
tromagnetic effects. These topics cover the typical issues in RF plasma field, ranging from fundamental to application.

Keywords: RF plasma, electron heating, discharge mode, pulse modulation, electromagnetic effects

PACS: 52.80.—s, 52.50.Qt, 92.60.Ta

1. Introduction

Radio-frequency (RF) plasmas have found wide applica-
tions in hi-tech industries. Especially in semiconductor indus-
tries, RF plasma sources have become indispensable core part
of semiconductor devices, which are used for material etching
and thin film deposition.!'=3! Two typical RF plasma sources
commonly used in semiconductor industry are the capacitively
coupled plasmas (CCP) reactor and the inductively coupled
plasmas (ICP) reactor, see Fig. 1. In the 1970s, people de-
veloped the CCP reactor, which contains two parallel-plated
electrodes, spaced by a few centimeters, in a vacuum cham-
ber. One electrode is driven by an RF power source of typical
power in the range 100 W-1000 W and of the frequency in
the range 13.56 MHz-200 MHz. The plasma density in CCP
is relatively low, i.e., in the range of 10" m™3-10'® m—3.
The ICP reactor is driven by an RF power supply via a pla-
nar coil (or antenna) sitting on a dielectric window on the top
of a vacuum chamber, or via a helical coil surrounding a di-
electric cylinder. The RF current flowing in the coil induces
electromagnetic fields that can transfer energy into electrons
inside the chamber. The plasma density of an ICP is deter-
mined by the magnitude of the RF current. As the power
efficiency of inductively coupling is significantly higher than
that of capacitively coupling, the typical density in the ICP
is 1-2 orders of magnitudes higher than that in the CCP. In
practical applications, e.g., etching process, two separated RF
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power sources are simultaneously used to drive the CCP and
the ICP reactors. In dual-frequency driven CCPs, the high-
frequency source can control the plasma density, while the
low-frequency source determines the distribution of ion en-
ergy bombarding the electrode, where a wafer is placed./*"]
In an ICP system, besides the source coil used to generate a
plasma, the second RF source is usually used to bias the sub-
strate holder, and thereby, to control the ion energy.®”! In mi-
croelectronic manufacturing, the CCP source is primarily used
to etch dielectric, e.g., silicon dioxide, while the ICP source is
routinely employed to etch metal and silicon. An in-depth un-
derstanding of the fundamental processes occurring in the RF
plasmas is of extreme importance to improve the performance
of plasma sources used in these practical applications, which
could ultimately create enormous societal benefits.

CCP

Fig. 1. The schematic of typical CCP and planar-coil type ICP reactors.

The optimization of technological processes requires a
fundamental knowledge of the charged particle dynamics in
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the RF discharges. The electron heating or electron power ab-
sorption mode in time-varying fields is one of the fundamen-
tal issues for the sustainment of RF discharges, as these ba-
sic processes determine the electron energy distribution func-
tion (EEDF), of which the electrons with energies higher than
thresholds are responsible for the gas-phase chemical reac-
tions, e.g., ionization, excitation, dissociative attachment pro-
cesses, etc.39 In Section 2, we discuss the electron heat-
ing mechanism in CCPs and ICPs. These microscopic pro-
cesses significantly influence the concentrations and spatial
distributions of charged species and neutral radicals. On the
other hand, the acceleration and collisionality of various ionic
species when traversing the sheath region define their energy
distribution functions at the substrates, which play a key role
in the interaction of the plasma with material surfaces, e.g.,
atomic layer etching.!'! In Fig. 2, we present a schematic
of the interactions of various particles (electron, ions, pho-
ton, and neutrals) with the boundaries (the RF electrode and
the sidewall) of a plasma chamber. It can be seen that the
secondary electron emission can be induced by ion and atom
bombarding the surface and photon irradiation. Besides, part
of the outward moving electrons are reflected back to the bulk
region when arriving at the boundaries. Some interactions,
e.g., ion sputtering and surface chemical reactions, play very
crucial role in material processing.
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Fig. 2. Schematic of charged particles—surface interactions in a plasma
chamber.

Compared to the low-energy electrons, high-energy ones
are capable of ionizing and exciting background atoms or
molecules, thus playing a more important role in determining
the macroscopic properties of an RF discharge. Plasma op-
eration mode (or discharge mode), represented by the spatio-
temporal distributions of excitation/ionization rate caused by
highly energetic electrons, have been a hot topic, which has

been extensively studied both in experiment and via simula-

=131 The highly energetic electrons are respon-

tions recently. !
sible for generation and sustainment of a plasma, so under-
standing the discharge mode is also key for the optimization
of some important plasma parameters and improvement of the
quality of the independent control of the ion flux and energy
on the substrate. In this review, some typical discharge modes,
the mode transitions, their effects on the macroscopic param-
eters of RF discharges, and especially the underlying physics,
are described in Section 3.

In the semiconductor manufacturing, the feature size of
a transistor is shrinking approaching the atomic size, some
plasma-induced problems will appear in continuous-wave
(CW) driven RF plasmas, such as the continuous ion bombard-
ment and sputtering, %3] the highly intense photon radiation
of vacuum ultraviolet,['®!8] the surface charging, etc. To ad-
dress these formidable challenges, a variety of methods have
been put forward to optimize plasma properties. One of the
most promising candidates is to pulse modulate the RF power
source. Numerous fundamental studies and practical process-
ing have proved that pulse modulated plasmas can produce
a higher etching rate, better uniformity, and less structural,
electrical or radiation (e.g., vacuum ultraviolet) damage. Be-
sides, pulse modulated plasmas can also ameliorate unwanted
artefacts in etched micro-features such as notching, bowing,
micro-trenching and aspect ratio-dependent etching.['”! As
such, pulse modulated plasmas have become indispensable in
the etching process of the next generation of micro-devices
with a feature size in the sub-10 nm regime. The research of
pulse modulated RF plasmas is introduced in Section 4.

Currently, a 300 mm-diameter wafer (the substrate or the
electrode can be a bit larger) in a CCP reactor is commonly
used in the semiconductor industries, and the evolution of the
wafer to a larger size, i.e., 450 mm, is in the plan, aiming to
increase productivity and to decrease cost. In etching process
by a CCP reactor, a very-high-frequency (VHF) power source
is commonly used to produce a high-density plasma. The driv-
ing frequency (60 MHz is widely used nowadays) is expected
to be higher, e.g., higher than 100 MHz, in the next gener-
ation of CCP sources. This higher frequency not only pro-
duces a high plasma density, and therefore a high etching rate,
but also gives rise to a reduced ion bombarding energy, which
is being required to process integrated circuits with smaller
critical dimensions (gate widths). In all, increasing both the
substrate size and the excitation frequency in large-area CCP
reactors becomes a trend for current plasma processing. How-
ever, if the excitation wavelength in a plasma becomes com-
parable to the electrode dimension and the plasma skin depth
becomes comparable to the electrode spacing, so-called elec-
tromagnetic (EM) effects, such as the standing wave effect and
the skin effect, can become the most important limitations for
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processing uniformity.!?>!1 In Section 5, an overview is given
on the theoretical, numerical and experimental investigations
that have recently been carried out to understand these EM
effects. Besides, some methods of improving the plasma uni-
formity are also summarized.

This review is organized in the following way. In Sec-
tions 2-5, the research progress of some typical topics in
RF plasma field, including electron heating, discharge mode,
pulse modulated plasma, and electromagnetic effects, are re-
spectively described in details. Finally, the conclusions and
outlook are given in Section 6.

2. Electron heating

To sustain an RF discharge, electrons need to continu-
ously gain energy from RF electric field to ionize/excite back-
ground gas. Therefore, electron heating mechanisms, i.e., how
electrons gain energy from the electric field, have long been
hot issues in the research field of RF discharges. There are two
main electron heating mechanisms that are considered to be
dominant in RF discharges: (i) Ohmic heating due to electron—
neutral collisions, and (ii) stochastic heating due to momen-
tum transfer from the interaction between electrons and the
RF oscillating sheaths. It is usual to introduce the macro-
scopic electron current density J, = —en.u to understand the
Ohmic heating, where e is the elementary charge, n. is the
electron number density and w is the mean electron velocity.
The Ohmic power transfer per unit volume can be then ex-
pressed as

'"e”‘““e|2> (1)
T’

2

Pohm = (|Je| “Om) 7 = < 2ne
where oy, = €%ne /me Uy is direct current conductivity, m, is
the electron mass, v, denotes the electron momentum transfer
collision frequency and the brackets { )7 denote a time aver-
age of a physical quantity over one RF period 7.?*! The fun-
damental mechanism that transfers the RF power to electrons’
thermal energy is the breaking of the phase-coherent motion
of individual electrons by collisions, leading to Ohmic heating
of electrons. According to Eq. (1), Popp is proportional to Uy,
so Ohmic heating dominates an RF discharge at relatively high
pressures.

