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Plasma etching of high aspect ratio (HAR) features, typically vias, is a critical step in the fabrication
of high capacity memory. With aspect ratios (ARs) exceeding 50 (and approaching 100), maintaining
critical dimensions (CDs) while eliminating or diminishing twisting, contact-edge-roughening, and aspect
ratio dependent etching (ARDE) becomes challenging. Integrated reactor and feature scale modeling was
used to investigate the etching of HAR features in SiO2 with ARs up to 80 using tri-frequency capaci-
tively coupled plasmas sustained in Ar/C4F8/O2 mixtures. In these systems, the fluxes of neutral radicals
to the wafer exceed the fluxes of ions by 1–2 orders of magnitude due to lower threshold energies for
dissociation compared with ionization. At low ARs (<5), these abundant fluxes of CFx and CxFy radicals
to the etch front passivate the oxide to form a complex which is then removed by energetic species (ions
and hot neutrals) through chemically enhanced reactive etching, resulting in the formation of gas phase
SiFx, COx, and COF. As the etching proceeds into higher ARs, the fractional contribution of physical
sputtering to oxide removal increases as the fluxes of energetic species to the etch front surpass those of
the conduction constrained CFx and CxFy radicals. The instantaneous etch rate of oxide decreases with
increasing aspect ratio (ARDE effect) due to decreased fluxes of energetic species and decreased power
delivered by these species to the etch front. As the etch rate of photoresist (PR) is independent of AR,
maintaining CDs by avoiding undercut and bowing requires high SiO2-over-PR selectivity, which in turn
requires a minimum thickness of the PR at the end of etching. Positive ions with narrow angular distribu-
tions typically deposit charge on the bottom of low AR features, producing a maximum in positive elec-
tric potential on the bottom of the feature. For high AR features, grazing incidence collisions of ions on
sidewalls depositing charge produce electric potentials with maxima on the sidewalls (as opposed to the
bottom) of the feature. Published by the AVS. https://doi.org/10.1116/1.5090606

I. INTRODUCTION

Plasma etching of high aspect ratio (HAR) features in
SiO2 and Si3N4 with aspect ratios (ARs) exceeding 100 is
being challenged to maintain critical dimensions (CDs) and
achieve high selectivity while etching stacks of materials for
high capacity three-dimensional memory.1–3 Controlling and
mitigating phenomena such as aspect ratio dependent etching
(ARDE), bowing, and contact edge roughness (CER) are
necessary to obtain anisotropic features and better critical
dimension uniformity (CDU). ARDE refers to a decrease in
the etch rate for features having larger ARs for otherwise
identical conditions. ARDE can occur for simultaneously
etched features whose initial CDs (e.g., mask opening) have
different sizes or within a single feature as the AR increases
during etching. ARDE is a result of transport phenomena

that depend on AR and can be minimized through control-
ling the mass transfer rate to the etch front by tuning the bias
power, gas pressure, or substrate temperature.4,5 Bowing
refers to the deviation of features from a purely anisotropic
profile with straight walls to one having outward curvature.
Bowing primarily results from the change in the acceptance
angle of incident ions into the feature due to erosion of mask
material and subsequent reflection from the facets of resist,
diffusive particle scattering within the feature or scattering
from rough surfaces.2,6

Maintaining CDU requires minimizing pattern distortion,
in which an initially circular mask opening is not preserved
through the depth of the feature, evolving into ellipses or
other noncircular shapes.7–9 CER originates from nonunifor-
mities in the mask due to stochastic processes during etching
or from the lithography-development process. These nonuni-
formities are then imprinted into the sidewalls of the feature
by anisotropic delivery of activation energy.9,10 Maintaining
CDU also requires minimizing twisting, where the etch does
not proceed strictly normal to the surface but deviates from
the normal, and avoiding feature-to-feature variations in the
total etch depth.6,11 Many of these problems associated with
CDU can be attributed to the stochastic nature of fluxes of
radicals and ions incident into adjacent features. With the
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CDs of features now less than 10 nm and the mask opening
having a commensurately smaller area, the number and
variety of particles incident into adjacent features is subject
to statistical noise. The result is that adjacent features may
receive different fluxes and sequencing of individual species.
These statistical sources of CDU are not the result of reactor
scale nonuniformities and may be addressed by employing
self-limiting processes, such as atomic layer etching,12 or
increasing the magnitude of fluxes in inverse proportion to
the decrease in mask opening.

In addition to the challenges resulting from high aspect
ratio and nanoscale feature size, the etching of HAR features in
SiO2 typically uses a complex reaction mechanism with multi-
ple steps based on the use of fluorocarbon gas mixtures. For
example, increasing bias power produces a higher SiO2 etch
rate in HAR vias due to higher ion energies delivered through
sheath acceleration while deforming the vias by bowing and
edge roughening.13,14 Energy-controlled and mass-selected
CF2

+ and CF3
+ ion beams were used with the goal of control-

ling the surface atomic composition and so controlling the
removal rate of SiO2.

15,16 Increasing the ion beam energy from
100 to 400 eV increased the F/O ratio of the surface layers due
to enhanced surface fluorination and produced a higher etch
yield of SiO2. Extremely high ion energies (several keV)
damage SiO2 and the underlying Si according to both experi-
ments and numerical simulations. These effects can be miti-
gated by carefully controlling the overlying polymer thickness
through the gas flow rate and the over-etch time.17,18

While being an etchant and providing activation energy,
ions are also typically neutralized when striking surfaces on
the top and inside of the feature. In doing so, positive charge
is deposited on the surfaces.19 Electrons also deposit charge,
though due to their nearly isotropic trajectories incident onto
the surface compared with ions, electron charging dominantly
occurs on the top and upper portion of the features. Positive
ions striking sidewalls at grazing angles neutralize and specu-
larly reflect and then proceed as hot neutrals, retaining a large
fraction of their initial energy. The electrical potential and
electric fields produced by charge deposited on sidewalls and
the etch front can deviate the trajectories of subsequent ions
while reducing their energy, resulting in twisting and an etch
stop. Pulsed power excitation can address many of the detri-
ments of charging by elevating the ion energy,20 reducing the
thickness of fluorocarbon films on sidewalls,21 and enabling
the injection of negative ions to neutralize positive charge
inside the feature.22,23

Optimizing plasma etching of HAR features requires
precise control of both the fluxes of ions and neutrals. In
fluorocarbon plasmas, fluxes of CFx neutrals are produced
by electron impact dissociation followed by diffusion to the
wafer. In the absence of charge exchange collisions in the
sheath that may produce anisotropic neutral fluxes, these
fluxes typically arrive at the substrate with isotropic trajec-
tories. Increasing the C4F8 flow rate or decreasing the O2

flow rate in Ar/C4F8/O2 mixtures increases SiO2 etch rates
due to the deposition of thicker fluorocarbon films produced
by larger CFx fluxes to the surface.24 Adding CH4 or H2 to
C2F6 gas mixtures results in decreased SiO2 etch rates and

increased SiO2/Si selectivity by scavenging atomic fluorine
in forming HF molecules, thereby decreasing the F/C flux
ratio to the wafer.25

Etching of HAR features faces challenges in the delivery of
thermal neutral radicals to the etch front whose incident veloci-
ties are isotropic and in the transport of etch products out of
the feature. Due to the limits of vacuum conductance, the prob-
ability of neutral radicals entering into the feature reaching and
reacting on the etch front at the bottom of the feature decreases
with increasing AR.26 This decreasing probability results from
diffusive reflection from sidewalls during which some fraction
of the incident flux is reflected back out of the feature to the
plasma. The probability of reacting at the etch front further
decreases if the radicals have a nonzero probability for reacting
on sidewalls.26 The same trends apply to thermal etch products
produced at the bottom of the feature. The larger the AR, the
larger the number of collisions etch products will have with
the surface inside the feature prior to exiting the top of the
feature. These large number of collisions may result in a rede-
position of the etch products. Conductance limits result in
decreased neutral etchant delivery from the top to the bottom
of the feature and redeposition of etch products in transport
from the bottom to the top of the feature, both of which can
produce lower etch rates. These effects can be partially miti-
gated by regulating the sticking coefficient of radicals to the
sidewall through controlling the wafer temperature.27–29

Conductance limitations of neutral transport into HAR fea-
tures largely result from the radicals having initially isotropic
trajectories and diffusive isotropic scattering from sidewalls.
Hot neutrals produced through neutralization of energetic ions
at surfaces have higher conductance to the etch front than the
thermal neutrals due to their initially more anisotropic angular
distributions and more specular scattering. These hot neutrals
deliver both energy to the etch front and, upon slowing deeper
in the feature, neutral reactivity which enables etching to
proceed at high ARs. A molecular dynamics simulation was
used to investigate the consequences of hot CF2 and CF3 radi-
cals in SiO2 etching.

