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Abstract
The etching of nanometer scale high-aspect-ratio (HAR) features into dielectric materials in
low pressure radio frequency excited plasmas is often accompanied by charge accumulation
inside the features which can slow etching rates and produce distortions such as twisting. The
intra-feature charging is at least partially produced by differences in electron and ion energy
and angular distributions (EADs). Positive ions, accelerated to high energies having narrow
angular spreads by the sheath electric field, can penetrate deeply into HAR features. Electrons
typically arrive at the wafer with nearly thermal and isotropic distributions and do not
penetrate deeply into HAR features. These disparities lead to differential charging of the inside
of the feature, which can lead to reductions in etch rate and feature distortion due to ion
deflection. With increasing aspect ratio of features, charging challenges are expected to
continue for the foreseeable future. In this work, the use of tailored voltage waveforms in
geometrically asymmetric capacitively coupled plasmas sustained in Ar/O2 at 40 mTorr was
computationally investigated with the goal of shaping the EAD of electrons incident onto the
substrate to address differential charging. The tailored waveform consisted of a sinusoidal
wave and its higher harmonics with a fundamental frequency of 1 MHz. We found that electric
field reversals (EFRs) in the sheath and presheath can occur during the anodic portion of the
cycle. The EFR increases the energy and decreases the angular spread of electrons incident
onto the substrate. The magnitude of the EFR can be controlled by the phase angle of the even
harmonics and the gas composition. Due to its electronegative nature, increasing mole
fractions of O2 impedes electron transport to the surface which further increases the EFR.
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1. Introduction

Plasma etching of dielectrics such as SiO2 and Si3N4 is an
integral process in nearly all micro- and nanometer scale
electronics fabrication [1]. The etching of high aspect ratio
(HAR) features is becoming an increasingly critical process
due to the development of three-dimensional structures such
as 3D-NAND memory which requires contact holes through
more than 256 alternating layers of SiO2 and Si3N4 with a
total aspect ratio of up to 100 [2, 3]. Plasma etching of HAR
features requires ions having highly anisotropic velocity distri-
butions incident onto the wafer which arrive with a near normal
angle. This anisotropy is a consequence of acceleration of posi-
tive ions by the electric field in the sheath bounding the wafer.
The majority of HAR etching of dielectrics is performed in
capacitively coupled plasmas (CCPs) sustained in fluorocar-
bon gas mixtures, often using multiple radio frequency (RF)
power supplies [4, 5]. Typical operating conditions are tens of
mTorr gas pressure with hundreds of watts to many kW power
deposition over a 30 cm diameter wafer [4]. These conditions
produce ion fluxes to the wafer of 1015–1016 cm−2 s−1 [6]. To
enable these ion fluxes (or hot neutral fluxes after ion scattering
from sidewalls) to reach the bottom of HAR features with suf-
ficient energy and narrow angular distribution to continue the
etch, applied voltages to the substrate are as high as 5 kV while
endeavouring to minimize ion collisions inside the sheath [7].

The electric field in the sheath above the wafer points
towards the wafer surface during the majority of the RF cycle,
accelerating positive ions to high energies and narrow angu-
lar spreads. This same electric field confines electrons to the
bulk plasma. It is only during a small fraction of the RF cycle
at which time the sheath collapses that electron flux from the
bulk plasma reaches the wafer. The highly anisotropic, near
normal, high energy ions can penetrate deeply into HAR fea-
tures whereas the electrons typically have nearly thermal and
angularly broad distributions onto the wafer [1]. When etch-
ing dielectric (or low conductivity materials), these condi-
tions result in the lower echelons of the feature being charged
positively and the upper echelons being charged negatively
[8, 9]. This differential charging generates electric field com-
ponents within the feature [8–10]. The intra-feature electric
fields can deviate ion trajectories from the vertical which can
then lead to undesired consequences including a reduction of
the ion flux at the bottom of the feature and reduction in etch
rate [11], and profile distortion such as notching, twisting and
bowing [8–15].

Several remedies have been investigated to minimize dif-
ferential charging, including operation with ever higher ion
energies to minimize the effects of ion deflection. However,
this approach must overcome several challenges. Increasing
the ion energy increases the power density at the wafer surface,
leading to wafer heating which, unchecked, can stress the ther-
mal budget of the process [4]. In high volume manufacturing
(HVM) additional wafer cooling is applied. While this strat-
egy has been very successful it adds technological complexity
to the etch system and is ultimately subject to diminishing
returns due to the limited heat transport of coolants and the
wafer itself.

Another challenge is that the sheath thickness is a function
of the sheath voltage and, by extension, is a function of the
CCP power. If the source power and plasma density are rela-
tively constant, increasing the incident ion energy by increas-
ing the applied bias voltage will ultimately lead to a thicker
and more collisional sheath. The more collisional sheath will
produce a lower energy and broader angular distribution of
the incident ion flux. The higher ion energies are also incident
onto the photoresist or other hard masking materials, result-
ing in higher physical sputtering rates, which then decrease
the selectivity of the dielectric etch with respect to the mask.
Maintaining high selectivity is critical during the typically long
etch times required for HAR features [16].