The phase-coherence can be broken, i.e., the phase ran-
domization can also occur, due to electron thermal motion in
spatially inhomogeneous RF electric fields, even in the ab-
sence of collisions, leading to collisionless heating. This col-
lisionless heating is named as stochastic heating, which can
dominate at low pressures. As the electron thermal velocity is
much higher than the ion thermal velocity, a positively charged
sheath region, which features a high electric field, forms at the
plasma boundary adjacent to the electrode. The presence of

the sheath region leads to a large spatial gradient of the electric
field from the plasma bulk to the electrode surface. When the
electrode is powered by an RF voltage, the sheath (or strong
electric field) region expands and collapses during one RF cy-
cle, inducing the stochastic heating. Generally, electrons are
heated, without collision, by repeated interaction with RF os-
cillating electric fields that are localized within a sheath re-
gion adjacent to electrodes in a CCP or skin layer in an ICP
operated at low pressure.!8! The schematic of electron—field
interaction shown in Fig. 3 can be simplistically described by
a well-known “hard wall” model. In this model, the plasma
sheath edge is regarded as a moving rigid barrier that spec-
ularly reflects all incident electrons.!®° As can be revealed,
an incident electron is either accelerated by interacting with
the expanding sheath (see the scenario A in Fig. 3) or decel-
erated by interacting with the collapsing sheath (see the sce-
nario B in Fig. 3). The velocity of the reflected electron, vy,
is given by vy = —vj, + 2ugy, Where vy, is the velocity of the
incident electron and ug, is the velocity of the moving sheath
edge. Since head-on collisions are more frequent than over-
taking collisions due to larger relative velocity in the head-on
collision case, the consequence is that the electrons can gain
net energy from the interactions on the time average.

scenario A scenario B
electron plasma bulk electron
”m? :Vr vm’

s sheath edge s(?)
I
Fig. 3. A sketch of interactions between an incident electron and the RF os-
cillating sheath edge. Scenario A: head-on collision, and scenario B: over-
taking collision. Note that the red arrow indicates the moving direction of
the sheath edge.

The “hard wall” mode describes that electrons interact
with one-side sheath, leading to net energy transfer from the
electric field to the electrons, which is a viewpoint much ear-
lier recognized by the researchers. ®! Besides the electron heat-
ing caused by a single oscillating RF sheath, an electron can
gain energy simultaneously from two sheaths under some cer-
tain condition, which further enhances the electron heating
rate, compared to the stochastics heating described by the hard
wall model. When the discharge frequency and the electrode
gap meet the resonance condition, the high energy beamlike
electrons generated by one expanding sheath can arrive at the
opposite sheath at its expansion phase and gains substantial
energy after being reflected, i.e., these electrons can continu-
ously gain energy from the two opposing sheaths coherently,
inducing a significant enhancement in the excitation rate and
the plasma density (see the left panel of Fig. 4). This type
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of heating is called electron bounce resonance heating (BRH),
whose physical picture is revealed by particle-in-cell/Monte
Carlo collision (PIC/MCC) simulations (see the right panel of
Fig. 4).1231 Very recently, Zhang et al. revealed another similar
resonance heating effect in a weakly magnetized CCP at low
pressure. >4 Tf half of the electron cyclotron period coincides
with the RF period, electrons will coherently collide with the
expanding sheath and gain substantial energy via each inter-
action, which significantly enhances the plasma density. The
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dynamics can be revealed in Fig. 5 that the electron originating
from the expanding sheath repeatedly collides with the sheath
at the same electrode side during its expansion phase, as the
cyclotron motion always returns it back toward the expanding
sheath after a time interval of one RF period. As a result, it ob-
tains substantial energy after these coherent interactions. This
resonance effect is called the magnetized RF sheath resonance
(MRSR), which strictly follows a simple relation between the

magnetic field B and the driving frequency fis,i.e., B= % fit-

Gap(cm)

25 ]

AN

Kinetic energy(eV) Sheath velocity(105mls)

05 10 15 20 25 3.0

High frequency cycle

35 4.0

Fig. 4. Left panel: plasma density and light intensity versus electrode gap length. Solid lines are from experimental measurements, while dashed
lines are from PIC/MCC simulations. Right panel: (a) spatial-temporal evolution of ionization rates (contours) from the simulations, together with
sheath edges (dashed lines) and the trajectory (dots) of a typical bouncing electron. (b) The corresponding expanding speed of the powered sheath,
and (c) the evolution of the kinetic energy for the corresponding electron. Reprinted with permission from Ref. [23].
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Fig. 5. Position of a typical bouncing electron and of the sheath edge,
and the electron kinetic energy as a function of time at (a) 13.56 MHz and
(c) 60 MHz. Temporal evolution of the resonance in the electron x—vy (unit
in 10° m/s) phase space at (b) 13.56 MHz and (d) 60 MHz. Spax is the
maximum sheath width. Reprinted with permission from Ref. [24].

However, it is worth noting that although the electrons
can acquire high energy from the oscillating sheath, the power
cannot be effectively deposited if the energetic electrons do not
experience any collision with background atoms or molecules,
but directly lose on the electrodes when their energy is high
enough to overcome the sheath potential. Therefore, Ohmic
heating also plays an important role in the overall electron
power absorption. In other words, the stochastic heating pro-
duces anisotropic electron beams, while the effective heating

only occurs when the anisotropic distribution of the velocity
components is redistributed in an isotropic manner by colli-
sions with the neutral particles. The combination of electron
power absorption in an electric field and the isotropization due
to collisions contributes to the overall electron heating.!”!

The Ohmic and stochastic heating can also be investi-
gated based on an equivalent circuit model (see the left panel
in Fig. 6), as the CCP can be considered as a series cir-
cuit consisting of an inductance L (due to electron inertia),
a resistance R (due to collisions between electrons and neu-
trals/sheaths), and one or two capacitors C (the sheaths). This
series circuit has an inherent plasma series resonance (PSR)
frequency, wpsr, whose order of magnitude can be estimated
as Wpsr~\/s/L®pe, where s is the sheath thickness, L repre-
sents the bulk width, and @, is the electron plasma frequency.
For a typical low-pressure discharge, wpsr is well above the
usual RF driving frequencies (e.g., 60 MHz). Due to nonlin-
ear sheath dynamic in an asymmetric CCP, high harmonics of
discharge current can be excited at the frequencies in the order
of wpsr (see the solid line in the right panel of Fig. 6). As the
equivalent resistance R is increased when the PSR is excited,
the power deposition is enhanced. Simulation results showed
that both the stochastic and Ohmic heating rates are enhanced
by factors of 2—5, compared to the case without PSR. >
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sheath |

Vs

stochastic and
Ohmic heating

plasma current /p [A]

Ve

electron
inertia

phase ¢

Fig. 6. A sketch of the equivalent series circuit in an asymmetric capacitive discharge (left), and plasma current Ip for both high frequency harmon-
ics (solid line) and the fundamental frequency current (dashed lines) where PSR effects do not occur (right). Reprinted with permission from Ref. [25].

To distinguish various physical mechanisms behind elec-
tron power absorption, Schulze ef al. presented an in-depth
analysis of the electron power absorption based on the first
two moments of the Boltzmann equations, i.e., the continuity
and momentum balance equations, 2®/

on. 0

2 T ax (neue) = G, 2

MeNe % + ue% = —neeE — Vpy —meu.G —I1.. (3)
ot ox

Here ne and i, are the electron density and electron mean ve-
locity, respectively. Py = mene ((v) —u?) is the diagonal el-
ement of the pressure tensor, with v, being the velocity in the
x-direction of an individual electron, G is the ionization rate,
me is the electron mass, e is the elementary charge, E is the
electric field, and IT. is the change of momentum due to colli-
sions.

Substituting Eq. (4) into Eq. (5), we obtain the electric
field term, which can be expressed as a sum of several space

and time dependent terms as Eyo = Y3, E;,12%%") where

me [ 0 0

Ej (x,t) = 7{2 ot (nete) + I (neuez) )

E> (x,1) L9 P,

)= _—— 2
2 bl f’lee ax XX

I1

E3(xt) =——. )
nee

Each electric field term has a distinct origin, corresponding to
a particular heating mechanism. E; originates from the elec-
tron inertia, contributing to electron inertia heating. E; origi-
nates from the pressure gradient, which can produce so-called
pressure heating.!*®! E3 accounts for the collisions between
electrons and neutrals, which leads to the well-known Ohmic
heating. Note that we have neglected unimportant electric field
terms, i.e., E;j~3, in Eq. (4). The spatio—temporal distribution
of power absorbed by electrons can be further calculated by

Pas(x1) = Yo Je(x,0)Ei(x,1), )

where J. = gneut, is the electron current density, and E; is the
electric field, which is defined by Eq. (4) . This approach al-
lows to explicitly identify the physical origins of electric field

generation and the corresponding electron power absorption
with high spatial and temporal resolution within one RF pe-
riod. By an combination of Boltzmann moments analysis and
PIC/MCC simulations, Vass et al. quantified the power depo-
sition rates caused by the collisionless (electron inertial and
pressure) heating and collisional (Ohmic) heating.”?”] They
pointed out that by decreasing the gas pressure, the Ohmic
heating is suppressed, while the pressure heating is enhanced.
Different from previous understanding,!®! the Ohmic heating
predicted by this method still contributes significantly even at
very low pressures. At the lower limit of the gas pressure of
interest, Ohmic heating rate can be comparable to the pressure
heating, and the electron inertial heating component can be
negligible. Figure 7 shows an example of the spatiotemporal
plots of the power density within one RF cycle in a CCP (see
Ref. [9] for more details).

Different from that in CCP where the axial electric field
(perpendicular to the electrode surface) dominates the elec-
tron heating, there, however, exists another electric field com-
ponent in ICP, which is able to heat electrons, causing the
stochastic (collisionless) heating.*”! Figure 8 shows a dielec-
tric cylinder with a radius of a and a height of & (h>>a), and the
plasma is sustained inside the tube by a solenoidal coil, which
is wound around the cylindrical chamber. The alternating RF
current in the coil generates a time varying magnetic field, B,
along the z-axis direction inside the tube, thus inducing the
azimuthal electric field, Ey. The electrons then gain energy
from the electric field to partially ionize the background gas,
sustaining the discharge.