19,30 At low energies (10 eV), CF2 was the
main etchant to break the Si–O bond due to its higher chemical
reactivity. At high energies (150 eV), CF3 became the main
etchant due to the production of more reactive F atoms, result-
ing in the formation of more Si–F bonds. The etch yield was
found to depend on the incident angle of hot radicals to the
surface. An irradiation angle of 60° resulted in the maximum
yield of Si and O from the SiO2 surface.

31

Computational models for SiO2 etching have been devel-
oped to investigate feature profiles in the etching of gate
dielectrics (AR < 10) and conduction channel holes through
insulating layers (AR > 50). An integrated reactor and feature
scale model was used to investigate the etching of topographic
layered and self-aligned Si3N4/SiO2 structures using fluorocar-
bon plasmas.32 The Si3N4/SiO2 selectivity was optimized by
controlling the thickness of the polymer at the top of the
feature by tuning the time during etching and deposition
phases in a cyclic plasma etch process. A semiempirical
profile simulator was employed to investigate the necking and
bowing of etching of HAR features.33 The necking resulted
from a balance between polymer removal and deposition
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processes, while the bowing was caused by surface scattering
of ions from secondary facets. Nonuniform necking was
found to cause an imbalance in the ion flux to the bottom of
the feature, resulting in twisting irrespective of charging.6

Results from a voxel-slab model, developed to investigate
contact hole etching in SiO2, indicated that physical damage
was reduced by maintaining a critical thickness of the over-
laying polymer.17,34 Bowing during the etching of HAR fea-
tures was found to result from excessive fluxes of F and O
radicals to the sidewalls according to the results of a
line-of-sight profile simulator.35 A model addressing pattern
deformation and experimental measurements by atomic
force microscopy indicated that the ratio of line width
roughness to line edge roughness decreases with increasing
etch depth, and the depth at which twisting occurs is shal-
lower for a lower bias power.1

In this paper, results are discussed from integrated reactor
and feature scale models for investigating the etching of
HAR features in SiO2 using a tri-frequency capacitively
coupled plasma (TF-CCP) sustained in Ar/C4F8/O2 mix-
tures at several tens of mTorr. Reactor scale modeling was
performed using the two-dimensional hybrid plasma
equipment model (HPEM), from which the fluxes, energy,
and angular distributions of ions and neutrals to the wafer
surface were obtained. The feature scale modeling was
performed using the three-dimensional Monte Carlo
feature profile model (MCFPM). We found that at low
ARs where neutral transport is not conductance limited,
abundant fluxes of CFx and CxFy radicals to the etch front
passivate the oxide to form a complex. This complex is
then removed by ions and hot neutrals through chemically
enhanced reactive etching (i.e., chemical sputtering) with
the formation of gas phase SiFx, COx, and COF etch prod-
ucts. As the etching proceeds to higher ARs, the fractional
contribution of physical sputtering increases, as the fluxes
of ions and hot neutrals to the etch front surpass those of
the conduction constrained CFx and CxFy radicals. The
general trend of ARDE, decreased instantaneous etch rate
with increasing AR, mainly occurs due to decreased power
delivery to the etch front while the flux of conduction
limited neutrals also decreases.

The models used in this paper are described in Sec. II. The
surface reaction mechanism for the etching of SiO2 by Ar/
C4F8/O2 mixtures used in MCFPM is described in Sec. III.
Results from the reactor scale modeling of TF-CCP sustained
in Ar/C4F8/O2 mixtures are discussed in Sec. IV. Results from
feature scale modeling of HAR etching of SiO2 are discussed
in Sec. V. Concluding remarks are given in Sec. VI.

II. DESCRIPTION OF THE MODELS

Reactor scale modeling of the TF-CCP sustained in
Ar/C4F8/O2 mixtures was performed with the two-dimensional
HPEM.36 The HPEM combines fluid and kinetic methods,
using a hierarchical approach where modules addressing dif-
ferent physical processes exchange information on different
time scales. The major modules used in this study are the
fluid kinetics Poisson module (FKPM), the Electron Energy

Transport Module (EETM), and the plasma chemistry Monte
Carlo module (PCMCM).

The densities, fluxes, and temperatures of charged and
neutral species and electrostatic potentials are obtained from
the FKPM. Continuity, momentum, and energy equations for
all species are solved coincident with Poisson’s equation for
the electrostatic potential. Charge densities on the surfaces of
the dielectrics are computed from the incident fluxes of elec-
trons and ions from the bulk plasma, fluxes of secondary
electrons leaving the surfaces and coming from other loca-
tions collected by those surfaces, and conduction currents
through the material. The electron energy equation is implic-
itly integrated in time to provide the electron temperature.
Electron impact rate coefficients and transport coefficients
are obtained from the EETM in which Boltzmann’s equation
is solved for the electron energy distribution. The trajectories
of secondary electrons are advanced using Monte Carlo tech-
niques in the EETM.

When the calculated plasma properties reach steady state,
the PCMCM is executed to compute ion and neutral trajec-
tories from the bulk plasma through the time-varying sheath
with source functions for generation of the ions and electric
fields from the FKPM.37 Pseudoparticles that represent ions
and neutrals are launched at locations weighted by their
source functions throughout the plasma volume. The trajec-
tories of the pseudoparticles are integrated by interpolating
electric fields in time and space to compute accelerations.
The energy and angular distributions of pseudoparticles
striking the wafer surface are collected and averaged over
the radio frequency (rf ) cycle.

The time evolution of profiles etched in SiO2 using fluxes,
energy, and angular distributions of ions and neutrals provided
by the HPEM are predicted by the MCFPM, described in detail
in Ref. 38. Briefly, in the MCPFM, the feature is resolved
using a three-dimensional cubic mesh. A material identity is
assigned to each cell in the mesh, often called a voxel. Gas
phase species are represented by Monte Carlo pseudoparticles
which are launched with energies and angles sampled from the
distributions obtained from the HPEM. The trajectories of the
pseudoparticles are tracked until they hit a solid mesh cell,
where a surface reaction mechanism is used to determine the
disposition of the gas particle and solid cell using Monte Carlo
techniques. Based on the selected reaction, the identity of the
mesh cell at the site of collision will be changed (e.g., passiv-
ation), removed into the gas phase (e.g., etching), or covered by
a new mesh cell (e.g., deposition).

In the MCFPM, the occurrence of each reaction is deter-
mined by the probabilities listed in the reaction mechanisms
summarized in Table I. Probability arrays for the reaction of
each gas phase species with each surface site are constructed
while accounting for the energy and angular dependence of
the process. When a pseudoparticle hits a surface cell, a
random number is generated to select the reaction that would
occur based on these probability arrays. For etching reactions
having an energy dependence (e.g., physical sputtering and
chemically enhanced etching), the reaction yield for a parti-
cle incident onto a surface with an incident energy of Ei and
an incident angle of θ with respect to the local surface
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TABLE I. Surface reaction mechanism for plasma etching of SiO2 in Ar/C4F8/O2 mixtures.

Gas phase species Notes

Ions, hot neutrals, and neutral partners Ar+, Ar(h), Ar
F+, F(h), F

F2
+, F2(h), F2

O+, O(h), O
O2

+, O2(h), O2

CmFn
+, CmFn(h), CmFn

a

Etch products CO, CO2, COF, COH
SiFx, SiF4

b

Sputtered materials R, SiO2, Si
c

Surface sites Notes

Photoresist R(s)
Silicon oxide SiO2(s)
Passivated oxide surface (complex) SiO2CmFn(s)

SiOCF3(s)

d

Silicon Si(s)
Fluorinated silicon surface SiFx(s)

e

Polymer P(s)
Activated surface sites SiO2*(s)

SiO2CmFn*(s)
SiOCF3*(s)

P*(s)

f

Reactionsg p0
h Eth (eV)

h Er (eV)
h Notes

Activation of SiO2

SiO2(s) + I+→ SiO2*(s) + I(h) 0.9 i

Sputtering of SiO2

SiO2(s) + I+→ SiO2 + I(h) 0.9 70 140 i,j

SiO2*(s) + I+→ SiO2 + I(h) 0.9 70 140 i,j

Passivation of SiO2

SiO2(s) + CF→ SiO2CF(s) 0.4 Ref. 39

SiO2(s) + CF2→ SiO2CF2(s) 0.3 Ref. 39
SiO2(s) + CF3→ SiO2CF3(s) 0.2 Ref. 39
SiO2(s) + C2F3→ SiO2C2F3(s) 0.2 Ref. 39,k