Another approach to mediating differential charging is
to produce enhanced fluxes of negative charge carriers into
the feature. Once such method utilizes power-pulsing to
generate an ion–ion plasma during the inter-pulse period.
Acceleration of negative ions into the feature during the inter-
pulse period helps alleviate positive charging [17]. This tech-
nique is challenged by the difficulty of sustaining a thin sheath
during the low-plasma density afterglow, and so the ion accel-
eration through the sheath is collisional. Another technique
utilizes a negative DC bias on the top electrode to generate
an electron-beam-like flux of electrons into the feature [1].

In a CCP of the type used for plasma etching of dielectrics
in microelectronics fabrication (pressures of tens of mTorr, fre-
quencies of 1–100 MHz), the net charged flux to dielectric
surfaces in contact with the plasma must sum to zero over the
RF cycle in the steady state,

∫ T

0
(Γe(t) − Γi(t)) dt = 0. (1)

where T is the RF period. Γe(t) and Γi(t) are the time depen-
dent fluxes to the surface of electrons and positive ions,
acknowledging that the flux of negative ions is negligible in
the absence of pulsing. The electric field in the sheath and
presheath usually point towards surfaces to accelerate ions
out of the plasma and confine electrons. It is only during
a small portion of the anodic part of the RF cycle that the
sheath voltage decreases sufficiently to enable electrons to
reach the substrate. These electrons arrive at the substrate with
largely thermal, isotropic velocity distributions. Voltage wave-
form tailoring (VWT) is technique that is able to generate
directional (anisotropic), high energy electron fluxes onto the
substrate through promoting an electric field reversal (EFR)
in the presheath above the substrate [18, 19]. EFR refers to
the electric field in the presheath pointing into the plasma,
as opposed to pointing towards the surface. In VWT, a non-
sinusoidal voltage is applied to the substrate, typically using
several harmonics of a fundamental frequency [18]. EFR in the
presheath ultimately results from the requirement that the time
average of positive and negative fluxes to the substrate must
balance. Only during the sheath collapse during the anodic part
of the cycle are electrons able to diffuse to the surface. Under
certain conditions, this diffusive electron transport may not be
sufficient to satisfy the local charge balance. This lack of abil-
ity for diffusive electrons to reach the surface in sufficient num-
bers may be due to short sheath collapse times, thick sheaths,
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or magnetically or collisionally hindered transport. For these
conditions, negative space charge in the presheath produces an
EFR, which slows the transport of ions and speeds the trans-
port of electrons towards the wafer. EFR has been observed
computationally as well as experimentally [18–21].

With its ability to produce anisotropic energy and angu-
lar distributions (EADs) of electrons onto the substrate which
should penetrate deeply into HAR features, EFR produced by
VWT has been proposed as a (partial) remedy for charging
inside HAR features [18]. In principle, if the flux of positive
ions and negative electrons that penetrate deeply into features
can be balanced, the detrimental effects of intra-feature charg-
ing can be minimized. Since the production of EFR requires
manipulating the sheath potential during the RF cycle, the ion
EADs are also affected, and so independent control of the
EADs of both electrons and ions is a challenge.

The dynamics of VWT, and EFR in particular, are sensitive
to the geometry of the plasma reactor and the electronegativity
of the plasma. (Electronegativity refers to the ratio of negative
ions to electrons. Highly electronegative plasmas have a large
ratio of negative ions to electrons, while the RF cycle averaged
plasma potential and floating potential are still positive.) For
example, one of the features of VWT is the electrical asym-
metry effect (EAE) in which the DC bias in a symmetric CCP
can be controlled by the amplitude and phase of the harmon-
ics used in the bias waveform [22–26]. The plasma reactors
used in HVM are typically geometrically asymmetric and pro-
duce a negative DC bias on the substrate on this basis alone.
The VWT produced EAE then competes with or adds to the
geometrically produced DC bias. This competition leads to an
increase or decrease of the total DC bias, based on the polar-
ity of the electrically induced asymmetry [27]. Electronega-
tive plasmas further complicate the VWT produced EAE and
EFR as space charge is at least partially maintained by far less
mobile negative ions compared to electrons [28, 29].

In this paper we discuss results from a computational inves-
tigation of EFR in electronegative CCPs sustained in Ar/O2

mixtures in a plasma reactor similar to those used in HVM. In
these simulations, the power deposition is held constant as fre-
quency content is varied to acknowledge that in HVM, power
(and not voltage) is usually what is controlled in HAR etching.
The consequences of EFR on the EADs of ions and electrons
onto the wafer surface are discussed. We found that the conse-
quences of VWT are not limited to electron dynamics but also
affect the EADs of ions mainly through the EAE and the result-
ing change in the DC self-bias. The observed EFR is almost
entirely due to the inertia limited lack of electron conduction
current and the decrease in sheath collapse time.

The computational platform used in this investigation, the
Hybrid Plasma Equipment Model (HPEM) and the reactor
conditions are discussed in section 2. The outcome of the
investigation for the Ar-only base case is discussed in section 3
with a focus on the influence of the phase angle ϕ of the
harmonic components of the waveform. In section 4 the
influence on EFR with oxygen, an electronegative species,
added to the gas mixture is discussed. Concluding remarks are
in section 5.