The spatio—temporal distribution of the electromagnetic
field inside the chamber can be described by the Maxwell’s
equations

JB

VXE=—-"73" ©)

VxB = Ho (Jext+Je)a

where L is the vacuum permeability, J. is the electron cur-
rent density, and Jex is the current density in the coil. Note
that the displacement current is neglected.
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Fig. 7. (a) Total electron power density, Pyps; (b) electron power absorption due to inertia effects, P, = J.E7; (c) electron power absorption due
to pressure heating, Fye = JeE2; and (d) electron power absorption due to collision, Popm = JeE3. The left panels present spatiotemporal results,
the solid black lines indicate the positions of the sheath edges, and the vertical dashed line represents the time at which the temporal snapshot on
the right side is shown. x = 0 and 50 mm indicate the powered and grounded electrodes, respectively. The gray areas on the right side indicate the
sheaths. Discharge conditions: argon gas, 3 Pa, 500 V, 13.56 MHz. Reprinted with permission from Ref. [9].
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Fig. 8. A sketch of an ICP reactor with a cylindrical coil.

As the magnetic field, the electric field and the electron
current density in the ICP have time-dependent harmonic os-
cillating form, we have

it

E(r,¢,z,t)=E(r,0,z)e '™,
B(r,9,z,t)=B(r,9,z) e ',

iot

J(r?(p7z7t) :J(r7(p’z) e_ ) (7)
where o is the angular frequency of the RF power supply.
Substituting Eq. (7) into Eq. (6) , we have
V2EHIGE = —ipoo (Jex + Je) (8)

where ky is the wave number of electromagnetic waves. All
physical quantities are assumed to be axisymmetric, and there-
fore, the electromagnetic fields have only the following com-
ponents: E = {0, E,,0}; B={B,,0, B.}, where B, and B,

are the radial and the axial component of the magnetic field,
respectively. The capacitive field is assumed to be Faraday
shielded, the azimuthal field component, E¢, can be thus cal-
culated in the (7, z) cylindrical coordinate system by differen-
tiating Eq. (8)

J’E,
2%r

9%E,
0%z

+IGEp = —i0uo(Jex +Je)-
©))
As E, dominates the electron heating in ICP, the electron
heating rate can be determined when E, is obtained by solv-
ing Eq. (9).
In the low-pressure regime, the Ohm’s law, J. = 6 E,
(o is conductivity), does not hold between electron current
and electric field, due to the smaller electron—neutral collision
frequency than the RF frequency (i.e., electron dynamics is
non-local). 1301 Tn this case, the electron current density, J., re-
lies on the profile of the electric field on the spatial scale of
the order of the mean free path,3!! which is due to the spatial
dispersion of conductivity caused by electron thermal motion.
A non-local conductivity depending on the spatial position is
therefore required to determine the electric field penetration
into the plasma. By solving the Maxwell’s equations and the
linearized electron Boltzmann’s equation, You and Yoon!3?!
derived the non-local conductivity in the solenoidal ICP, and
predicted the anomalous skin effect as well as negative power
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absorption. These theoretical predictions have been observed
in the experiments of the planar33! and the solenoidal ** ICPs
operated at low pressure. Recently, Yang et al. studied the
effects of the conductivity during the transition from colli-
sionless to collisional regimes in cylindrical ICPs by a nu-
merical model, which is based on self-consistent coupling of
the electron kinetics equation, electromagnetics equation, and

[35:36] For simplification, they solved

global model equations.
the electromagnetics equations in a rectangular (x, z) coordi-
nate system. The local and non-local conductivities for arbi-

trary electron energy distribution are respectively given as!]

2%, [~ €2 dfy
= ——de 10
¢ 3me /0 Ven—i® JE (10)
=0,
:__e2ne °°83/2 p @7@ +id @,@ %de,
2me® Jo o o 0’ )| de
(11)

where € is the electron kinetic energy, ve, is the electron-
neutral collision frequency, fj is the normalized electron en-
ergy probability function, and v = v/2e€/m, is the electron

velocity. o), is the nth coefficient of non-local conductivity in
the Fourier series. The functions of ¥ and ® can be found in
Ref. [36].

In Ref. [35], the non-local relation between electron cur-
rent and electric field as well as the existence of negative
power absorption was verified in the non-local conductivity
case at low pressures (collisionless regime), as shown in Fig. 9.
However, the phenomena above were not captured under the
local conductivity case. As the pressure increases, the elec-
tron current and electric field comply with the conventional
Ohm’s law and the negative power absorption vanishes for
both non-local and local conductivity cases. This suggests
that the discharge experiences a transition from collisionless
to collisional regime as the pressure increases. The local con-
ductivity is only valid for the relatively high pressures where
the collisional heating dominates, while the non-local conduc-
tivity is valid no matter what heating mechanism dominates.
Therefore, the consideration of the non-local conductivity in
a numerical model is very important to capture the important
physical properties in low pressure regime.
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Fig. 9. The 2D profiles of absorption power density at different pressures with non-local and local conductivity .33

3. Discharge modes

In low pressure RF plasmas, electrons, which are gener-
ally confined within the bulk region for most of time within

one RF period, can obtain energy via interacting with the RF
electric field. By contrast, ions in the bulk cannot response

to the RF electric field instantly due to their large mass, but
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the ions at the sheath edge are accelerated by the sheath elec-
tric field towards the electrode, and play an important role in
material processing. How do the electrons gain and lose their
energy in the RF electric field, i.e., electron heating mecha-
nism, determines the EEDF, as well as the proportion of high-
energy electrons. These highly energetic electrons can ionize
and excite background molecules, and consequently, are re-
sponsible for the sustainment of a plasma. So, how the plasma
is sustained by these highly energetic electrons, i.e., so-called
discharge mode, is one of the most fundamental issues in the
study of low-pressure RF discharges. Due to different cham-
ber geometries and power coupling mechanisms between the
CCP and the ICP, the discharge mode differs.

In CCPs, the plasma is sustained in between two elec-
trodes, the electrons are primarily heated by an electro-static
field. Depending on the generation mechanism of the high-
energy electrons, the discharge modes in CCPs contains «-
mode, y-mode, drift-ambipolar (DA) mode, and striation
mode, which will be described in details.

The ot-mode In CCP operated in electropositive gas, e.g.,
the inert gas argon, the RF voltage between the two electrodes
drops primarily across the sheath regions adjacent to the elec-
trode, while the electric field strength in the bulk plasma is

ionization rate
(b) Ar,80Pa, 100V,y=0

electron heating rate
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quite weak. The electrons gain energy primarily at the edges of
the oscillating sheaths, and subsequently, the generated high-
energy electrons can ionize and excite background atoms, thus
generating the maximum of ionization or excitation at the
edge of the expanding sheath region. This electron power
absorption mode is termed as a-mode (see the top panels in
Fig. 10).[11]

The y-mode By increasing the working pressure and/or
the applied RF voltage, ions can gain more energy after being
accelerated by the high electric field in the sheath region. The
secondary electron emission can be induced from the electrode
An

avalanche ionization occurs when these secondary electrons

surface due to bombardment of these high-energy ions.

travel towards the bulk region and collide with background
atoms, leading to a maximum of ionization or excitation rate
at the edge of the fully expanded sheath (see middle panels in
Fig. 10). This discharge mode is called y-mode, which dom-
inates the ionization process in a low-frequency or a direct
current (DC) discharge. In these modes, the electron power
absorption, as well as the ionization rates are typically high
around the sheath edges and low in the plasma bulk, where the

electric field is generally weak in electropositive CCPs.[!]

electric field
(c) Ar,80Pa, 100V,y=0 (d)
1.5

electron density
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Fig. 10. PIC simulation results: the spatio-temporal distributions of the electron heating rate (first column), ionization rate (second column), electric
field (third column), and electron density (fourth column) in Ar and CF4 discharges driven at 13.56 MHz and 80 Pa. Reprinted with permission

from Ref. [11].

The DA mode The electron power absorption mode in
electronegative plasmas, e.g., the ones operated in Oy, CFy,
Cl,, or their mixture, is more complex. Besides the sheath
region, where electrons can be heated, the electrons can gain

energy from a drift field throughout the plasma bulk and from

a steep ambipolar field at the edge of the collapsing sheath. As
a consequence, the maxima of excitation and ionization rates
can be observed across the bulk region and at the edge of the
collapsing sheath, this discharge mode is DA mode, which is

analyzed in details in Ref. [11] (see bottom panels in Fig. 10).
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The high drift electric field is caused by a low direct current
(DC) conductivity in an electronegative CCP, where the elec-
tron is usually depleted due to electron dissociative attachment
with molecules, e.g., Oy, CF4 (corresponding to the formation
of negative ions, e.g., O~, F7). The strong ambipolar elec-
tric field is associated with a large spatial gradient of electron
density at the edge of the plasma bulk. In discharges operated
at high pressure, such as in atmospheric pressure plasma jets,
strong ionization and high electric fields in the bulk have been

1371 and by simulations*®3°! due to

observed experimentally
the high electron—neutral collision frequency.

Note that in electronegative CCPs the drift field in
the plasma bulk oscillates at the excitation frequency, e.g.,
13.56 MHz. The (positive and negative) ions in this drift field
are generally considered to be at rest (being unresponsive to
the RF electric field), due to their large masses, while the
lighter electrons can instantly follow the rapidly alternating
RF electric field, and thereby, be accelerated to high energies,
producing ionization and excitation. Consequently, in previ-
ous investigations in the RF plasma field most of the attention
has been paid to the electron dynamics.***4! The visual ap-
pearance of such discharges commonly shows a homogeneous
bright region in the central plasma bulk, with two dark sheath
regions close to the electrodes.