SiO2*(s) + CFx→ SiO2CFx(s) 0.9 k,l

SiO2*(s) + C2F3→ SiO2C2F3(s) 0.9 k

Further passivation of complex

SiO2CF(s) + CF2→ SiO2C2F3(s) 10−4

SiO2CF2(s) + CF→ SiO2C2F3(s) 10−4

SiO2CF2(s) + CF2→ SiO2C2F4(s) 10−4

SiO2CF2(s) + C2F3→ SiO2C3F5(s) 10−4

SiO2CF3(s) + CF→ SiO2C2F4(s) 10−4

SiO2CF3(s) + C2F3→ SiO2C3F6(s) 10−4

SiO2C2F3(s) + CF2→ SiO2C3F5(s) 10−4

SiO2C2F4(s) + CF→ SiO2C3F5(s) 10−4

SiO2C2F4(s) + CF2→ SiO2C3F6(s) 10−4

Fluorination of passivated surface

SiO2CF(s) + F→ SiO2CF2(s) 0.1
SiO2CF2(s) + F→ SiO2CF3(s) 0.1
SiO2C2F3(s) + F→ SiO2C2F4(s) 0.1
SiO2C3F5(s) + F→ SiO2C3F6(s) 0.1

Etching of passivated surface complex

SiO2CF(s) + I+→ SiF + CO2 + I(h) 0.75 35 140 i,m

SiO2CF2(s) + I+→ SiF2 + CO2 + I(h) 0.75 35 140 i,m

SiO2CF3(s) + I+→ SiF3 + CO2 + I(h) 0.75 35 140 i,m

SiO2C2F3(s) + I+→ SiOCF3(s) + CO + I(h) 0.75 35 140 i,m

SiO2C2F4(s) + I+→ SiOCF3(s) + COF + I(h) 0.75 35 140 i,m

SiO2C3F5(s) + I+→ SiO2CF(s) + C2F4 + I(h) 0.75 35 140 i,m
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TABLE I. Continued

Reactionsg p0
h Eth (eV)

h Er (eV)
h Notes

SiO2C3F6(s) + I+→ SiO2CF3(s) + C2F3 + I(h) 0.75 35 140 i,m

SiOCF3(s) + I+→ SiF3 + CO + I(h) 0.75 35 140 i,m

SiO2CF*(s) + I+→ SiF + CO2 + I(h) 0.75 35 140 i,m

SiO2CF2*(s) + I+→ SiF2 + CO2 + I(h) 0.75 35 140 i,m

SiO2CF3*(s) + I+→ SiF3 + CO2 + I(h) 0.75 35 140 i,m

SiO2C2F3*(s) + I+→ SiOCF3(s) + CO + I(h) 0.75 35 140 i,m

SiO2C2F4*(s) + I+→ SiOCF3(s) + COF + I(h) 0.75 35 140 i,m

SiO2C3F5*(s) + I+→ SiO2CF(s) + C2F4 + I(h) 0.75 35 140 i,m

SiO2C3F6*(s) + I+→ SiO2CF3(s) + C2F3 + I(h) 0.75 35 140 i,m

SiOCF3*(s) + I+→ SiF3 + CO + I(h) 0.75 35 140 i,m

Polymer deposition on activated complex

SiO2CmFn*(s) + CF→ SiO2CmFn*(s) + P(s) 0.002
SiO2CmFn*(s) + CF2→ SiO2CmFn*(s) + P(s) 0.0015
SiO2CmFn*(s) + CF3→ SiO2CmFn*(s) + P(s) 0.001

SiO2CmFn*(s) + CxFy→ SiO2CmFn*(s) + P(s) 0.001 k

SiOCF3*(s) + CF→ SiOCF3*(s) + P(s) 0.002
SiOCF3*(s) + CF2→ SiOCF3*(s) + P(s) 0.0015
SiOCF3*(s) + CF3→ iOCF3*(s) + P(s) 0.001
SiOCF3*(s) + CxFy→ SiOCF3*(s) + P(s) 0.001 k

Polymer deposition on polymer

P(s) + CF→ P(s) + P(s) 0.002
P(s) + CF2→ P(s) + P(s) 0.0015
P(s) + CF3→ (s) + P(s) 0.001
P(s) + CxFy→ P(s) + P(s) 0.001 k

P*(s) + CF→ P*(s) + P(s) 0.02
P*(s) + CF2→ P*(s) + P(s) 0.015
P*(s) + CF3→ P*(s) + P(s) 0.01
P*(s) + CxFy→ P*(s) + P(s) 0.01 k

Polymer chemical sputtering

P(s) + I+→ I(h) + CF2 0.3 30 140 j,n

P*(s) + I+→ I(h) + CF2 0.3 30 140 j,n

P(s) + O+→COF 0.2 20 100 m

P(s) + O2
+→O(h) + COF 0.2 20 100 m

P*(s) + O+→COF 0.2 20 100 m

P*(s) + O2
+→O(h) + COF 0.2 20 100 m

Polymer chemical erosion

P(s) + F→CF2 0.001
P*(s) + F→CF2 0.03
P(s) + O→COF 0.5
P*(s) + O→COF 0.9

Fluorination and etching of Si

Si(s) + F→ SiF(s) 0.01
SiF(s) + F→ SiF2(s) 0.02
SiF2(s) + F→ SiF3(s) 0.03
SiF3(s) + F→ SiF4 0.05

Chemical, physical sputtering Si(s), SiFx(s)

Si(s) + I+→ Si + I(h) 0.1 37.5 100 Ref. 40,i,j

SiF(s) + I+→ SiF + I(h) 0.3 10 100 i,m

SiF2(s) + I+→ SiF2 + I(h) 0.4 10 100 i,m

SiF3(s) + I+→ SiF3 + I(h) 0.5 10 100 i,m

Polymer deposition on Si(s) and SiFx(s)

Si(s) + CF→ Si(s) + P(s) 0.5
Si(s) + CF2→ Si(s) + P(s) 0.375
Si(s) + CF3→ Si(s) + P(s) 0.25
Si(s) + CxFy→ Si(s) + P(s) 0.25 k

SiFx(s) + CF→ SiFx(s) + P(s) 0.002
SiFx(s) + CF2→ SiFx(s) + P(s) 0.0015
SiFx(s) + CF3→ SiFx(s) + P(s) 0.001
SiFx(s) + CxFy→ SiFx(s) + P(s) 0.001 k
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normal is determined by41,42

p(Ei, θ) ¼ p0
Ei � Eth

Er � Eth

� �n

f (θ), (1)

where Eth is the threshold energy, Er is the reference energy,
p0 is the yield at the reference energy, n is the energy depen-
dent exponent (typically 0.5), and f(θ) is the relative proba-
bility at angle of incidence θ.

The angular dependence is often different between direct
physical sputtering and chemically enhanced etching. These

two processes can be simultaneously active, with chemically
enhanced etching dominating at low ion energy and physical
sputtering becoming more important as ion energy
increases.43,44 For physical sputtering, f(θ) is an empirical
function with a maximum at 60°, with reduced probability at
normal incidence and zero probability at grazing incidence.42

For chemically enhanced etching, f(θ) is unity for normal
incidence and angles up to 45°, with a monotonic roll-off to
zero probability at grazing incidence.