2. Description of the model

This investigation was performed using the HPEM, which
is described in detail in reference [30]. In short, the HPEM
is a two-dimensional plasma hydrodynamics model which
resolves plasma phenomena in a time-slicing approach. Dif-
ferent physics regimes are addressed in various modules that
are coupled by exchanging physical quantities—electric and
magnetic fields, densities, rate coefficients. The major mod-
ules used in this work are the Fluid Kinetics-Poisson Mod-
ule (FKPM), the Electron Energy Transport Module (EETM),
and the Plasma Chemistry Monte Carlo Module (PCMCM). In
the FKPM, the continuity, momentum, and energy equations
of the heavy particles are solved coincidently with Poisson’s
equation to provide heavy particle densities and electrostatic
potential. In the EETM, electron energy distributions (EEDs)
as a function of position are obtained using a kinetic, Monte
Carlo simulation based on the space and phase resolved elec-
tric fields produced in the FKPM. In the EETM the EAD of
electrons striking the substrate are recorded. Using the EEDs
in the bulk plasma, electron transport and rate coefficients are
computed which are transferred to the other modules. After the
plasma reaches a quasi-steady state the PCMCM, using Monte
Carlo techniques, tracks the trajectories of ions and reactive
neutral species. EADs of these species are recorded imping-
ing onto the wafer. The reaction mechanism used for pure Ar
plasmas is the same as that described in reference [31]. The
mechanism for Ar/O2 plasmas is a subset of that described
in reference [32] which involves only Ar and O containing
species. The mechanism for reactions between only O, O2 and
its excited and ion species is described in reference [33]. To
decrease computational cost, excited states for O and O2 were
lumped into a single state for each species.

A schematic of the cylindrically symmetric CCP reactor
used in this investigation is shown in figure 1(a)) The reac-
tor, modelled after multi-frequency CCPs used in in industrial
etch applications, consists of two parallel plate electrodes with
a diameter of 300 mm separated by a 2.8 cm gap. The top elec-
trode also serves as a showerhead gas inlet. A 0.7 mm thick
silicon wafer is mounted on the bottom electrode. A focus ring
made of silicon and quartz to improve discharge uniformity
surrounds the wafer. The dielectric constants of these compo-
nents are ε/ε0 = 4 for the outer quartz ring and ε/ε0 = 11.8
for the Si ring. While the conductivity of the quartz is neg-
ligible, that of the Si wafer is 0.05 Ω−1 cm. The feedstock
gas is a mixture of Ar and O2 flowing at 500 sccm through
the top electrode, with oxygen fractions of 0% to 50%. The
reactor pressure is held constant at 40 mTorr at the location of
the pressure sensor near the pump port. This is accomplished
by throttling the rate of pumping. Secondary electron emis-
sion due to ion bombardment of surfaces is included with a
coefficient of 0.15.

The wafer is naturally included in the self-consistent elec-
tric potential and current calculations by specifying its permit-
tivity and conductivity, whose values are adjusted in the model
to accurately represent the actual thickness of the wafer. The
conductivity of the wafer is large enough that the voltage drop
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Figure 1. Geometry and circuit used in the model. (a) Schematic
of the dual frequency CCP reactor used in this investigation.
(b) Equivalent circuit diagram of the reactor. Source power at
80 MHz is applied to the top electrode. The 1 MHz tailored
waveform is applied to the bottom electrode.

across the wafer is only a few volts, and does not meaningfully
affect the DC bias.

A general electric circuit diagram is shown in figure 1(b).
The VWT power supply is connected to the bottom elec-
trode through a blocking capacitor CB of 500 nF. A sec-
ond high frequency power supply is connected to the top
electrode. In principle, in the quasi-steady state, the DC
bias should be independent of the value of the block-
ing capacitor provided that the RC time constant of the
plasma–capacitor series impedance is large compared to tran-
sients in current. The capacitance used here is a balance
of there being an acceptably short charging time and long
enough RC time constant so that there is little variation
in the DC bias during the RF cycle. It may appear in the
reactor schematic that the high frequency electrode is touch-
ing a grounded metal. Computationally, a zero-conductivity
dielectric lies between the two metal materials. As a result,
only displacement current flows between the metals that are
separated by what appears to be a perfect capacitor. This is
analogous to a dark-space shield. Averaged over a RF cycle,
there is no net power transfer nor net current passing between
the two metals.

To maintain a relatively constant plasma density, 100 W of
power is coupled into the discharge through the top electrode
using a sinusoidal voltage Vhf with a frequency of 80 MHz.
To control the dynamics of charged particles impinging on the
wafer surface, a customized voltage waveform, V(t), is applied
to the bottom electrode. The waveform consists of a fundamen-
tal sine wave with a frequency f0 = 1 MHz and 4 consecutive
higher harmonics:

V(t) = V0

N∑
i=1

N − k + 1
N(N + k)

cos(2kπ f 0t + kπϕk). (2)

Here, V0 is the total applied voltage amplitude, k is the
harmonic order, N is the total number of frequencies, and the
relative phase shift of each harmonic frequency k is ϕk. In this
work the number of harmonics is N = 5, and the consequences
of VWT are studied by varying the phase shift of the even har-
monics ϕ for k = 2, 4. The power coupled through the bottom
electrode was held constant at 1 kW by adjusting V0.