The striation mode As the ion plasma frequency be-
comes comparable to or higher than the driving frequency,
positive and negative ions may respond to the RF electric field
with an oscillating motion, generating space charges. This
may lead to the formation of stable periodic structures (‘stri-
ations’) as explained below. The electric field caused by the
space charges enhances or attenuates the local drift electric
field in the bulk, resulting in a spatially modulated electric field
profile. The total field reinforces the response of the positive
and negative ions to the alternating RF electric field by ‘focus-
ing’ them into the striations. Consequently, the space charges,
as well as the striated electric field are enhanced due to a pos-
itive feedback. The effect is self-amplified until a periodic
steady state is established. The striated electric field results
in the spatial modulation of the electron power absorption rate
and, consequently, of the electron-impact excitation/ionization
rate. This discharge mode is named striation mode.*!

Liu et al. have reported experimental observation of self-
organized striated structures of the plasma emission for the
first time in CF4 CCP driven at 8§ MHz by phase resolved op-
tical emission spectroscopy (PROES).[*>] These observations
were reproduced by PIC/MCC simulations (see Fig. 11). Par-
ticularly, an analytical model indicated that the resonance be-
tween the eigenfrequency of the ion—ion system and the driv-
ing frequency is the basis for the formation of the striated
structures. The motion of the positive and negative ions in an
ion—ion plasma under the influence of an RF electric field can

be described by a one-dimensional (1D) uniform slab ion—ion

plasma model in the following. [46]
(a) experiment exc. (b) simulation  joniz.
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Fig. 11. (a) Measured electron-impact excitation rate and (b) simulated spa-
tiotemporal ionization rate (in units of 102! m~3.s~1). Powered electrode is
atx/L = 0, grounded electrode is at x/L = 1. The panels at the bottom show
the discharge voltage in the experiment and in the simulation. 3!

The motion of the positive and negative ions is governed

by the momentum conservation equation

d d d
min; [u-l-uu} = qmE— 2 —minVinu, 12)

ot dx ox

where m; is the ion mass, #n; is the ion number density, « is the
ion mean velocity, g is the ion charge, E is the electric field,
p is the ion pressure, and Vj, is the ion collision frequency.
For the order of 100 Pa pressure, we neglect the small term,
minjudu/dx, in Eq. (12). As uniform positive and negative ion
densities are assumed, we have dp/dx= 0 and equation (12)
reduces to

litvigu = LE. (13)
i

The electric field E is composed of an “external” field
component Eqy and an “internal” field component Ej,. If the
positive ions (with density n;) move a distance x; and the
negative ions (with density n_) move a distance x_, the space
charges of eny (x4 —x_) and en_(x_ —x) form at the edges
of the slab, respectively, as shown in Fig. 12. Note that the
displacement of the ions moving towards the right is defined
to be positive. The space between the two regions with space
charges is filled by quasineutral plasma, wherein the electric
field is given as

qn

E :Eext+Eint :EOCOS(wrft)fgiO(xf 7)C+)7 (14)

where @ is the angular frequency of the externally applied
electric field. We adopt equal positive and negative ion densi-
ties, i.e., n4 = n_, so that equations (13) and (14) yield

iobvii— 2 (v —x_) = ———Egcos (wyt)  (15)
m_
for the negative ions and
e
Ky +vip + o (xp —x_) = —Eycos (wt)  (16)

my
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for the positive ions.

Charge density X
en(x_— x;)

Charge density
en(x,— x_)

Fig. 12. Schematic of the coupled motion of the positive and negative ion
system (with equal positive and negative ion densities, ny = n_) immersed
in a time-varying, spatially uniform electric field Eey; = Ecos (@t ), where
Ey is a constant. x4 indicates the displacements of positive and negative ion
groups, respectively. Note that the displacement of the ions moving towards
the right is defined to be positive.

These two coupled equations describe the motion of both
ion species in an RF oscillating electric field. By subtracting
Eq. (15) from Eq. (16), we obtain

(Fp — %)+ V(=3 ) + (0F + @) (xp —x)
_my +m

—eEqcos (wgt) . a7

mym_
We define x = x; —x_, 02 = @02 + @2 = £n 4 €n _ &n
— - et — 7 gmy gm— U’

__ eEy _ mym— . . .
B = T and U = o where x is the relative displace-

ment of the positive and negative ions,  is the eigenfrequency
of the positive and negative ion plasma, and u is the reduced
mass of the positive and negative ions.

The coupled motion of positive and negative ions can be
considered as a system, so equation (17) can be reduced to

X4 vi+ @*x = B cos (o). (18)

In order to solve Eq. (18) analytically, we assume that the ion
collision frequency, Vi, is a constant. For the initial condition,
x(0) =0 and x(0) = 0, one can obtain the analytical solution
of Eq. (18),

x(t) = P

V(@3- 0?) +2v?

x [sin (@t — ) - @ e~ sin(6r — 9], a9

0
with
v.
cosQ = il lz ,
2 2.2
\/(wrf_wz) +wrfvin
2, 2
cos® — Vin/ © - (0F + ©)

2 9
V(@2 —0?) +a2v?

1
6= 5\/40’2_"%7

where 0 is a real number, since we have 4@* — vi2n > 0 for the
conditions investigated here.

When the system reaches a stable state (i.e., — oo, and
e P, 0), we have

eEo/1

2
V(@2 —o?) +a2v2

= Asin (ot — @). (20)

x(t) = sin (@t — )

At @ = oy, the amplitude of the relative replacement of the
ions exhibits a maximum, indicating that a resonance occurs
between the ion—ion plasma and the external electric field. Un-
der the resonance condition, the relative displacement reduces
to

eEo/p .

x(t) = O sin (ot ), (21)
which has an amplitude A* = % Equation (21) shows that
the amplitude of the ion oscillation is inversely proportional
to the ion collision frequency and the driving frequency, so it
is expected that an increasing pressure and an increasing driv-
ing frequency suppress the oscillation of ions, leading to a de-
crease of the striation gap.

The striations were found to occur within a wide fre-
quency range. In the striation mode, the ion density min-
ima were found to exhibit an approximately quadratic increase
with the driving frequency.!*®! For a fixed driving frequency,
the minima of the positive and negative ion densities (between
the density peaks in the bulk) are comparable and indepen-
dent of other external parameters. The striation gap, i.e., the
distance between two ion density peaks, is approximately in-
versely proportional to the pressure, while it exhibits a weak
dependence on the RF voltage and the electrode gap.!*’! The
striations have been observed in the PIC/MCC simulations of
CCPs in O, and Cl, under some conditions, i.e., a low driving
frequency, relatively high pressure, proper voltage amplitude,
etc. #8591 This suggests that the striation is a general property
of CCPs operated in electronegative gases.
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Fig. 13. Phase diagram of the DA and striation (STR) modes, determined
by PIC/MCC simulations, at 13.56 MHz and 18 MHz. 1471

Mode transitions in CCPs The operation modes of RF

plasmas are very sensitive to the external control parameters,

085202-10



Chin. Phys. B 31, 085202 (2022)

and mode transitions induced by changing these control pa-
rameters have been observed and extensively studied in ex-
periment and via numerical methods.3'=3¢! Godyak ez al.>!]
studied the transition between the - and y-modes in the ex-
periment of argon and helium plasmas and observed a sharp
increase of the electron density and a drop of the electron tem-
perature by increasing the driving current, due to fast gen-
eration of low-energy electrons via secondary electron ion-
Denpoh and Nanbul>33! and Proshina er al.>*

observed a transition from the bulk power deposition mode

ization.

(i.e., DA mode) to the sheath power deposition mode (a-
mode) with decreasing gas pressure and/or increasing RF volt-
age in the PIC/MCC simulations of a CCP in CF4. With
the same simulation approach, Yan et al.[>3¢ compared the
spatio-temporal distributions of the electron power absorption,
as well as the ionization dynamics in electropositive argon
and in electronegative SiH, capacitive discharges. They ob-
served power absorption mode transitions induced by chang-
ing the gas pressure, the RF power, and the driving fre-
quency. The mode transitions induced by these parameters
were later confirmed by a combined method of phase resolved
optical emission spectroscopy measurements and PIC/MCC
simulations.’”! The underlying physics of the mode transi-
tions in electronegative CCPs is primarily associated with the
variation of the electronegativity (defined as the ratio of the
negative ion to electron density) as a function of the exter-
nal control parameters.>’~%%1 A transition between the stria-
tion and DA modes can be observed by changing either the
pressure or the RF voltage (see Fig. 13).[47] It is seen that for
both 13.56 MHz and 18 MHz, the striation mode occurs at rel-
atively high RF voltage or working pressure. For a given fre-
quency, the phase boundary is found to be approximated by a
constant product of the RF voltage and the working gas pres-
sure required to generate high enough ion densities to allow
the ions to react to the RF electric field, i.e., to fulfill the res-
onance criterion. The critical product is found to increase as
a function of the driving frequency according to the resonance
criterion.

In ICPs, the discharge modes exhibit significant differ-
ence, due to distinct power coupling manners. Different from
that in CCPs, Faraday’s law is the basic for the operation of
ICP sources. An RF current flowing through an antenna coil
induces an RF magnetic field, which generates an azimuthal
induction field, causing electron heating. This system can be
viewed as a transformer, i.e., the antenna coil acts as a pri-
mary circuit, while the plasma is equivalently a single-loop
secondary circuit. Since the plasma is produced without an
electrode, ICPs is of “electrodeless discharge”. In the follow-
ing, two classic discharge modes in ICP is described.