Other than being etched by high energy ions with a reac-
tion yield determined by Eq. (1), the surface complex and

TABLE I. Continued

Reactionsg p0
h Eth (eV)

h Er (eV)
h Notes

Redeposition of SiFx

P(s) + SiFx→ P(s) + SiFx(s) 0.001
Erosion of photoresist

R(s) + I+→R + I(h) 0.01 20 100 i,j

R(s) + O→COH 10−5

Redeposition of gas phase photoresist

W(s) + R→W(s) + R(s) 0.01 o

Polymer deposition on photoresist

R(s) + CF→R(s) + P(s) 0.02
R(s) + CF2→R(s) + P(s) 0.015
R(s) + CF3→R(s) + P(s) 0.01
R(s) + CxFy→R(s) + P(s) 0.01 k

p0
p Eth (eV)

p Em (eV)p Notes

Activation by low energy ions

SiO2CmFn(s) + I+→ SiO2CmFn*(s) + I(h) 0.1 5 70 i,j

SiOCF3(s) + I+→ SiOCF3*(s) + I(h) 0.1 5 70 i,j

P(s) +M+→ P*(s) +M(h) 0.3 5 30 i,j,q

Polymer deposition by low energy ions

SiO2CmFn(s) + CFx
+→ SiO2CmFn(s) + P(s) 0.1 5 70 j,k

SiO2CmFn(s) + CxFy
+→ SiO2CmFn(s) + P(s) 0.1 5 70 j,k

SiOCF3(s) + CFx
+→ SiOCF3(s) + P(s) 0.1 5 70 j,k

SiOCF3(s) + CxFy
+→ SiOCF3(s) + P(s) 0.1 5 70 j,k

aCmFn
+ denotes CF+, CF2

+, CF3
+, C2F3

+, C2F4
+, C2F5

+, C3F5
+, C3F6

+, C3F7
+, C4F7

+, and C4F8
+. CmFn(h) and CmFn are hot neutrals and thermal neutral

partners of CmFn
+ species.

bSiFx denotes SiF, SiF2, and SiF3.
cR is the sputtered photoresist in the gas phase.
dSiO2CmFn(s) represents SiO2CF(s), SiO2CF2(s), SiO2CF3(s), SiO2C2F3(s), SiO2C2F4(s), SiO2C3F5(s), and SiO2C3F6(s).
eSiFx(s) denotes SiF(s), SiF2(s), and SiF3(s).
fSiO2CmFn*(s) and P*(s) represent activated surface partners of SiO2CmFn(s) and P(s).
gAll ions neutralize on surfaces, returning to gas phase as their hot neutral partner. Ions and their hot neutral partners have the same surface reactions with the
same probability. Only surface reactions for ions are shown in the table. All such reactions (with the exception of neutralization) should be duplicated for the
ion’s hot neutral partner.
hIf Eth and Er are blank, the reaction has no energy dependence and the probability of the reaction is a constant, p0. If Eth and Er have nonzero values, the
reaction has an energy dependent probability [Eq. (1)]. When the probability of reaction is less than unity, the remaining probability is allocated to
nonreactive reflection.
iI+ denotes all positive ions. I(h) is the hot neutral partner produced by neutralization of I+ at a surface.
jReaction with physical sputtering angular dependence.
kCFx denotes CF, CF2, and CF3. CFx

+ and CFx(h) denote the ion and hot neutral partners of CFx, respectively. Multicarbon fluorocarbon radicals having two
or more dangling bonds are included in the reaction mechanism, collectively referred to as CxFy. For the purpose of describing specific reactions, C2F3 is
used as an example. CxFy

+ and CxFy(h) denote the ion and hot neutral partners of CxFy, respectively.
lSiO2CFx(s) denotes the group of passivated oxide surface sites by CFx species, which are SiO2CF(s), SiO2CF2(s), and SiO2CF3(s).
mReaction with chemical sputtering angular dependence.
nPolymer sputtered by hot neutrals and ions into the gas phase is represented by CF2.
oW(s) represents all surface sites.
pProbability of surface activation and polymer deposition by low energy ions [Eq. (2)].
qM+ represents all ions except O+ and O2

+. M(h) denotes the hot neutral partner of M+.
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polymers can be activated when the energy of the bombarding
ions is low. These activated sites model the formation of dan-
gling bonds on the surface due to low energy ion bombard-
ment. The activated site, with its larger number of available
dangling bonds, then has a higher sticking probability for CFx
radicals for polymer deposition. The probability of activation
of the complex and polymer sites by low energy ions is

p(Ei, θ) ¼ p0 �max 0, 1� Ei

Em

� �
f (θ), (2)

where Em is the maximum energy of the process and p0 is the
yield at zero incident energy.

Since the probability of a particle striking the surface upon
arrival is, by definition, unity, the following procedure is fol-
lowed to normalize the selection of reaction probabilities. The
cumulative yield of all allowed processes for the energy and
angle of incidence is computed. For all such interactions, there
is an elastic collision, meaning a reflection from the surface
without changing the state of the surface. If the cumulative
yield of nonreflective processes is less than unity, then the
elastic scattering yield is increased so that the cumulative yield
is unity. If the cumulative yield is greater than unity, the elastic
yield is reduced so that the cumulative yield is unity. If after
scaling the elastic yield to zero, the cumulative yield is still
greater than unity, then the yields of all processes are scaled to
provide a unity cumulative yield. The scaled probability array
is then used to randomly select the process that occurs.

In the etching of HAR features, energetic particles (origi-
nating as ions and proceeding as hot neutrals) can undergo
several collisions with the sidewalls before reaching the etch
front. In the MCFPM, an angle dependent energy loss is used
to determine the retained energy of the reflected particle after
colliding with the surface. For an energetic particle striking a
surface with an incident energy of Ei and an incident angle of
θ, the energy of the scattered particle is determined by

Es(θ) ¼Ei
Ei � Ec

Ets � Ec

� �
θ � θc
90� � θc

� �
θ . θc and

Ec , Ei , Ets,

(3)

where Ets is the threshold for complete specular scattering,
which is 100 eV in this study. Ec is the cutoff energy for diffu-
sive scattering, which is 10 eV for these simulations. θc is the
lower cutoff angle for specular reflection, which is 70° here.
Incident particles with Ei > Ets are assumed to retain all of
their energy. Incident particles with θ < θc or Ei < Ec are
assumed to diffusively scatter.

All positive ions neutralize upon their first collision with a
surface, with the former ion proceeding as a hot neutral with
an angle and energy given by the previous expressions. Other
than for the neutralizing collision with the surface, hot neu-
trals have the same reaction mechanism as that of ions. When
the energy of a hot neutral falls below 5 eV, it is reclassified
as a thermal neutral.

Electrostatic charging of features results from the deposi-
tion of charge from ions which neutralize upon striking

surfaces (top of feature or sidewalls within features) and elec-
trons. Charge is then retained on the voxel upon which it is
deposited until neutralized by electrons (for positive charge)
or ions (for negative charge). If a voxel with charge is
removed through surface reactions (e.g., physical and chemical
sputtering), the removed cell does not carry away its charge
into the gas phase. The charge is retained in the mesh by
redistributing the charge to the adjacent mesh cells. The voxel
harboring the charge can also be buried by polymer or redepo-
sition of etch products. This surface-resident or buried charge
produces electric fields which in turn accelerate or deviate the
trajectories of incident charged particles. The changes in
velocities of charged particles from these electric fields are
included in the simulation by adding the resulting Lorentz
forces to the equations of motion of charged particles as their
trajectories are integrated. These electric fields are computed
in the following manner.

On a time averaged basis, the net conduction current to the
wafer in a capacitively coupled plasma is zero. With this boun-
dary condition, the net flux of positive and negative ions
launched toward the feature is balanced by a flux of electrons
to sum to zero net current. The initial trajectories and fluxes of
ions are given by the PCMCM. The current of ions launched
toward the surface is determined from the randomly chosen
fluxes. A corresponding flux of electron pseudoparticles is also
launched to provide charge neutrality. In CCPs, the electron
flux typically arrives at the surface only when the sheath col-
lapses during the anodic portion of the cycle. The trajectories
of the electrons therefore arrive at the surface with nearly iso-
tropic trajectories having a temperature nearly the same as in
the bulk plasma. Electron pseudoparticles are therefore
launched toward the feature with velocity randomly chosen
from an isotropic Maxwellian distribution having a specified
temperature. Although experimentally electrons typically
arrive at the surface in bursts during the anodic portion of
the cycle, in the simulation, an electron particle is launched
after every positive ion particle is launched with adjustments
made if negative ions are also launched.

The algorithms for computing electric fields in the feature
are discussed in Ref. 20 and so will be only summarized
here. The time rate of change of charge density in numerical
cell k, ρk (C/cm

3) is

dρk
dt

¼
X
i

qiwi

ΔVk
� ∇�ρkμk~E, (4)

where ~E ¼ �∇Φ is the electric field, Φ is the electric
potential, and the sum is over incident particles i having
weighting wi and carrying charge qi. The numerical cell
has volume ΔVk and the charge has the electrical mobility
μk in that cell. The electric potential is obtained by implic-
itly solving Poisson’s equation, �∇ � ε∇Φ ¼ ρ, using finite
volume techniques. Computationally, this is performed using
the successive-over-relaxation algorithm employing a parallel
red-black technique. Each material included in the simulation
is assigned a dielectric constant and mobilities for positive
and negative charge transport. The dielectric constants and
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mobilities in the computational mesh then vary as the mate-
rial identities change. Due to the computational expense of
solving Poisson’s equation, the potential is updated only after
400 charged particles strike a surface. This is a large enough
number to provide some computational efficiency, but a
small enough number indicating that there are not significant
unaccounted for changes in electric potential. (Millions of
charged particles are launched during the simulation.)