3. The Ar base case

The DC self-bias, Vdc, is a major factor governing charged par-
ticle dynamics in the plasma sheath. In conventional CCPs, the
DC bias is a function of the applied voltage, reactor geome-
try and gas composition (especially electronegativity) [22, 29].
The DC bias is also a function of the shape of the applied wave-
form through the generation of the EAE [34–36]. Given these
dependencies, the DC self-bias can be expressed as

Vdc = −Vmax + εVmin

1 + ε
, (3)

where Vmax and Vmin are the maximum and minimum of the
applied voltage. ε is the discharge symmetry parameter given
by

ε =

(
Ap

Ag

)2 nsp

nsg

Isg

Isp
, (4)

where the areas of the powered and ground electrodes are Ap

and Ag and the mean ion densities at the sheaths at the pow-
ered and grounded surfaces are nsp and nsg. Isp and Isg are the
sheath integrals, described in prior publications on the origin
of the EAE [23]. In short, the sheath integrals are dimension-
less quantities that depend only on the normalized profile of
the sheath charge density. This formulation does not specifi-
cally account for the presence of a second powered electrode.
However, due to the higher frequency and lower power, the
voltage amplitude applied to the top electrode is smaller than
that applied to the lower electrode, and sinusoidal voltages
alone do not induce an EAE. For example, for the argon only,
40 mTorr base case with ϕ = 0◦, the amplitude of the high
frequency voltage, Vhf, on the top electrode to deliver 100 W
is 47.4 V. The amplitude of the low frequency voltage, V0, to
deliver 1 kW is 1296 V.

Vhf and V0 are shown in figure 2(a) as a function of the
phase angle ϕ. The voltage waveforms for these cases are
shown in figure 3(d) for phase shifts of ϕ = 0◦, 45◦, 90◦, 135◦

and 180◦. The high frequency power is constant at 100 W.
Since the phase shift only applies to the tailored waveform
on the bottom electrode and the plasma density remains fairly
constant, Vhf also remains relatively constant for all ϕ, varying
by less than 10%. Even with the low frequency power being
constant at 1 kW, due to the changes to the electron dynamics
in the sheath region, there is some variation in V0, increasing
from 1296 V to 1650 V or about 27%.

The DC self-bias as a function of the phase angle ϕ is
shown in figure 2(b) for the argon base case conditions. The
decrease in the magnitude of the DC self-biases (becoming
less negative) with increasing phase angle ϕ can be directly
attributed to the EAE. At ϕ= 0◦ with |Vmax| > |Vmin| the elec-
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Figure 2. Plasma properties as a function of phase angle ϕ for the
pure argon plasma with a constant high frequency power of 100 W
and constant bias power of 1 kW. (a) Applied voltage amplitudes for
the high frequency source (Vhf) and amplitude of the low frequency
bias (V0). top and bottom electrode. (b) DC self-bias.

trical asymmetry of the applied voltage is at its maximum,
and the contribution of the EAE to the DC bias is most neg-
ative. (The voltage waveforms for different phase angles are
shown in figure 3(d).) The asymmetry is zero when ϕ = 90◦

with |Vmax| = |Vmin| where the contribution of the EAE to
the dc bias is also zero. The asymmetry is at its minimum at
ϕ= 180◦ with |Vmax| < |Vmin|, at which point the contribution
of the EAE to the DC bias is most positive.

The axial components of the electric field between the two
electrodes, Ez(z, t), radially averaged across the wafer, are
shown in figure 3(a) for phase shifts of ϕ = 0◦, 45◦, 90◦, 135◦

and 180◦. The electric fields are plotted as a function of time
during a single 1 MHz cycle. The dotted line in the images is
the Ez(z, t) = 0 contour. The respective voltage waveforms are
shown in figure 3(d).

In plasmas which do not have EFR, Ez(z, t) in the sheath
at the bottom electrode will point towards the electrode at all
times, which corresponds to a negative value of Ez in these
images. However, even with pure argon, there can be an EFR at
the peak of the positive excursion of the applied voltage wave-
form. Withϕ= 0◦ the EFR occurs during the sheath collapse at

around 0.5 μs when the applied voltage is at its maximum pos-
itive value and a positive electric field component (pointing in
+z direction) occurs. This EFR results, in part, from the short
duration of the positive voltage excursion of the waveform.
During more than 80% of the RF cycle, the applied voltage is
negative, with there being less than 20% of the RF cycle being
amenable to electron collection. Given that the electrons are
mostly thermal, diffusion alone would not provide sufficient
current to the wafer to balance the ion current during this short
period. An additional drift component is required, which for
electrons requires a net electric field pointing upwards (pos-
itively), away from the electrode. The reversal in the electric
field provides additional electron acceleration to overcome the
confining potential and inertial effects to enable the charge and
current balance conditions. The generation of the EFR is a nat-
ural outcome of the calculation due to solution of Poisson’s
equation and the charge transport equations.