E-mode At low RF powers the ICP sources feature a low-
density and weak light emission. The plasma sustained in this

mode is analogous to that in CCPs, in which the high-energy
electrons are created by the electrostatic electric field due to
the potential difference between the individual loops of the
antenna coil. This mode is often called the E-mode.[0!] It
was reported by Chung and Chang!®3! that the EEDF in the
E mode changes from a bi-Maxwellian to a Druyvestein-like
structure with increasing the gas pressure, which is similar to
that in a CCP.[®*l In general, there are very few studies only
focusing on the E mode in ICPs.

H-mode By increasing the input power, the electrostatic
electric field tends to be suppressed, while the electromagnetic
field is enhanced. Meanwhile, a sudden jump in the electron
density and the light emission is frequently observed at a criti-
cal voltage value. After this transition, the plasma is primarily
sustained by the azimuthal RF electric field, which is produced
by the oscillating magnetic field. Therefore, this mode is often

named the H-mode.[%!:%2

! The H mode is characterized by a
high plasma density (usually in excess of 1 x 10'% cm~3) and
a stronger plasma emission. Note that in the H mode, there
is still a small fraction of capacitive power deposition, which
causes a slight fluctuation of the plasma potential. The RF
fluctuation of plasma potential in ICPs can be minimized or
suppressed by installing a Faraday shield. %4

The inductive coupling efficiency is found to strongly de-
pend on the plasma density. At relatively low density, the
inductive power exhibits a linear dependence on the plasma
density. The inductive power deposition reaches its maximum
when the skin depth becomes comparable to the chamber di-
mension at a certain plasma density. At the plasma density
higher than the critical density, the inductive power absorp-
tion decreases because the skin depth becomes shorter than the
chamber characteristic dimension, so that the spatial scale that
electromagnetic field can permeate into the plasma is restricted
within the skin depth. These high-energy electrons that can
overcome the ambipolar electric field are able to reach the skin
layer and gain energy by interacting with the electric field in
there. By contrast, the low-energy electrons cannot be heated
by these strong electric fields within the skin layer, as they are
generally confined in the central region by the ambipolar elec-
trostatic potential. This is the reason why the EEDF exhibits a
two-temperature profile.

Numerous numerical and theoretical studies on the E-to-
H mode transition can be found in the literature.[®>-70 Ko-
rtshagen et al. theoretically predicted the minimum coil cur-
rent required for sustaining the H mode, and the theoreti-
cal results were in reasonable agreement with their measured
values. %] Yoon er al. developed a theoretical formula for
the transition power for the E-to-H mode transition based on
non-local heating theory.!°! Turner and Lieberman!®”! and
Cunge et al.!%® studied the mechanisms of this transition in
a CW and a pulse-modulated ICP, respectively. Zhao et al.
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studied the E-to-H mode transition using a hybrid fluid/Monte-
Carlo model.[®®! Xu et al. developed a two-dimensional (2D)
fluid model that includes the effect of the circuit-matching

network. 70
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Fig. 14. Space and phase resolved optical emission intensity profiles in pla-
nar coil H, ICP at 50 mTorr (a) in the E mode (300 W) and (b) in the H mode
(600 W), z is the distance from the substrate.[”8]

In term of experimental study, Lee et al. observed a
dramatic evolution of the EEDF in a 100 mTorr N, ICP. In
the E mode, the measured EEDF exhibits a dip around 3 eV,

and evolves into a Maxwellian distribution in the H mode. 711

11731 observed a jump of the

Amorim et al.'"?! and Suzuki e a
plasma density in an Ar ICP. Cunge et al. investigated the
changes of the spatial profile of the ion density, the EEDF,
and optical emission intensity at 750 nm in the CW discharge,
and the time evolution of the antenna-coil current, the plasma
impedance, and the magnetic field in a pulse-modulated Ar
ICP.I"¥ Seo et al. measured the electrical characteristics of
the antenna and the plasma potential during the E-to-H mode
transition in an Ar ICP driven at 6.5 MHz and 19 MHz. They
found that the mode transition is accompanied by a sudden
drop of the plasma potential.[’>7®! Gao et al. investigated the
role of a matching network in the mode transition in an Ar ICP,
and found that the E-to-H and H-to-E mode transitions can be
induced by adjusting the series capacitor in a I'-type matching
network for a fixed parallel capacitor.””] They also measured
the 2D plasma emission intensity during the E-to-H mode tran-
sition in a planar-coil ICP operated in Ar by an ICCD camera,
and found that in the E mode the spatial profile of the plasma
emission is non-axisymmetrical, while in the H mode the
plasma emission intensity becomes more axisymmetrical.[”8]
Besides, the plasma emission intensity was found to exhibit
different time dependence (see Fig. 14). In the E mode, the
optical emission intensity exhibits one maximum within one
RF period (see Fig. 14(a)), and this maximum is caused by
high-energy electrons created by the electrostatic electric field
adjacent to the coil plane on the top of the ICP chamber, which
is similar to the o« mode in CCPs. In the H mode, one can

observe two maxima of emission intensity within each RF pe-
riod (see Fig. 14(b)), due to the high-energy electrons gener-
ated by the azimuthal induced electric field, corresponding to
two extrema of the RF current within one RF period. The E-
to-H mode transition is usually observed during the ignition
process of an ICP.[7°]

4. Pulse modulated RF plasma

Compared to the conventional plasmas operated in CW
mode, pulse modulated plasmas allow a more flexible con-
trol of the plasma properties by adjusting the pulse repetition
frequency and the duty cycle, thus exhibiting many advan-
tages in practical processes, e.g., an improved etch selectiv-
ity, a better etch and deposition uniformity, an optimized etch
and deposition rate, etc. Therefore, pulse modulated plasmas
are extremely promising tools for the next generation of semi-
conductor processing equipments, and relevant studies are not
only of fundamental importance, but also of practical inter-
est. A continuous and a pulse-modulated RF waveforms are
schematically shown in Fig. 15.

(a) continuous RF wave

voltage

time
(b) pulse-modulated RF wave

Active-glow (on) | After-glow (off)

M

time

voltage

Fig. 15. Schematics of (a) a continuous RF waveform and (b) a pulse-
modulated RF waveform.

Since 1980s, a large number of investigations have been
implemented to explore the complex physics in pulse modu-
lated plasmas. It has been shown that pulse modulated plasmas
exhibit distinct transient and non-equilibrium characteristics in
comparison to a CW discharge. The time evolution of various
plasma parameters over whole pulse period has been exten-
sively investigated in experiment and via theoretical model.
Lieberman and Ashida!®! studied ICPs in low-pressure Ar
and Cl, gases using a global model, finding that in Ar dis-
charge the pulsed modulation of RF power leads to a higher
time-averaged electron density than in CW mode, while in Cl,
discharge, the pulsed operation can produce the same neural
radical flux to the walls with a reduced average power. Rama-
murthi et al.'®! examined the time evolution of charged par-
ticle densities and the electron temperature in a pulse modu-
lated ICP using a 2D self-consistent fluid model. It was found
that the warm electrons persist away from the power depo-
sition zone, where the electron temperature exhibits a peak.
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Samara et al.'®?] reported the time-resolved measurements of
optical emission intensity in a pulse modulated argon CCP,
and found that in the case of higher power or longer afterglow
duration, the integrated plasma emission overshoots more sig-
nificantly at the beginning of the active period, while in the
case of lower power or shorter afterglow duration, the plasma
emission intensity overshoot cannot be observed. The over-
shoot of plasma emission intensity can be understood in the
following. At the beginning of each pulse, the charge den-
sity is so low, that the RF electric field can penetrate into the
central region, heating electrons intensively. As a result, the
high-energy electrons generated significantly enhance the ex-
citation rate. Mishra ef al. 33 measured the temporal evolution
of the plasma potential in a pulse modulated dual-frequency
CCP by using an emissive probe, and found that the plasma
potential follows the source pulse voltage during the whole
pulse cycle. Yagisawa and Makabe!®*! numerically investi-
gated the ion energy distributions (IED) and the ion angular
distributions (IAD) of different ions incident on the wafer in
a pulse modulated dual-frequency CCP operated in CF4/Ar.
They found that as the pressure increases, the time-averaged
Ar™ IED contains more low-energy component and the aver-
aged energy of F~ ion is lower than that of Ar™ ion during the
whole pulse period. Mishra and Economou!®! investigated the
effect of pressure on the spatio-temporal evolution of a Cl, ICP
and they found negative-ion density increases in the afterglow
at a higher pressure due to the increasing loss of electrons via
dissociative attachment process with increasing pressure, the
maximum of the negative-ion wall flux, however, initially in-
creases but then drops with increasing pressure. Xue et al. (8]
studied the evolution of electron density and effective elec-
tron temperature in pulse Ar/O; mixture ICP by using a Lang-
muir probe, combined with a global model. They found that at
the beginning of the pulse-on period, the electron density in-
creases rapidly, while the effective electron temperature over-
shoots significantly. When the power is turned off, the electron
density first shows a peak and then slowly decays. In addition,
effects of biasing the substrate on pulse modulated discharges
were reviewed by Economou!'”! and Banna et al.!®”! One of
the main purposes of biasing the substrate is to modulate the
shape of the IEDs of ions incident on the wafer. Moreover, ap-
plying substrate bias also provides additional control parame-
ters to enhance the etching rates and improve the etch results.
For example, positive and negative ions can be alternatively
accelerated toward the wafer during the etching by combining
pulsed source with low frequency bias, which can mitigate the
charging damages and thus improve the etch profile. 3881
Besides, numerous experiments, simulations, and theo-
retical studies have focused on the plasma decay process dur-
ing the afterglow period of pulse modulated plasmas. During
a diffusion-dominated afterglow at low pressure, the plasma
decay process is called ‘diffusion cooling’, which describes

the process that the average kinetic energy of electrons is re-
duced due to the diffusion loss of high-energy electrons.?0-4
The effect of electron—electron interaction (Coulomb colli-
sions) was found to play an important role in the evolution
of the EEDF as the electron temperature decreases during

92,95,96

the late afterglow.| | Besides, collision processes of long

lifetime metastable atoms and vibrationally excited molecules
can lead to electron re-heating during the afterglow.[°197-9]
Recently, experimental diagnostics and PIC/MCC simulations
were combined to investigate the electron cooling, re-heating
and plasma density decay processes during the afterglow of a
pulsed CCP in argon.!'%! In those studies, inelastic collisions
(i.e., excitation and ionization processes) and Coulomb colli-
sions were found to play different roles in the electron cooling
during two different stages.