Reflective boundary conditions for electric potential are
used in the lateral (x-y) dimensions and a zero-gradient
boundary condition is used on the top surface of the compu-
tational domain. The bottom of the computational domain is
grounded. In reality, the bottom electrical boundary condi-
tion is as far away as the other side of the wafer, which is a
distance far greater than what can be resolved in the simula-
tion. However, what is important is that the capacitance of
the system is accurately represented. To achieve that end, the
dielectric constant of the bottom two to three layers of com-
putational cells above the ground plane is adjusted so that
the capacitance of the feature with respect to the ground
plane is the same as that for the actual thickness of the wafer.

In the MCFPM, the fluxes of species incident onto the etch
front were measured by tallying the number of pseudoparticles
that impact an 18 × 18 nm2 window at the center of the feature
at the depth of the lowest point of the feature. The number of
impacts of each pseudoparticle representing a given species
arriving at the etch front window was scaled by the weight of
a single pseudoparticle (the number of atoms or molecules
that each pseudoparticle represents), divided by the surface
area of the cell collecting the particle and multiplied by the
dot product of the vector velocity of the particle and the
surface normal at the site of incidence. To reduce the noise
while capturing the general trend of the fluxes with increasing
aspect ratio, a digital three-point filter with the coefficients of
0.25, 0.5, and 0.25 was used to smooth the fluxes. The etch
depth is the vertical distance between the position of the etch
front and the position of the interface between SiO2 and pho-
toresist (PR) at the top of the feature.

All of the initially released particles in the MCFPM were
reactive species (e.g., ions, electrons, and neutral radicals)
and their trajectories were tracked through several collisions
with the surface until the particle was either consumed or left
the feature. The reactive etch or sputter products produced
by surface reactions (e.g., SiFx and CFx) were also tracked in
the MCFPM, while the nonreactive products (e.g., CO and
CO2) were not tracked. The fluxes of reactive species out of
the feature were measured by counting the number of pseu-
doparticles leaving the feature passing out of the top of the
computational domain. For nonreactive species products of
surface reactions, the fluxes out of the feature were accounted
for by counting the nonreactive species produced after
surface reactions.

III. SURFACE REACTION MECHANISM FOR SiO2

ETCHING IN FLUOROCARBON PLASMAS

The surface reaction mechanism for the etching of SiO2

using Ar/C4F8/O2 mixtures in MCFPM is an updated version

based on previous studies38,45 to better address the HAR
feature etching process. Listings of the gas phase species,
surface sites, and the reactions between gas phase species
and surface sites are given in Table I.

The gas phase reactants are classified into the following
categories: (a) Ions, which are typically incident onto the
feature with high energies. (b) Hot neutral particles, which
are produced by ions having neutralizing collisions with sur-
faces. Other than their charge, hot neutrals have the same
reactive energy dependencies as their corresponding ions. (c)
Thermal neutral particles, whose sources are either radicals
incident into the feature from the gas phase or hot neutrals
that have slowed to thermal energies. (d) Electrons, which in
this mechanism are unreactive other than charging surfaces.
(e) Unreactive etch products, which are not tracked as pseu-
doparticles and removed from the simulation while account-
ing for their fluxes leaving the feature. In the following text,
the term ion refers to both incident ions and their hot neu-
trals which have the same reaction mechanism.

In what follows, reactions involving fluorocarbon radi-
cals are discussed. These fluorocarbon radicals come in the
form of CF, CF2, and CF3, collectively referred to as CFx,
and in the form of CmFn, m > 1. In the absence of fully dis-
sociating the C4F8 feedstock gas, a significant fraction of
the CmFn fluorocarbon radicals incident onto the substrate
have only a single dangling bond. In many cases, if there
was any finite surface reactivity of these single dangling
bond species, there would be overwhelming polymer depo-
sition that would prevent etching for conditions where
robust etching is observed. Following extensive parameteri-
zation and sensitivity studies, we concluded that reactive
CmFn radicals on surfaces must have at least two dangling
bonds. Those having single dangling bonds have restricted
reactivity due to steric factors. These multicarbon fluorocar-
bon radicals having at least two dangling bonds (i.e., C2F3,
C3F5, and C3F6) are collectively referred to as CxFy. For the
purpose of describing specific reactions, C2F3 will be used
as an example. In recognition of the higher reactivity of
CFx radicals having more dangling bonds, the following
scaling was used. The default probability for a given reac-
tion, p, is that for CF3. The reaction probability for CF2 is
1.5p and that for CF is 2p, where the maximum allowed
probability is 0.9. Although this scaling is approximate, it
does capture the trends shown in molecular dynamics
simulations.46,47

SiO2 can be directly sputtered by energetic ions through

SiO2(s)þ Iþ ! SiO2 þ I(h), (5)

where s denotes a surface site, I+ denotes any ion, and I(h)
denotes the hot neutral partner of I+. SiO2 can be chemically
removed through two steps. The first step is passivation of a
pristine SiO2 surface by CFx and CxFy to form a passivated
layer (complex) through

SiO2(s)þ CFx ! SiO2CFx(s), (6a)

SiO2(s)þ C2F3 ! SiO2C2F3(s): (6b)
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The complex is chemically removed by energetic ions through

SiO2CFx(s)þ Iþ ! SiFxþCO2þ I(h), x¼ 1 �3, (7a)

SiO2C2F3(s)þ Iþ ! SiOCF3(s)þ COþ I(h), (7b)

SiOCF3(s)þ Iþ ! SiF3 þ COþ I(h): (7c)

In addition to physical and chemical sputtering, the ions can
also activate surface sites through

SiO2(s)þ Iþ ! SiO*
2(s)þ I(h), (8a)

SiO2CmFn(s)þ Iþ ! SiO2CmF
*
n(s)þ I(h), (8b)

where SiO2*(s) denotes the activated oxide surface site,
SiO2CmFn(s) denotes the complex, and SiO2CmFn*(s) denotes
the activated complex. The CFx and CxFy radicals have higher
sticking probabilities on the activated complex sites than on
the unactivated complex sites. Deposition of CFx on activated
sites produce the base layer of polymer P(s) through

SiO2CmF
*
n(s)þ CFx ! SiO2CmFn(s)þ P(s), (9a)

SiO2CmF
*
n(s)þ CxFy ! SiO2CmFn(s)þ P(s): (9b)

Subsequent polymer growth occurs on top of the polymer
layer through

P(s)þ CFx ! P(s)þ P(s), (10a)

P(s)þ CxFy ! P(s)þ P(s): (10b)

The P(s) site can also be ion activated in the same manner as
that of SiO2CmFn*(s). The activated polymer site, P*(s), has a
higher reaction probability than that of the pristine polymer
site, P(s). In the following context, P(s) refers to both pristine
and activated polymer sites. The polymer can be thermally
etched by F and O radicals through

P(s)þ F ! CF2, (11a)

P(s)þ O ! COF, (11b)

and physically sputtered by energetic ions through

P(s)þ Iþ ! I(h)þ CF2, (12a)

P(s)þ Oþ ! COF, (12b)

P(s)þ Oþ
2 ! O(h)þ COF: (12c)

In the etching of SiO2 in fluorocarbon gas mixtures, the
polymer layer plays an important role. Thicker polymer layers
result in limited availability of activation energy and reactants
to the underlying complex, while thinner polymer layers result
in limited amount of fuel for the removal of oxygen surface
sites. Thus, controllable polymer deposition and polymer thick-
ness is necessary to optimize the SiO2 etching process.

In our model geometry, a hydrocarbon PR is the photo-
lithographic mask and Si is the stopping layer underneath
SiO2. Si can be sputtered by ions or thermally etched by F
atoms through

Si(s)þ Iþ ! Siþ I(h), (13a)

SiFx(s)þ Iþ ! SiFx(g)þ I(h), x ¼ 1� 3, (13b)

SiFx�1(s)þ F ! SiFx(s), x ¼ 1� 3, (13c)

SiF3(s)þ F ! SiF4: (13d)

Similarly, PR can also be directly sputtered by energetic ions
and thermally etched by O atoms

R(s)þ Iþ ! Rþ I(h), (14a)

R(s)þ O ! COH: (14b)

The sputtered gas phase photoresist fragment, R, can then
redeposit on any surface.