The densities of Ar+ and electrons as a function of height
averaged across the wafer are shown in the figures 3(b)
and (c) as a function of time and for different values of ϕ.
Maximum ion densities increase from 2.8 ×1010 cm−3 for
ϕ= 0◦ to 6.9 ×1010 cm−3 for ϕ= 180◦. Recall that the power
deposition at both frequencies is being held constant. With a
decrease in the magnitude of Vdc (less negative) with increas-
ing ϕ (see figure 2), less fractional power is dissipated by ion
acceleration through the sheath. The response of the system
is to increase V0 and Vhf (the latter being a small increase) to
increase plasma density to maintain a constant power. In spite
of its large mass, there is a small response of the Ar+ den-
sity profile to the sheath dynamics, with ions being accelerated
into the lower sheath during the local maxima of the cathodic
portion of the low frequency RF cycle. Ions are accelerated
into the upper sheath during the local maxima of the anodic
cycle. These responses are afforded, in part, by the low fun-
damental frequency of 1 MHz. Such responses would not be
expected, for example, at 13.56 MHz. In contrast, the spatial
distribution of electron density in the sheaths is strongly mod-
ulated during both the RF cycle and with different values of ϕ.
Electrons are excluded from the lower sheath during the local
maxima of the cathodic portion of the low frequency RF cycle
and excluded from the upper sheath during local maxima of
the anodic portion of the cycle.

A phase angle of ϕ = 0◦ produces the ‘peak’ waveform
(figure 3(d), left-most sub-image) which approximates a delta
function for higher harmonic orders (N→∞). As such, it cre-
ates the shortest period of sheath collapse having the largest
time derivate in electric field (dEz/dt), both of which favour
EFR. With larger phase angles, this abrupt sheath collapse
becomes more gradual and longer, providing electrons with
more time to diffuse to the surface, which reduces the need
for EFR to balance current. With ϕ = 180◦, the voltage wave-
form resembles the ‘valley’ waveform (figures 3(d), right-most
sub-image) which results in a plasma sheath that is at its min-
imum voltage and width most of the period—the opposite of
the ϕ = 0 waveform. This change in ϕ from 0 to 180◦ pro-
duces a decrease of the EFR, with nearly its elimination for
ϕ = 180◦. A portion of this reduction (and eventual elimi-
nation) of the EFR with increasing phase angle is due to the
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Figure 3. Plasma properties for the pure argon plasma averaged across the wafer as a function of height above the wafer and time during the
low frequency, 1 MHz cycle. Values are shown (left-to-right) for phase angles of ϕ= 0, 45, 90, 135, 180◦. (a) Axial component of the electric
field, (b) Ar+ density, (c) electron density and (d) applied voltage waveform on the substrate. The Ar+ and electron densities are plotted on a
log-scale spanning 2 decades with the maximum value noted in each image.
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Figure 4. Properties of electrons incident onto the wafer for the
pure argon plasma. (a) Electron EADs for different phase angles
plotted on a log-scale spanning 2 decades. (b) Mean electron energy
and mean electron angle of incidence as a function of phase angle.

decrease of the magnitude of the DC self-bias (less negative)
which reduces electron repulsion from the sheath. Although
the instantaneous electron diffusion flux from the bulk plasma
may appear to be sufficient to balance current, that flux is
actually limited by the ambipolar-like electric fields in the
presheath and by the finite time required for electrons to cross
the sheath. The secondary electrons emitted from the surface
generate a net positive current into the wafer when the sheath
expands, increasing the requirements to balance current by the
bulk electrons during sheath collapse.

The EADs of electrons incident onto the wafer for the
pure argon plasma for different phase angles ϕ are shown
in figure 4(a). The mean electron energy and angle of inci-
dence are shown in figure 4(b) as a function of phase angle.
The trends in the maximum strength of the EFR translate
to the EADs. The electron temperature in the bulk plasma

Figure 5. Spatially averaged densities of Ar+, e−, O2
+ and O−, and

electronegativity of Ar/O2 plasmas as a function of the O2 mole
fraction with a phase angle of ϕ = 0◦.

is 3.1–3.3 eV, which is approximately the temperature of
the electrons incident onto the wafer for ϕ = 180◦ which
has the minimum EFR. This similarity, including the broad
angular distribution, indicates that the electrons are simply
diffusing into the sheath with there being little drift compo-
nent. With decreasing ϕ, conditions which increase the EFR,
there is an increase in directional electron acceleration onto
the wafer. With decreasing phase angle the EADs increase in
energy while becoming more narrow in angle. As the phase
angle decreases from 180◦ to 0◦, the mean energy of electrons
incident onto the wafer increases from 7.1 eV to 17.3 eV, while
the mean angle of incidence decreases from 26.8◦ to 15.1◦.
These results suggest that high fluxes of directional electrons
onto the substrate can be generated by EFR.

4. EFR with Ar/O2 gas mixtures

The addition of oxygen to the argon gas mixture enables the
generation of negative ions and the transition of the electropos-
itive Ar discharge to an electronegative plasma. The densities
of Ar+, O2

+, O− and electrons, as well as the discharge elec-
tronegativity are shown in figure 5 as a function of the O2 mole
fraction in the inlet flow for otherwise the base-case condi-
tions with ϕ = 0◦. The electronegativity is the ratio of den-
sities of [O−]/[e]. Through dominantly dissociative electron
attachment of O2 to form O−, the electron density decreases
with increasing O2 inflow while that of O− increases. At 50%
O2, the total negative charge in the plasma bulk is nearly
equally due to O− and electrons. The total positive ion density
decreases from 2 × 1010 cm−3, for the pure Ar discharge to 1.4
× 1010 cm−3 at 50% O2, a consequence of more power being
dissipated in non-ionizing collisions with the increase in O2

mole fraction. The total discharge electronegativity increases
from to 1.05 at 50% O2.