Compared to the study on the plasma decay process dur-
ing the afterglow, there have been much fewer studies on the
pulse ignition process of an RF plasma. During the igni-
tion phase, it is generally recognized that due to the signifi-
cant power coupled into the system the electron temperature
rises sharply and overshoots its quasi-steady value, while the
charged particle density increases moderately. This process
features a fast change of the electrical parameters, as well as

13,87,101-105] As the pulse

the electron power absorption mode. !
ignition is a non-equilibrium process, high-resolution time-
dependent diagnostics are indispensable for the determination
of the dynamic evolution of plasma parameters. [7%-106:107]

Gao et al.''%! measured the temporal evolution of the in-
put power and the electron density in a pulse-modulated ICP in
argon, and examined the effects of the RF power and gas pres-
sure. It was found that during the initial stage of the pulse-on
period, the input power exhibits two maxima, and meanwhile
the electron density was observed to exhibit an overshoot at a
high power and a low pressure. Wang et al.['%! investigated
the effect of the power-off duration on the plasma ignition pro-
cess of a pulse modulated CCP operated in 450 mTorr Ar by
a combination of experiments, PIC/MCC simulations, and an
analytical model. They found that the time evolution of the
plasma and electrical parameters during the ignition process
depend strongly on the duration of the afterglow period, Ty,
due to the dependence of the remaining (or initial) charge den-
sity on this parameter. In long Ty case (Tofr > 100 ps), the
optical emission intensity evolves with time in the same man-
ner as the power deposition into the system, suggesting that
the power is primarily absorbed by the electrons, which dis-
sipate their energy via inelastic collisions. In short Ty case
(Togs < 100 ps), the oo mode dominates during the entire ig-
nition process, as the electric field is largely shielded by the
abundant charge located in the inter-electrode space. Particu-
larly, this makes it possible to study the gas breakdown process
in a pulse modulated plasma by extending Ty to a sufficiently
long value.
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Fig. 16. Spatiotemporal plots of the measured excitation rate at the times 1 (a), #, (b), and #3 (c), which are defined in (d). (d) shows electrical
parameters, i.e., the RF voltage and current amplitudes (V¢ and I;¢), conduction and displacement currents at the discharge center (I and I), V-1
phase (¢,;), power deposition, and plasma parameters, i.e., electron density (n¢) and light intensity as a function of the number of RF periods since

the beginning of pulse.

In this way, Liu ez al.[''%1 investigated the gas breakdown
process in the same pulse CCP system with Ty = 400 ps
by the same set of methods. They found that the system
goes through different modes of electron power absorption,
i.e., ‘RF-avalanche’, ‘overshoot’, and ‘DA’ modes within the
pre-breakdown, breakdown and post-breakdown phases (see
Fig. 16). During the breakdown phase, the drop of the V-I
phase from 90° corresponds to the variation of the RF current
period with time, which can be well understood by a current
waveform model described in the following. The conduction

and displacement current densities at the discharge center are

Jo(t) = 6(t)En(t) =0 () Ea (¢)sin (1), (22)
Jalt) = dEn (tgstin(a)t)

= gWEx (t)cos(a)t)+eangt(t) sin(wr), (23)

where o = 2%() i¢ the DC conductivity, & is the vacuum

MeVm
permittivity, e is the elementary charge, m. is the electron
mass, Vp is the electron—neutral elastic collision frequency,
and E (1) is the amplitude of the central electric field Ey,.
aEé‘t(’> sin (or), equation (23) is

reduced to Jq () = &@E (t) cos (wt). We have the total RF

Neglecting the small term &

current density

Dt (0)=Je (1) 40 (1) =\ [ B3 (0473, (1) sin [0+ ()], (24)

where Jac (t) = 6 (t) Ea(t) and Jaq () = &WEA (f) are the
amplitudes of J. (¢) and Jy (¢), and ¢ (t) = tan~! [ (¢)] is the
phase angle, with the current amplitude ratio ) (t) = ﬁi‘g; =
wevz“;li:?l")%. Differentiating ¢ (¢) with respect to the time step of

AT = Tgr yields the current period length
0.5T)— @ (t—0.5T;

i (In)=Tg (TN){l— o

where Tz = 27/ @ is the period of Ey,. A relative T is defined
as

. Ti (In) 1 do(r)

i (In) = =1-—" T 26

I ( N) TE (TN ) 2 T 8 P fs ( )
which reflects the variation of 77 with respect to 7g. The

PIC/MCC simulation shows that v, at discharge center is
nearly constant, so

o(1) =tan~'[n ()] =tan”" [elm0/me] 27

where 1, is the time constant of the exponential growth of ne.
Substituting Eq. (27) into Eq. (26) yields
T]"f e(Tmax_TN>Trf/Tne

T (TN) =1+ 27177"5 . 1+ e2(Tmax—1N)/Tne

(28)
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With Eq. (28), Tj is directly linked to 7,,, and it reaches the
Ti¢
4T Ty

that 7« indicates the time when the conduction current is ap-

maximum, 1+ , at the time tnax = Tmax . Please note
proximately equal to the displacement, i.e., 1 = Jag/Jac = 1.
So, at this critical time, the electron density can be estimated

OVméMe  The model results

based on the relation, 7e critical =
for 7; show an increase upon plasma ignition, in excellent
agreement with the data from the simulations (see Fig. 17).
A smaller 7, corresponds to a narrower profile of 71 and,
thereby, a faster change of the VI phase, while a larger 7,,
leads to a broader one and, thereby, a slower change of the

V—I phase.
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ods [defined by Eq. (26)] of I (T7) from the simulations and Eq. (28) as a

function of Ty.
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With Egs. (24) and (27), the conduction current, I, and
the displacement current, I3, can be estimated based on the

measured RF current amplitude, I, by

 Ii(Tw)
IC (TN) - \/ma

which are shown in Fig. 16(d).

(29

Previous studies on the ignition process of a pulse mod-
ulated CCP mostly focused on the time evolution of the ax-
ially resolved or even spatially averaged plasma parameters
(e.g., the plasma emission, the electron density and temper-

104,105,109-114] however, a 300 mm-diameter elec-

ature, etc.),!
trode is used in current semiconductor industries and, there-
fore, time evolution of various plasma parameters is highly
radius-dependent during the ignition process in a pulse mod-
ulated plasma. Su et al.'151 gtudied, for the first time, the
time evolution of discharge parameters at different radial po-
sitions over a 300 mm-diameter electrode during the ignition
process of a pulse modulated CCP in argon by multi-fold ex-
perimental diagnostics. It was found that during the ignition
phase, the plasma emission intensity, the power density, and
the discharge current increase most significantly at the elec-
trode center (see Fig. 18). At small radii, i.e., » < 8 cm, the
emission intensity at every radius was observed to change with
time in the same manner as the power density during the ig-
nition phase. Subsequently, the profile of electron density be-
comes edge-high during the post-ignition phase and remains
thereafter until the end of the pulse-on period. Methodolog-
ically, the synergistic diagnostics lay the foundation for ex-
tensive studies on spatiotemporal evolution of plasma ignition

process under broader conditions.
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Fig. 18. Time evolution of the amplitudes of (a) the azimuthal magnetic field, By, and (b) the axial current density, J;, at various radial positions
during the first 120 RF cycles. The radial distributions of By (b) and J; (d) at the times corresponding to dashed vertical lines in (a) and (c).[1131
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5. Electromagnetic effects and plasma unifor-
mity in CCP

5.1. Classification of electromagnetic effects

Capacitively coupled 13.56 MHz RF plasma reactors with
100-300 mm diameter wafers have been widely used in the
semiconductor equipment for etching and film deposition pro-
cesses. For such plasma reactors, the instantaneous poten-
tial on the powered electrode is almost independent of the
radial position since the electrode diameter is negligible as
compared to the wavelength of the electromagnetic wave.
Therefore, an electrostatic approximation neglecting the effect
of the magnetic field generated by the time-varying electric
field can be used to calculate the electromagnetic field in the
plasma.[>116:117] Nowadays, large-area CCP reactor driven at
the VHF has received growing attention due to various ben-
efits, particularly for the solar cell and flat panel display in-
dustries. On one hand, a larger reactor is needed to accom-
modate a larger wafer, thus improving the throughput. On
the other hand, the use of higher excitation frequencies can
i) enhance the etching/film deposition rate by raising the ion
flux impinging on the substrate, and ii) minimize the substrate
damage by lowering the mean ion energy.l!'®!191 When the
excitation frequency of the RF source becomes high enough,
however, electromagnetic effects will come into play and
negatively affect the plasma uniformity.?%2! Over the past
two decades, the electromagnetic effects in VHF CCPs have
been investigated by a variety of approaches, such as ana-