IV. TRI-FREQUENCY CAPACITIVELY COUPLED
PLASMA

A TF-CCP reactor was used as a model system for simula-
tions of etching of HAR features in SiO2. TF-CCPs are being
developed for HAR etching due to the large dynamic range
available for ion energy and angular distributions (IEADs) for
process optimization. A schematic of the TF-CCP reactor used
in this study is shown in Fig. 1, a design resembling TF-CCPs
in use in industry. In this reactor, a 300mm wafer was placed
on the bottom electrode, confined by an Si focus ring. Power
at 80MHz was applied to the top electrode above the Si show-
erhead, while 10 and 5MHz powers were applied to the
bottom electrode through a blocking capacitor, with all the
metal sidewalls being grounded. The gap between the top and
the bottom electrodes was 3 cm. The materials in contact with
the plasma had fixed temperatures of 333K except for the
wafer and the focus ring which were cooled to 293 K. The sec-
ondary electron emission coefficient for ions was 0.15 on the
wafer and the focus ring, 0.05 on quartz, and 0.005 on the
alumina covering the sidewalls. In the base case, the powers of
the 80, 10, and 5MHz sources were 400, 2500, and 5000W,
respectively. During the execution of the HPEM, the voltage
of each frequency was dynamically adjusted to provide the
specified power. In the base case, the voltages to deliver the
specified powers were 80/10/5MHz = 125/1030/2450 V, with
a dc bias of −1690 V.

Fluorocarbon gas mixtures are usually used in SiO2 etching
to produce CFx radicals which are the primary etchants. In this
study, the gas mixture was Ar/C4F8/O2 = 75/15/10, injected
through the showerhead with a total flow rate of 500 sccm
(standard cubic centimeters per minute). The gas pressure at
the sensor near the foreline was kept at 25 mTorr by adjusting
the flow rate leaving through the pump. The species included
in the reactor scale model are Ar, Ar(1s5), Ar(1s4), Ar(1s3),
Ar(1s2), Ar(4p), Ar(4d), Ar

+, C4F8, C4F7, C3F7, C3F6, C3F5,
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C2F6, C2F5, C2F4, C2F3, CF4, CF3, CF2, CF, C, C4F8
+, C4F7

+,
C3F7

+, C3F6
+, C3F5

+, C2F5
+, C2F4

+, C2F3
+, CF3

+, CF2
+, CF+,

CF3
−, F2, F, F(

3S), F2
+, F+, F−, O2, O2(a

1Δg), O, O(
1D), O2

+,
O+, O−, CO2, CO, FO, COF, SiF4, SiF3, SiF2, SiF, and elec-
trons. A detailed description of the Ar/C4F8/O2 gas phase reac-
tion mechanism is given in Refs. 48 and 49.

The time averaged electron density, ionization source by
bulk electrons, Sb, ionization source by secondary electrons,
Ss, and electron temperature, Te, for the base case are shown
in Fig. 2. The electron density has an edge-high profile and
peaks at 3.8 × 1010 cm−3 at the outer radius of the wafer due to
electric field enhancement at the triple point composed of the
wafer, focus ring, and plasma. (No attempt was made to opti-
mize the uniformity of the plasma or fluxes to the wafer in
this system.) The ionization by bulk electrons is the dominant

source of electrons, which also peaks at the edge of the wafer
at 5.3 × 1015 cm−3 s−1. The contribution of ionization by sec-
ondary electrons is about one-fifth of the bulk electrons.
However, the ionization source by secondary electrons is quite
uniform at the wafer surface with a rate of 1.2 × 1015 cm−3 s−1

due to the ion bombardment of the surface, which improves
the uniformity of the plasma density in the radial direction.
The electron temperature in the bulk plasma is 4 eV, which is
a typical value for electronegative plasmas to provide ioniza-
tion sources to balance attachment. The time averaged thick-
ness of the sheath at the wafer surface is about 0.8 cm due to
the high bias voltage. This thick sheath is mildly collisional.
(The thickness of the sheath is determined by the distance
between the electrode surface and the position where the den-
sities of electrons and ions begin to deviate.)

Fluxes of radicals and ions to the wafer surface for the
base case are shown in Fig. 3. The feedstock C4F8 gas is dis-
sociated dominantly by electron impact reactions to produce
fluorocarbon radicals and ions, resulting in a fractional disso-
ciation of about 24%. The dominant electron impact dissoci-
ation product is C2F4, which is produced by

eþ C4F8 ! C2F4 þ C2F4 þ e, (15a)

eþ C4F8 ! C2F
þ
4 þ C2F4 þ eþ e: (15b)

Although C2F4 is not particularly reactive in oxide etching,
further dissociation of C2F4 produces CFx radicals and ions

eþ C2F4 ! CF2 þ CF2 þ e, (16a)

eþ C2F4 ! CFþ þ CF3 þ eþ e: (16b)

CF2 and CF3 are the dominant reactive fluorocarbon species
incident onto the wafer with average fluxes of 1.4 × 1017 and
0.9 × 1017 cm−2 s−1, respectively. O and F atoms are mainly
produced through electron impact dissociation of O2 and CFx
species and diffuse to the wafer with average fluxes of 1.2 ×
1017 and 0.8 × 1017 cm−2 s−1, respectively.

Fluxes of ions to the wafer surface are lower than those of
radicals by 1–2 orders of magnitudes due to the higher acti-
vation energy required for ionization than for dissociation.
Ar+ has the highest flux to the wafer of 3.9 × 1015 cm−2 s−1

due to the large mole fraction (75%) of the parent Ar. There
is also a significant flux of C2F4

+ (2.0 × 1015 cm−2 s−1) due to
the large dissociation fraction of C4F8 producing a large
volume averaged density of C2F4 (3.2 × 1013 cm−3). The den-
sities of C2F4

+ and C3F5
+ are larger than the densities of

CF+, CF2
+, and CF3

+ by 1 order of magnitude. In high
plasma density sources, such as inductively coupled plasmas,
the majority of power is coupled into the electrons producing
electron densities that are typically 10–100 times higher than
in CCPs, while the gas pressures are lower. This results in a
higher fractional dissociation of feedstock gases and the
dominant radicals and ions being CFx and CFx

+. In CCPs of
the type discussed here, the majority of the power is dissi-
pated in the sheath as ion acceleration, with only about 20%
of the power being coupled into the electrons. The end result

FIG. 1. Schematic of the TF-CCP reactor used in the simulation. 80MHz
power is applied to the top electrode. 10 and 5MHz powers are applied to
the bottom electrode.

FIG. 2. Time averaged (a) electron density, (b) ionization source by bulk
electrons, (c) ionization source by secondary electrons, and (d) electron
temperature in a TF-CCP sustained in an Ar/C4F8/O2 mixture. (Operating
conditions: Ar/C4F8/O2 = 75/15/10, 25 mTorr, 500 sccm, 80/10/5 MHz
power = 0.4/2.5/5 kW.)
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is a lower fractional dissociation of the feedstock gases and
larger densities of CxFy and CxFy

+ than of CFx
+, which

would require multiple electron collisions to produce.
A parametric study of the TF-CCP was performed by

varying the lowest 5 MHz power from 2.5 to 10 kW. The
rationale for this choice is that 5 MHz power is dominantly
dissipated by ion acceleration in the sheath (compared with
10 and 80MHz) and so has the most significant effect on
IEADs to the wafer of the three frequencies. The time aver-
aged IEADs of all the positive ions, the fluxes of ions and
radicals, and the average energy of ions to the wafer at radius
of 7.5 cm for different 5 MHz powers are shown in Fig. 4.
The IEADs have multiple peaks, which are due to the sheath
having components of all three frequencies and a large range
of ion masses (16–200 amu). As the 5MHz power increases
from 2.5 to 10 kW, the 5MHz voltage to deliver the power
increases from 1590 to 3430 V, while the dc bias increases
from −1450 to −2250 V. These increases in voltage produce
an extended IEAD having average ion energies from 1630 eV
(2.5MHz) to 2540 eV (10MHz) and maximum energies of
2300–4000 eV. The IEAD becomes narrower in angle (inci-
dent angle of ions is less than 3° with respect to surface
normal) with increasing 5MHz power due to the increasing
acceleration of ions in the sheath perpendicular to the wafer,

a desirable trend in HAR etching to reduce sidewall impacts
in the feature and produce anisotropic etch profiles.