Due to the change in electron density and the subsequent
changes in power deposition, the DC self-bias is a sensitive
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Figure 6. Plasma properties as a function of phase shift ϕ for
different Ar/O2 ratios when keeping source and bias powers
constant. (a) DC self-bias produced on the powered substrate.
(b) Applied voltage amplitude V0.

function of the Ar/O2 ratio. Vdc as a function of the voltage
phase angle ϕ for Ar/O2 ratios of 100/0, 90/10, 75/25 and
50/50 is shown in figure 6(a). The general trend of decreasing
magnitude of Vdc (less negative) with increasing phase angle
ϕ occurs for all gas mixtures. This trend is a result of the EAE.

A second major trend is an increase of the magnitude of Vdc

(more negative) with increasing O2 mole fraction. Due to the
electronegativity of O2 containing plasmas and dissipation of
power in non-ionizing collisions with O2, increasing the mole
fraction of O2 requires higher applied voltages to maintain a
constant power deposition. The total voltage amplitude V0 as
a function of the phase angle ϕ for different Ar/O2 ratios is
shown in figure 6(b). At ϕ = 0◦, V0 increases by approxi-
mately 18% from 1300 V with Ar/O2 = 100/0 to 1545 V at
Ar/O2 = 50/50. For a given electrical or geometrical asymme-
try Vdc is proportional to V0, and so on this basis alone, the
magnitude of the Vdc should increase (become more negative)
with increasing O2 mole fraction.

The axial component of the electric field between the two
electrodes, Ez(z, t), radially averaged across the wafer is shown
in figure 7. Each column represents a constant phase angle
with ϕ = 0◦, 45◦, 90◦, 135◦ and 180◦. Each row in turn has
results for constant ratio of Ar/O2 and varying phase angle for
Ar/O2 = 100/0 (figure 7(a)) and 90/10 (figure 7(b)) and 75/25

(figure 7(c)) and 50/50 (figure 7(d)). The voltage waveforms
are shown in the bottom row (figure 7(e)). The dotted line in
the images is the Ez(z, t) = 0 contour.

The magnitude of the EFR increases with increasing
oxygen mole fraction for all phase angles ϕ. The EFR
has a peak magnitude of 47 V cm−1 (E/N = 3650 Td,
1 Td = 10−17 V cm2) in the absence of oxygen forϕ= 0, and a
peak value of 94 V cm−1 (7300 Td) with Ar/O2 = 50/50 while
the EFR extends deeper into the plasma. In pure argon, the
sheath thickness during the cathodic phase is 9.5 mm and the
extent of the EFR from the substrate during the anodic phase
is 6 mm. For Ar/O2 = 50/50, the sheath thickness is 15 mm
and the extent of the EFR is 12 mm. Due to the lower applied
sinusoidal voltage no significant EFR occurs at the top elec-
trode. In general, EFR occurs when electron transport to the
surface has a limited time window during the anodic portion
of the RF cycle or is impeded by other means. Since mobility
μi is inversely proportional to mass and the generation of neg-
ative O− ions produces a decrease in the electron density, the
average mobility of negative charge carriers decreases. This
decrease in mobility then requires a larger extracting electric
field in the form of the EFR. With increase in O2 fraction from
zero to 50%, the electron density decreases to about 40% of
that in pure argon. With the sum of the positive ion fluxes
decreasing to 80% of their values with pure argon, the EFR
increases by a factor of 2 (47 V cm−1 to 94 V cm−1) to extract
the needed electron current.

As with the pure argon base cases, the magnitude of the
EFR decreases with increasing phase angle for all Ar/O2 gas
mixtures. The temporal modulation of the zero electric field
contour in the bulk plasma also varies with phase angle. This
modulation indicates that the effects of the VWT are not lim-
ited to the sheath, and could be responsible for a small mod-
ulation that occurs in electron temperature. To some degree,
this modulation is required by current continuity. Displace-
ment current through the sheath is proportional to dE/dt. This
displacement current which must be matched largely by con-
duction current in the bulk plasma. As dE/dt in the sheath
varies with phase angle, there must be variation in conduc-
tion current in the bulk plasma to provide current continuity.
The variation in conduction current in turn requires modulation
in the bulk electric field. The modulation of the Ez = 0 con-
tour is more pronounced with higher O2 mole fractions. These
trends indicate that the changes to the sheath potential structure
(leading to more displacement current) which increase with
the O2 content extend beyond the immediate sheath region to
modulate conduction current in the bulk plasma.