120-124) yyumerical simulations, 1712571341 gpd

lytical models, !
experiments, 1181191351391 Qverall, the physical reason caus-
ing the plasma non-uniformities can be divided into four cate-
gories:

i) Standing wave effect When the excitation frequency of
the RF source is sufficiently high so that the half-wavelength
of the electromagnetic surface wave becomes comparable or
smaller than the electrode size, constructive interference of the
oppositely traveling waves propagating along the sheath-bulk
plasma interface from the electrode edge to the center will take
place, causing the so-called standing wave effect (SWE). A
schematic of the electromagnetic wave propagation in a VHF
CCP reactor is shown in Fig. 19. The presence of the SWE will
lead to enhancements of the electric field and power deposition
at the reactor center, thus causing a center-peaked distribution
of the plasma density. Figure 20 shows that as the driving fre-
quency increases the plasma density experiences the transition
from a flat, center-high, to a multimodal radial profile, indicat-
ing a shrinking electromagnetic wavelength. In a VHF CCP,
there are two distinct electromagnetic modes (the first even
mode with E (r,—z) = E;(r,z) and the first odd mode with
E(n,
tromagnetic fields inside the reactor except the region close to

—z) = —E,(r,z)) that are sufficient to determine the elec-

the sidewalls.!!>!:140] The inter-electrode RF voltage SWE is
mainly associated with the first even mode, which can occur
in both geometrically symmetric and asymmetric discharges.
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Fig. 19. Schematic of the electromagnetic wave propagation in a VHF ca-
pacitive discharge.
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Fig. 20. Measured radial profiles of plasma density along the mid-gap of
the electrodes in capacitive argon discharges driven at different driving fre-
quencies, at 60 W and 5 Pa. All density curves are normalized to their radial
maxima. Reprinted with permission from Ref. [137].

ii) Telegraph effect Different from the first even mode,
the first odd mode can be excited only in a geometrically asym-
metric CCP reactor. Due to the unequal areas of the powered
and grounded electrodes, perturbation of the plasma RF po-
tential dominated by the first odd mode will produce a net
radial current in the bulk plasma to maintain the RF current

(1211401 The propagation of such plasma potential

continuity.
perturbation is analogous to a quasi-TEM wave in a lossy
transmission line, so it is called the telegraph effect. Since the
perturbation of E, dominated by the first odd mode is an odd
function of axial position z, i.e., the sheath voltages adjacent
to both electrodes are equal and opposite, the telegraph effect
does not affect the total inter-electrode RF voltage, which is
solely determined by the SWE.

iii) Skin effect When the plasma density is sufficiently
high so that the skin depth of the electromagnetic wave pen-
etrating into the plasma becomes comparable or smaller than
the plasma thickness, an induced radial electric field is formed
at the sheath—bulk plasma interfaces, causing a maximum in-
ductive power deposition at the electrode edge.!'?*!23] With
increasing the applied voltage, the inductive heating caused
by the skin effect becomes enhanced and the discharge might
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experience a local or global E-to-H transition depending on
the gas pressure. [12>-124]

iv) Edge effect It is well known that the electrostatic edge
effect associated with the enhancement of the electric field
close to the electrode edge often appears in the conventional
13.56 MHz CCPs. Operated at the VHF domain, an electro-
magnetic edge effect will also occur due to the abrupt change

1201 In a geo-

of the permittivity around the electrode edge.!
metrically asymmetric discharge, unlike the first even and odd
modes that can be propagated radially inwards from the reactor
edge, the high-order even and odd modes are radially evanes-
cent, which produce a sharp maximum in the power deposition

at the reactor periphery.[120-121]

5.2. Nonlinear standing wave excitation

While the underlying physics of the SWE dominated by
the fundamental frequency has been well understood by the
studies aforementioned,'17-1401 the important nonlinear ef-
fects were inevitably ignored. It has long been recognized
that in low-pressure, geometrically asymmetric CCPs, high-
frequency nonlinear plasma series resonance (PSR) oscilla-
tions can be self-excited due to the interaction between the
capacitive sheath and the inductive bulk.!'*!-152] The low-
resistance feature of such an RLC-like resonance allows the
discharge to be sustained with quite a small voltage at the
resonance frequency, while a sufficiently high current is gen-
Although the fundamental
driving frequency is generally much lower than the PSR

erated between the electrodes.

frequency, the higher harmonics produced by the nonlinear
sheath motion can be strengthened at or near the series res-
onance frequencies, thus drastically enhancing the local elec-

142,145,1461 Since these higher harmon-

tron power deposition. !
ics have much shorter wavelengths than the fundamental fre-
quency, they are easier to form a standing wave.

The important role of the higher harmonics in affect-
ing the plasma nonuniformities was emphasized by Upad-

153 1541 By a combination of ex-

hyay et al.!">3 and Sawada et al.!
perimental measurements and high-resolution, self-consistent
2D fluid simulations, the authors concluded that the pres-
ence of higher harmonics is strongly correlated with the oc-
currence of the sharp central peak of the plasma density.
Miller et al.!'! observed distinct differences in the spa-
tial distributions and harmonic content of RF fields in the
plasma at the different frequencies (13.56 MHz, 60 MHz, and
176 MHz). Their results suggested that interaction between
the plasma and the RF excitation circuit may strongly influ-
ence the structures of the magnetic fields.

(1561 developed a 1D nonlin-

Recently, Lieberman et al.
ear radial transmission line model for a highly asymmetric
cylindrical discharge to address the coupling of the series

resonance-enhanced harmonics to the standing waves. The

model assumed a fixed uniform plasma slab with a single non-
linear homogeneous collisionless (ion) sheath at the powered
electrode, which is driven at the edge (r = R) by a RF source
having resistance Rt and voltage Vi = Vigocoswt through a
large blocking capacitor Cp (see Fig. 21). Radial propagation
of the electromagnetic waves in an axisymmetric parallel-plate
CCP can be described by Maxwell’s equations

Vx H =Jr, (30)
JH

VXE=-— ‘LLQW, 31
with H the magnetic field, Jt the total current density, and
E the electric field. Taking the axial component of Eq. (30)
and the azimuthal component of Eq. (31), we obtain the wave
propagation equation
where r is the electrode radius, V is the RF voltage of the
grounded electrode with respect to the powered electrode, L
is the vacuum permeability, / is the interelectrode gap, and J
is the total axial current density. The radial profiles of har-
monic RF voltage and current can be determined by coupling
Eq. (32) with the following current balance equation (33) and
the electron momentum balance equation (34):

X V.

5 = J—Jio+Jeoexp <_Tz> , (33)
aJ  éne

Frie @(V—VB _Vs) — VenJ, (34)

where dX /9t is the displacement current, Jjg is the ion current,
Jeo 18 the electron random thermal current, Vi is the sheath volt-
age, T¢ is the electron temperature, m, is the electron mass,
d is the plasma thickness, Vg is the self-bias, and Ve, is the
effective electron collision frequency. The theoretical model
predicted that the spatial wave resonances of self-excited non-
linear higher harmonics can lead to a significant center-peaked
profile in the electron power deposition, even at a relatively
low frequency of 30 MHz.

Plasma

Rr

| Sheath

v

Fig. 21. A nonlinear radial transmission line model of an asymmetrically
driven RF capacitive discharge.

Recently, Zhao et al.!'>”) reported the first experimen-
tal evidence of nonlinear standing waves excited by PSR-
enhanced harmonics in VHF (100 MHz) CCP reactors by us-
ing a high-frequency magnetic probe. Experimentally deter-
mined spatial structures of the harmonics of the magnetic field
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were compared with simulations based on the nonlinear trans-
mission line model described by Egs. (32)—(34), showing a
reasonably good agreement (see Fig. 22). At low pressure,
higher harmonics enhanced by the PSR were found to induce
spatial wave resonances, with voltage and current peaked on-
axis, leading to center-high plasma density. Besides, it was
observed that the excitation of the higher harmonics was sup-
pressed at higher pressures, resulting in improved plasma uni-

formity.
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Fig. 22. Experimental data (points) and simulation predictions (lines) for
discharges driven at 13.56 MHz (left) and 100 MHz (right) at 3 Pa, for a
fixed power of 80 W: radial distributions of the harmonic magnetic field
By, (a), (b), the harmonic voltage V, (c), (d), and the harmonic current
Jy (e), (f). All harmonic amplitudes (n = 1-5) are normalized to the radial
maxima to obtain a clearer view of the harmonic structures. Reprinted with
permission from Ref. [157].

The nonlinear radial transmission line model was incor-
porated into a 2D fluid code by Kawamura ez al.!">® to study
the electromagnetic effect in a low-pressure electronegative
chlorine discharge. It was found that at higher applied fre-
quencies, the higher harmonics contribute significantly to the
center-high nonuniformity due to their shorter plasma wave-
lengths. Wen et al.!'>! studied the dynamics of series res-
onance and SWEs in a dual-frequency CCP by using the
nonlinear radial transmission line model incorporated with a
Child law sheath. A more advanced nonlinear electromag-
netic model with radially- and time-varying sheath widths
was also developed to study the symmetric and antisymmetric
modes in an asymmetrically excited cylindrical discharge.!!%0]
Liu et al.''®!1 coupled the nonlinear radial transmission line
model with an analytical collisionless or collisional (ion)
sheath model and a 2D bulk plasma fluid model to determine
the symmetric and antisymmetric mode surface waves and the
electron power deposition in asymmetric cylindrical capaci-
tive discharges, with the stochastic and Ohmic sheath heating
being taken into account. The nonlinearly excited harmon-

ics obtained by the collisionless and collisional sheath mod-
els for a wide pressure range were compared and discussed.
More recently, the effects of the plasma density nonunifor-
mity and RF power on the propagation of electromagnetic sur-
face waves and electron power deposition were examined by
Zhou et al.!'%% Simulation results indicated that under the as-
sumption of the radially uniform plasma density in a CCP dis-
charge, the self-excitation of higher harmonics at the radial
center can be underestimated (see Fig. 23).