The thickness of the sheath at the surface of the wafer
increases from 0.8 to 1.0 cm as the 5MHz power increases
from 2.5 to 10 kW, as the overall waveform and amplitude of
the sheath is dominantly modulated by the 5MHz power.
The narrowing of the angular spread of the IEAD is some-
what less than what one would expect by increasing the
applied voltage by more than a factor of 2. Assuming colli-
sionless acceleration of ions through the sheath, the angular
spread of the IEADs striking the wafer should scale as
Δθ � (Tion=VS)1=2, where VS is the average sheath potential
and Tion is the ion temperature parallel to the sheath edge. If
the plasma density remains constant, then the sheath thick-
ness increases as λS � V1=2

S . The thicker sheath enables more
glancing angle elastic collisions, which increases the effec-
tive value of Tion. The end result is that if the sheath (or pre-
sheath) is mildly collisional, Δθ does not decrease with VS as
intended. To maintain that scaling, the λS should remain

FIG. 3. Time averaged fluxes of (a) radicals and (b) ions to the wafer in a
TF-CCP sustained in an Ar/C4F8/O2 mixture. (Operating conditions: Ar/
C4F8/O2 = 75/15/10, 25 mTorr, 500 sccm, 80/10/5MHz power = 0.4/2.5/5
kW.)

FIG. 4. Properties of fluxes to the wafer. (a) IEADs of all positive ions and
(b) fluxes of ions and radicals and average energy of ions reaching the wafer
at a radius of 7.5 cm for different 5MHz powers. (Operating conditions: Ar/
C4F8/O2 = 75/15/10, 25 mTorr, 500 sccm, 80/10MHz power = 0.4/2.5 kW, 5
MHz power: 2.5–10 kW.)

031304-11 Huang et al.: Plasma etching of high aspect ratio features in SiO2 using Ar/C4F8/O2 mixtures 031304-11

JVST A - Vacuum, Surfaces, and Films



constant, which would then require that the electron density
ne � VS. For low frequency biases whose power is domi-
nantly dissipated by ion acceleration, there is little change in
ne with VS. Maintaining a constant sheath thickness with
increasing VS requires a corresponding increase in high fre-
quency source power.

As the 5MHz power increases from 2.5 to 10 kW, the total
flux of all positive ions to the wafer at a radius of 7.5 cm
increases by about 50%, from 0.8 × 1016 to 1.2 × 1016 cm−2 s−1.
This increase in ion fluxes results from an increase in the
volume averaged ionization source by bulk electrons
between the electrodes from 2.3 × 1015 to 5.0 × 1015 cm−3 s−1,
and a thickening of the sheath and presheath which captures
more of the ion generation into the wafer directed ion flux.
The volume averaged electron density increases from
0.8 × 1010 to 1.0 × 1010 cm−3 with increasing 5MHz power,
resulting in a moderate increase in dissociation rates,
which increase fluxes of CFx and CxFy from 2.9 × 1017 to
3.2 × 1017 cm−2 s−1.

V. ETCHING PROFILE OF HIGH ASPECT RATIO
CONTACTS IN SiO2

The features we are investigating are simple circular vias.
The geometry of the three-dimensional high HAR via in SiO2

is shown in Fig. 5. The thickness of SiO2 is 4800 nm, with a
1600 nm thick PR layer as the mask and Si as the stopping
layer below SiO2. The diameter of the mask opening in the
PR is 120 nm. The mask initially has beveled edges with an
angle of 45° and a depth of 60 nm. The mask is otherwise azi-
muthally smooth. That is, in this study, we are not considering
the consequences of innate line-edge roughening of the mask.
The mesh consisted of 60 × 60 × 1094 cells, producing cubic
voxels 6 nm on a side. The AR is defined by the PR mask
opening divided by the etch depth in the oxide, so the AR of
the feature in oxide is 40. The total aspect ratio including the
mask at the start of etching is 53. Unless otherwise stated, the
aspect ratio in the following context denotes the aspect ratio of
the feature only in the oxide. Charging is not considered in
etching the features discussed here and in Secs. V A–V C.
Charging of features is discussed in Sec. V D.

Although not a focus of this paper, two-dimensional sim-
ulations (e.g., infinite trenches) are often used to approxi-
mate vias. As part of this and related investigations, we have
performed side-by-side comparisons of the simulations of
trenches and vias. Although quantitative systematic trends
are difficult to discern, there are clearly differences in the
resulting profiles. These differences in large part result from
the difference in the effective surface-to-volume (SVR) ratio
of the features—the SVR is higher in the via than in the
trench. The higher SVR of the vias results in sidewall scat-
tering and deposition on the sidewalls being more important
in the vias compared with the trench. We also found that
simulating a trench in 2D produces somewhat different
results than simulating a trench in 3D. The 3D trench would
be simulated, for example, by having a finite depth to the
computational mesh with periodic boundary conditions.
This difference between 2D trenches and 3D trenches is

particularly evident when including charging. This differ-
ence results from roughness (or charge) on the sidewall in
2D appearing to have an infinite depth, whereas roughness
(or charge) on the sidewall in 3D has a finite extent.
Scattering from sidewall roughness in 2D trenches will

FIG. 5. HAR feature etching properties. Section view (top) and central slice
(bottom) of the HAR feature showing the time evolution of the etch profile.
The height of SiO2 is 4800 nm with a 1600 nm thick photoresist as the mask
and Si as the stopping layer. (Operating conditions: Ar/C4F8/O2 = 75/15/10,
25 mTorr, 500 sccm, 80/10/5MHz power = 0.4/2.5/5 kW.)
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occur from the same height for all particles. Scattering from
sidewall roughness in 3D will be more statistical since the
roughness is not uniform along the depth of the trench.

Using fluxes and IEADs obtained from the reactor scale
base case, the time evolution of etching the via is shown in
Fig. 5. These images are 3D cutout views and 2D sectional
slices taken through the middle of the feature. The bottoms of
the 2D sectional slices are not symmetric across the centerline,
an indication of pattern distortion which will be discussed
below. As the etching proceeds, there is tendency toward
bowing in the upper portion of the feature in SiO2 for etch
depths of 200–1200 nm (AR of 2–10). The bowing is largely
due to diffusive scattering of ions at the sidewalls of the PR
and to a lesser degree from inside the feature. This diffusive
scattering produces hot neutrals at large angles. Also, the
erosion of the PR results in increasing the area of the facet at
the top of PR, and scattering of ions at the facet produces hot
neutrals into the feature with broad angular distributions. For
reflections from the facets to be a direct source of bowing in
SiO2, there should be a line of sight from the facet to the top
of SiO2, which is not the case here. Reflections from the facets
here broaden the angular distribution for subsequent sidewall
collisions. The PR has been eroded by approximately 450 nm
by the end of the etch when the feature reaches the Si stopping
layer, yielding a selectivity of SiO2 over a PR of 10.7.

The fluxes of ions, hot neutrals, CFx, and CxFy radicals
incident onto the etch front as a function of the aspect ratio
of SiO2 and of the total feature (PR + SiO2) as the feature
etches are shown in Fig. 6(a). The average energies and
power flux striking the etch front by ions and hot neutrals are
shown in Fig. 6(b). By definition, ions striking the etch front
are those not having had collisions with the sidewalls as, in
this mechanism, ions neutralize upon striking a surface and
become hot neutrals. A given ion can strike the etch front
only once, so the flux of ions to the etch front to some
degree represents the decreasing view angle of the etch front
subtending the ion angular distribution at that AR. For this
reason alone, the ion flux to the etch front decreases with
AR. On the other hand, thermal neutral species undergoing
diffusive scattering on the sidewalls are conductance limited
in reaching the etch front as the AR increases. If a neutral
has a nonunity reaction probability, once at the bottom of the
feature, that particle can strike the etch front multiple times.
Each strike of the etch front by a neutral particle (either hot
or thermal) increments the flux count.

Even at low aspect ratio in SiO2, the flux of hot neutrals
to the etch front is nearly the same as that of ions. This
equivalence results from the PR itself having an AR of 13,
so, there is considerable scattering of ions from the sidewalls
of the PR, with hot neutrals being the returning species at
the start of etching. This scaling is demonstrated in Fig. 7
where the fluxes of ions and hot neutrals to the top of SiO2

at the start of etching are shown as a function of the height of
the PR. As the height of the PR increases from 0 to 2400 nm
and the aspect ratios of the PR from 0 to 20, the flux of ions
to the etch front monotonically decreases (4.2 × 1015 to
1.3 × 1015 cm−2 s−1), while the flux of hot neutrals increases
(0 to 2.9 × 1015 cm−2 s−1). With increasing AR of the PR

above SiO2, more ions are neutralized on the sidewalls of the
PR producing hot neutrals before reaching the SiO2 surface.