The time dependent densities of Ar+, O− and electrons are
shown in figure 8 for ϕ = 0◦ and Ar/O2 = 50/50. Due to their
low mobility and their being trapped in the positive plasma
potential, the O− ions (figure 8(b)) do not follow the modulated
sheath and are confined to the bulk plasma at all times. There is
some perturbation of the O− density at the peak of the cathodic
cycle at the top electrode, however the negative ions do not
significantly contribute to the transport of negative charge to
the surface. In contrast to the stationary O− density profiles,
the electron density profile, shown in figure 8(c), responds
quickly to the applied potential. The electrons are confined to

8
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Figure 7. Radial average of the vertical component of the electric field Ez as a function of time during a single 1 MHz cycle and distance from
bottom electrode different gas mixtures. Ar/O2 = (a) 100/0, (b) 90/10, (c) 75/25, (d) 50/50. (e) Normalized applied voltage V0. Results are
shown for phase shifts of (left-to-right columns) ϕ = 0, 45, 90, 135 and 180◦ The dotted line is for Ez = 0, the separation between negative
electric fields pointing down and positive pointing up.
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the plasma bulk during most of the RF period and only extend
to the surface at the time of sheath collapse at 0.5 μs. As a
result of this discrepancy in dynamic behaviour between elec-
trons and O−, increasing the mole fraction of O− in the system
effectively reduces the transport of negative charges to the sur-
face, thereby necessitating a larger EFR during the portion of
the RF cycle during which there is sheath collapse.

With an increase of the magnitude of the DC self-bias Vdc

and the applied voltage V0 with increasing O2 mole fraction,
the sheath potential and sheath width increase. The maximum
width of the sheath increases from approximately 9 mm for
pure argon to 15 mm for Ar/O2 = 50/50. This increase in
sheath width increases collisionality (reducing electron mobil-
ity) and increases the distance electrons need to traverse dur-
ing the sheath collapse in order to reach the surface. Both
effects limit electron transport and increase the need for and
magnitude of the EFR.

These two mechanisms (the reduction in the density of
mobile charge carriers by the increasing negative ion density
and the confinement of electrons by the applied tailored volt-
age waveform) at least partially add, thereby increasing the
magnitude and extent of spatial penetration of the EFR. Com-
paring the electric field configurations over the range of phase
angles reveals a strong dependence of the EFR on gas mix-
ture. With Ar/O2 = 50/50, the magnitude of the EFR decreases
with increasing phase angle—decreasing from 94 V cm−1 at
ϕ= 0◦ to 11 V cm−1 at ϕ= 180◦, a total change of 83 V cm−1.
For the same phase angle shift for the pure argon plasma, the
change in magnitude of the EFR is only 11 V cm−1.

The interaction between the two mechanisms producing
EFR also results in enhanced electron acceleration towards the
wafer. The electron EADs incident onto the wafer are shown
in figure 9 for ϕ = 0◦ (maximum EFR) and for ϕ = 180◦

(minimum EFR) for different Ar/O2 feedstock mixtures. With
ϕ = 180◦, the EFR is nominal, resulting in the electron EADs
being largely thermal with average energies <10 eV for bulk
electron temperatures of 3.2–3.5 eV. There is a small increase
in incident electron energy and narrowing of angular distribu-
tion for Ar/O2 = 50/50 where the magnitude of the EFR begins
to increase. With ϕ= 180◦ when most of the negative charge is
carried by heavy O− ions, electron transport is still sufficient to
balance positive ion transport due to the sheath being collapsed
during most of the RF cycle. There is little additional electron
acceleration by an EFR necessary to balance the positive ion
flux.

With ϕ = 0◦, the EFR is well established with peak mag-
nitudes reaching nearly 100 V cm−1 for Ar/O2 = 50/50. The
maximum electron energy incident onto the wafer extends
from 30 eV for pure argon to 100 eV for Ar/O2 = 50/50. The
angular distribution narrows from ±45 degrees for pure argon
to a ±20 degree spread for Ar/O2 = 50/50. The wide range
of electron energies, while the minimum energy is nearly con-
stant for oxygen containing mixtures, suggests that the electron
attracting sheath is the equivalent of the thin-sheath-limit for
accelerating ions into the electrode. That is, the electron tran-
sit time across the sheath is short compared to the RF period,
and so electrons are accelerated to the instantaneous sheath

Figure 8. Plasma properties for Ar/O2 = 50/50 and a phase shift of
ϕ = 0◦. (a) Radial average of the Ar+ density as a function of time
during a single 1 MHz RF cycle plotted on a log-scale over two-
decades. (b) O− density (log-scale, two-decades) and (c) electron
density (log-scale three-decades). The maximum density is noted in
each image. (d) Normalized voltage amplitude V0.
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Figure 9. Electron EADs incident onto the wafer surface for
different Ar/O2 ratios plotted on a log-scale over 2 decades with
phase shifts of (a) ϕ = 0◦ and (b) ϕ = 180◦. The EAD increases in
energy and narrows in angle with increasing O2 fraction, an effect
that is most prominent for (a) ϕ = 0◦.

potential. The lower energy component of the EAD is likely
sustained by continuing thermalization of electrons through
collisions inside the sheath.