Non-uniform (case )

(a) (b)

Uniform (case Il)
160

n
I
I

V_[V]

n

J_[mAlcm?]

p_[10° Wim?]

n

rcm] r[cm]

Fig. 23. Radial distributions of the harmonic voltage V,, (top row), the har-
monic current density J;, (middle row), and the harmonic electron power
absorption density p, (bottom row) for the non-uniform (left column) and
uniform (right column) plasma density profiles. Note that the dashed black
lines in (e) and (f) present the radial profiles of the total electron power
absorption density pe. The colored numbers in each panel indicate the har-
monic order n.!16%]

5.3. Methods to optimize the plasma uniformity

Due to continuous growth in both the driving frequency
and the wafer size, plasma non-uniformities caused by the
standing wave effect have become a major challenge in the
material etching and film deposition processes. To optimize
the plasma uniformity, several methods have been put for-
ward, such as the use of specially shaped electrodes,[!93-167]
phase-shift control,[168-1701 the use of the dual-frequency or
multi-frequency source, 133138 1391711721 discharge symmetry

1L 1173,174] ogc

contro

The use of specially shaped electrodes, e.g., Gaussian-
shaped electrode, stepped electrode, multi-electrode, graded
conductivity and segmented electrodes, etc., has proven to be
effective methods to improve the plasma uniformity in the

163-167] By applying two RF sources

semiconductor industries.|
with the same excitation frequency on separate electrodes, it

was shown that plasma uniformity can be optimized by tuning
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the phase shift between two sources over a wide range of dis-
charge parameters.[!%8-1701 This is the so-called “phase-shift

control” method. Besides, the dual-frequency!!3813%171.172]

1331 source can be used as an alterna-

or multi-frequency!
tive way to optimize the plasma uniformity. By using a
two-dimensional plasma model, Bera et al.l'’!l found that
the plasma distribution can be effectively controlled by mix-
ing VHF source powers at 60 MHz and 180 MHz. Also,
it was demonstrated experimentally that in a dual-frequency
90 MHz/180 MHz discharge, the radial profile of plasma den-
sity could be controlled and optimized by adjusting the ampli-
tude ratio of the low-frequency to high-frequency voltage.!!33]
By introducing a low-frequency (2-8 MHz) source to a VHF
(100 MHz) CCP, Zhao et al.''*! investigated the dependence
of the radial profile of plasma density on the low-frequency
source for two typical cases, i.e., the two RF sources applied
on one electrode (case 1) and separate electrodes (case II). For
case I, it was demonstrated that the SWE could be suppressed
by the strong modulation dominated by the low-frequency
source, and consequently, the plasma uniformity was im-
proved (see Fig. 24(a)). The modulation effect was observed
to become stronger with increasing the low-frequency voltage
or decreasing the low-frequency. For case II, it was shown
that the center-high density profile dominated by the SWE can
be compensated by the electrostatic edge effect dominated by
the low-frequency, the latter of which tended to be enhanced
by increasing the low-frequency (see Fig. 24(b)). The method
to optimize the plasma uniformity by balancing the SWE with
the edge effect was also examined recently by Han ez al.!'7?) in
a larger CCP reactor with 450 mm diameter electrodes. Using
a fast 2D axisymmetric fluid-analytical plasma reactor model,
Kawamura e al.['33] studied the electromagnetic effects in
multi-frequency (2 MHz/60 MHz/162 MHz) CCP in argon.
A significant SWE characterized by a plasma density peak at
the center was observed at 162 MHz. Besides, the plasma uni-
formity can be improved by adding 2 MHz power source to
a 60 MHz discharge or adding a 162 MHz source to a dual-
frequency 2 MHz/60 MHz discharge.

The plasma uniformity can also be tuned by
adjusting the discharge asymmetry, which can be
formed either geometrically,!!'’>-1771  electrically,!!73-181]

or magnetically.['8>-1851 In a large-area, dual-frequency

(40.68 MHz/81.36MHz) CCP in hydrogen, Schiingel et
al.'"811 demonstrated that the lateral inhomogeneities caused
by SWEs can be mitigated by changing the discharge symme-
try via the electrical asymmetry effect (EAE), i.e., by tuning
the phase shift between the two applied frequencies. How-
ever, the underlying mechanism of the influence of discharge

symmetry on the nonlinear harmonics and standing waves

was not clarified. To this end, Zhao et al.ll74 experimen-
tally investigate the influence of the EAE on the nonlinear
standing waves induced by the PSR-enhanced harmonics in a
geometrically asymmetric, capacitive argon discharge driven
by two consecutive harmonics (30 MHz and 60 MHz) with an
adjustable phase shift. To bring the effects of nonlinear har-
monic excitations on the plasma uniformity into clear focus,
a hairpin probe was used to determine the radial distribution
of the electron density while a high-frequency magnetic probe
was used to measure the radial distributions of the harmonic
magnetic field and harmonic current density (see Fig. 25). It
was found that the geometrical asymmetry of the discharge
can be compensated electrically via the EAE and, thereby,
the DC self-bias and the discharge symmetry can be adjusted
accordingly. Since the nonlinear PSR oscillations and the har-
monic excitations are sensitive to the discharge asymmetry,
the nonlinear standing wave can be suppressed by adjusting
the symmetry of the discharge, thus resulting in an improved

plasma uniformity.
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Fig. 24. The effects of low-frequency voltage ¢, (a) and low-frequency fi,
(b) on the radial profile of the plasma density along the midplane between
two electrodes in dual-frequency CCPs. In (a), both the high-frequency
(100 MHz, 50 V) and low-frequency (4 MHz, 0-300 V) sources were ap-
plied on the bottom electrode (case I), and the gas pressure was 8 Pa. In
(b), the high-frequency (100 MHz, 50 V) source was applied on the bottom
electrode while the low-frequency (2-8 MHz, 300 V) source was applied on
the top electrode (case II), and the gas pressure was 20 Pa.!13]
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Fig. 25. The influence of the electrical asymmetry effect on the nonlinear standing waves excited by the PSR-enhanced higher harmonics in a geometri-
cally asymmetric, low pressure CCP reactor driven by two high frequency sources (30 MHz and 60 MHz) with an adjustable relative phase shift, 6. The
first and second rows show, respectively, radial distributions of the harmonic magnetic field and the harmonic current density at different 6: 6 = 0° (left

column), 8 = 45° (middle column), and 8 = 90° (right column). The numbers indicate the harmonic orders in each pane

6. Conclusions and outlook

In this paper, we review the research progress on several
topics that have been achieved in RF plasma field over the past
several decades. The topics, electron heating and plasma op-
eration mode, are of the fundamental issues, and the relevant
investigations are expected to provide the basis for understand-
ing the dependence of macroscopic plasma parameters on ex-
ternal control parameters, as any change in the plasma param-
eter (e.g., electron density, temperature) is the reflection of
microscopic electron dynamics. Especially, the fundamental
study makes it possible to realize a knowledge-based control
and optimization of plasma parameters, e.g., concentrations
of charged particles and radicals, ion energy distribution, etc.,
which are favorable for practical plasma-based material pro-
cessing.

The continuously developing semiconductor and pho-
tovoltaic technology sets even higher requirements for RF
plasma sources, and apparently, improving the controlling
level of plasma parameters becomes increasingly important.
To this end, some new electrical control techniques of plasma
sources have been developed, such as pulse modulation of RF
power, and multi-frequency excitation of plasma, which have
been widely adopted in etching processing of today’s semi-
conductor manufacturing. Last decade, researchers proposed
a promising concept of electrical control, i.e., voltage wave-
form tailoring (VWT), which allows to realize a high-quality
independent control of the ion energy and flux on the sub-
strate. So far, most of the investigations, however, are all about
the axial profile of plasma parameters between two electrodes,
which restricts utilization and popularization of this technique.

1 [174]

Particularly, some new knotty problems might arise when the
VWT technique is applied in a 300 mm-diameter electrode
CCP, e.g., plasma uniformity issue, geometrical asymmetry
effect, etc. So, extended study towards the radial profile of
plasma parameters under the VWT excitation is of practical
importance.

The other two topics reviewed in this article, i.e., pulse
modulated plasma, electromagnetic effects, have been mostly
studied separately. Specifically, in previous studies of pulsed
plasmas researchers have been concerning more about the fun-
damental process, and thus, the 1D profile of plasma parame-
ters has been more emphasized. While on the study of electro-
magnetic effects, more attention has been paid to the plasma
radial profile in continuous-wave discharge. In current etch-
ing processing for semiconductor manufacturing, the plasma
source is usually driven by a VHF power supply, which is fre-
quently pulse-modulated. However, there is very few relevant
investigations neither in experiment, nor in simulation. The
plasma uniformity has become an urgent problem when the
electromagnetic effect is combined with pulse modulation of
RF power, and thereby, should be addressed in the immediate
future.

Methodologically, advanced numerical methods, theoret-
ical model, as well as experimental diagnostic are also es-
sential and should be developed to better serve for these in-
vestigations. For example, the commonly-used electrostatic
PIC/MCC model should consider the motion of charged par-
ticles in electromagnetic field by solving Maxwell’s equations
to address the electromagnetic wave propagation problem in
VHF CCP. In experiment, some advanced diagnostic tools,
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e.g.,

high-frequency magnetic probe and advanced spectro-

scopic technology, are indispensable, whose results, on the

other hand, can be used to validate the simulation results.

In general, the fundamental study of RF plasmas should

be geared to the needs of practical industrial application. The

selection of research topics should be motivated by the issues

encountered in industrial applications.
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