The mean electron energies at the wafer surface as a func-
tion of the phase angle, ε (ϕ), for different Ar/O2 mixtures are
shown in figure 10(a). As with the EADs, the trends corre-
late with the magnitude and depth into the plasma of the EFR.
Mean energies for ϕ = 180◦ have a nominal dependence on
gas mixture, extending from 6.2 eV for pure argon to 9.7 eV
for Ar/O2 = 50/50. Although this is a change of a factor of
1.5, the absolute change is only 3.5 eV. Mean energies for
ϕ = 0◦ extend from 16.7 eV for pure argon to 57.7 eV for
Ar/O2 = 50/50, an increase by a factor of 3.4 and absolute
change of 41 eV. The same mechanisms producing an increase
in mean energy produces a decrease in the mean angle with
which electrons strike the wafer. These trends are shown in

Figure 10. Properties of the electron velocity distribution incident
onto the wafer for different Ar/O2 ratios as a function of phase shifts
ϕ. (a) Mean electron energy and (b) mean angle of incidence.
Decreasing phase angle increases the incident electron energy and
narrows the angular distribution, with the effect being most
prominent for large O2 mole fractions.

figure 10(b) as a function of the phase angle and gas mix-
ture. For a given Ar/O2 mixture, the mean angle increases with
increasingϕ. As with the mean energy, these changes are most
pronounced at the highest oxygen content. For Ar/O2 = 50/50
the mean angle increases from 6.4◦ at ϕ = 0◦ to 20.3◦ at ϕ =
180◦, a three-fold increase.

5. Concluding remarks

The use of VWT to generate and control EFRs during the
sheath collapse in low pressure capacitively coupled RF
plasmas sustained in Ar/O2 mixtures was computationally
investigated. The purpose of this investigation was to assess the
potential of this technique to accelerate electrons into sub-
micron HAR etch features to compensate positive surface
charging inside these structures. The effects of the Ar/O2

feed gas ratio as well as voltage waveforms on the electron
EADs incident onto the wafer surface were investigated while
keeping the power deposition constant, as would be the prac-
tice in industry. To maintain the plasma density and reduce
its dependence on the voltage waveform, a high frequency
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RF voltage was applied to the top electrode. The substrate
bias waveform consisted of a sinusoidal signal and its first 4
harmonics with the even harmonics having a variable phase
shift ϕ. The strength of the EFR increases with the O2 mole
fraction and with a decrease in ϕ. The correlation with the O2

mole fraction is a consequence of the electronegative nature
of the oxygen containing plasma. The increase in O2 mode
fraction reduces the electron density while increasing negative
ion density, which results in a decrease in the average negative
charge carrier mobility. To maintain constant power, a larger
applied voltage is required.

The consequences of the phase angle on EFR can be
attributed to two major effects: (i) the EAE is maximum at ϕ
= 0◦ (‘peak’ waveform), leading to a large DC self-bias (most
negative) and thick sheath and (ii) the time that the sheath col-
lapses is minimum at ϕ = 0◦ and maximum at ϕ = 180◦.
Both of these effects enhance the EFR. Since the ion flux to
the substrate must be balanced by electrons on a time average
basis while electron transport to the substrate by diffusion is
insufficient to do so in the presence of these transport limiting
factors, an EFR is necessary to increase electron transport.

For a fundamental driving frequency of 1 MHz and a power
of 1 kW applied to substrate, the bias waveform enables sig-
nificant control of the electron energy and angle distributions
onto the wafer surface. The relative and absolute changes in
mean electron energy were a strong functions of the Ar/O2

feed gas ratio and most pronounced in the Ar/O2 = 50/50
mixture, while being significant in all configurations that were
investigated. The fact that electronegative gases increases the
magnitude of the EFR, and its ability to accelerate electrons
into the wafer, suggests that process gas compositions used in
semiconductor plasma etching processes, which often contain
strongly electronegative species, can potentially profit from
this mechanism as well.

The details of plasma etching processes critically depend on
the ion EADs onto the wafer. Although VWT is able to control
the electron EADs onto the wafer, this cannot be done indepen-
dently of also changing the ion EADs. Changes in the VWT
configuration changes the DC bias which translates into chang-
ing the average ion energy onto the wafer. The shape of the ion
EAD will depend on the number of harmonics and the phase
angle. Nevertheless, some of the scaling of the EAD described
in this work could allow for favorable synergies with current
trends in semiconductor manufacturing. Higher applied volt-
ages, as used in plasma etching of HAR features, combined
with a voltage waveform resembling the peak-waveform, will
produce high energy, narrow angle fluxes of electrons into the
wafer surfaces. These fluxes have the properties required to
address intra-feature charging.

To evaluate the efficacy of VWT in the context of actual
plasma etching processes, it is important to investigate rel-
evant process conditions using halogen containing gas mix-
tures combined with feature scale simulations that include
the effects of the electron and ion EADs on charge accu-
mulation, feature deformation and depth limited etch rates.
There are still open questions with respect to the feasibility of
plasmas sustained by complex waveforms at very high pow-
ers and the technical difficulties related to power matching,

filtering, phase locking and metrology as well as economic
considerations.

Due to its potential versatility, future implementations of
VWT may be not limited to conventional CCPs but could find
application in different contexts such as in inductively cou-
pled plasmas. These applications could be for similar surface
charge remediation on biased electrodes or the prevention of
material erosion near the antennas caused by high energy ions
in E-mode operation during pulsed operation. A broader set of
waveform configurations should be investigated as the physi-
cal mechanisms discussed here are, in principle, not dependent
on any specific waveform. These investigations may include
the use of non-consecutive harmonics, pulsed higher harmon-
ics, transient phase shifts or entirely non-harmonic waveforms.
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