For the base case having PR with an AR of 13, with
etching into SiO2 increasing the overall AR, sidewall scatter-
ing continually depletes ions converting them to hot neutrals,
as shown in Fig. 6(a). (Recall that hot neutrals are those parti-
cles having energies as high as specularly reflected ions to as
low as a few eV.) After converting ions to hot neutrals (includ-
ing possible multiple collisions of hot neutrals with the etch
front), there is a rapid increase in the hot neutral flux for an
AR up to about 4 (or about 17 from the top of the PR). At
larger AR, multiple scattering of the hot neutrals from the
sidewalls reduces their energy. Reflections from the sidewalls
can also include a stochastic diffusive component in the

FIG. 6. Fluxes and powers to the etch front as a function of aspect ratio. (a)
Fluxes of ions, hot neutrals, and CFx and CxFy radicals to the etch front, (b)
power delivered to the etch front by ions and hot neutrals and the average
energy of ions and hot neutrals to the etch front, and (c) fluxes of etch prod-
ucts leaving the feature as a function of the aspect ratio in HAR during
etching. (Operating conditions: Ar/C4F8/O2 = 75/15/10, 25 mTorr, 500 sccm,
80/10/5MHz power = 0.4/2.5/5 kW.)
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reflected velocity.50 This results in a more isotropic velocity
distribution as the average number of reflections increases and
energy decreases. As the initially anisotropic hot neutrals
become more isotropic, conduction limits begin to dominate
and their fluxes to the etch front decrease with increasing AR.

As the etch depth increases up to 4800 nm and AR = 40
(AR = 53 from top of PR), the maximum incident angle of
an ion that can directly hit the etch front without first collid-
ing with the sidewall decreases from about 4° to 1° (with PR
included). This shadowing contributes to a decrease in the ion
flux to the etch front from 2.0 × 1015 to 0.3 × 1015 cm−2 s−1.
The ions that do not directly reach the etch front are neutralized
at the sidewall, charging the surface, and are converted to their
hot neutral partners with mostly specular reflection. The flux of
hot neutrals to the etch front increases from 3.1 × 1015 to 8.0 ×
1015 cm−2 s−1 as the etch depth increases from 0 to 480 nm
(AR = 4). As the feature deepens to 960 nm (AR = 8), the flux
of hot neutrals surpasses the fluxes of thermal CFx and CxFy
radicals whose fluxes are conductance limited. The hot neutral
flux then becomes the dominant neutral species reaching the
etch front. This initial increase in the flux of hot neutrals is
mainly due to more ions striking sidewalls and being converted
to hot neutrals; however, there is also a component due to the
etch front evolving from a flat to a tapered profile. The tapered
feature produces some focusing of specularly reflected hot par-
ticles toward the etch front. As the etch depth increases from
480 to 4800 nm (AR= 40), the flux of hot neutrals to the etch
front decreases to 1.1 × 1015 cm−2 s−1, which is due to diffusive
scattering from the sidewalls and thermalization of the hot par-
ticles following several collisions with the surfaces. The
average energy of hot neutrals reaching the etch front first
decreases with increasing AR and is then maintained at about
400 eV at ARs higher than 3.

The flux of CFx and CxFy to the top of the PR is 3.0 ×
1017 cm−2 s−1, resulting in polymer deposition on the top and
sidewalls of the PR. This polymer deposition provides some
protection of the PR from lateral etching.

In addition to energetic species (i.e., hot neutrals and ions),
the chemical etching of SiO2 depends on the availability of
neutral radicals. The incident thermal neutrals have isotropic
angular distributions and the delivery of neutrals deep into the
feature is limited by gas conductance. As the etch depth
increases from 0 to 1200 nm (AR = 10), the flux of CFx and
CxFy radicals to the etch front decreases from 3.1 × 1016 to
0.4 × 1016 cm−2 s−1. This decrease is due to consumption by
deposition as polymer on the sidewalls and diffusive scattering
which reflects the neutrals out of the feature before reaching
the etch front (neutral conduction limit). Recall that neutral
particles that have nonunity reaction probabilities can strike
the etch front several times and are counted with every strike.

The oxide sidewalls of the feature are first passivated by
fluorocarbon radical to form the SiO2CmFn surface com-
plexes. The complex layer is then activated by hot neutrals
and ions, which leads to the activated complex having a
higher probability for CFx and CxFy to deposit as polymer.
The polymer deposition on sidewalls reduces the lateral
etching by scattered hot neutrals and so reduces the bowing,
enabling more directional etching and anisotropic profiles.
As the etch depth further increases from 1200 to 4800 nm
(AR from 10 to 40), the flux of CFx and CxFy radicals to the
etch front decreases from 4.4 × 1015 to 0.9 × 1015 cm−2 s−1,
resulting in a surface complex layer with little overlying
polymer at the etch front. Due to the limited availability of
CFx and CxFy to thicken the polymer, the polymer is rapidly
removed by ions and hot neutrals. Deep in the feature (AR> 10),
the ions and hot neutrals have larger fluxes to the etch front
than those of CFx and CxFy by a factor of 2–3.

For an AR greater than 3 (or an AR about 16 from the top
of the PR), the delivery of power to the etch front relies more
on the hot neutral flux than on the ion flux, as shown in
Fig. 6(b). The power density is calculated as the sum of the
fluxes of energetic particles multiplied by the average energy
of that species at the etch front. The power density delivered
by hot neutrals to the etch front is larger than the ions by about
20% for AR > 3. The ions initially incident into the feature
have energies ranging between 1300 and 3000 eV with an
average energy of 1950 eV and incident angles of less than 4°,
as shown in Fig. 4. Since ions are counted as striking the etch
front only if they have not had a collision with the sidewall,
the average energy of the ions reaching the etch front shown in
Fig. 6(b) is nearly constant at 1900 eV, approximately the
average energy of incident ions. The small decrease in ion
energy with AR results from the method of sampling and the
tapering of the feature. If the bottom of the feature was abso-
lutely flat with straight sidewalls, the average ion energy strik-
ing the etch front would increase with AR (subtending a
smaller angle) since the higher energy ions have a narrow
angular distribution as shown in Fig. 4(a). However, as the
etch front tapers, more ions intersect the tapered sidewalls,
which preferentially sample ions with a broader angular distri-
bution having, on average, lower energies. With the average
ion energy being nearly constant while the ion flux decreases,
the power flux to the etch front monotonically decreases.

The average energy delivered to the etch front by hot neu-
trals only slightly decreases as the flux of neutrals to the etch

FIG. 7. Instantaneous etch rates of oxide and photoresist as a function of
aspect ratio in HAR etching. (Operating conditions: Ar/C4F8/O2 = 75/15/10,
25 mTorr, 500 sccm, 80/10/5MHz power = 0.4/2.5/5 kW.)
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front decreases with increasing AR, indicating that the
energy delivery is dominated by hot neutrals having only
one or two scatters from the sidewall. With the typical
bowed geometry of an HAR feature, the first and second
scattering events are usually small angle, occurring on the
same side of the feature. With each reflection with a less
grazing angle of incidence, the angle at which the particle
leaves the surface generally increases. Eventually, this angle
will increase to the point that the particle traverses the width
of the feature and interacts with the opposite side. Due to the
bowing, once the particle traverses the feature, its next
impact is often closer to being normal than the first grazing
reflections. With the impact angle dependent energy loss
described in Eq. (3), these interactions reduce the energy of
the hot particle to the point that the particle will no longer be
tracked as a hot neutral species, but rather as its thermal
neutral partner. The decrease in power delivery to the etch
front with increasing AR is a major source of ARDE.

The neutral conductance in HAR features affects etching in
at least two ways. The first is to limit the delivery of neutral
precursors to the etch front. The second is to impede the flow
of etch products from deep inside of the feature out of the
feature. The conductance limited transport of etch products
out of the feature results in redeposition deep inside the
feature. The fluxes of gas phase etch products leaving the
feature as a function of the aspect ratio as the etch proceeds
are shown in Fig. 6(c). At low AR (<10), the removal of
oxide is mainly through passivation by CFx and CxFy radicals
[Eq. (6)] followed by chemical sputtering by energetic species
[Eq. (7)]. At these depths, there are abundant polymerizing
CFx and CxFy fluxes. The etch rate is mainly limited by the
availability of energetic species, that is, ion limited. The
silicon surface sites are mainly removed by the formation of
SiFx (x = 1–3) as there is an ample F atom flux and subse-
quent removal through chemical sputtering by energetic parti-
cles. The flux of SiFx leaving the feature has a dependence on
AR that is similar to that of the fluxes of hot neutrals and ions
to the etch front shown in Fig. 6(a). This exiting flux of SiFx
peaks at a depth of 480 nm (AR = 4) at 3.6 × 1014 cm−2 s−1.

At low ARs (<10), the oxide surface sites are mainly
removed by the forming COx(x = 1, 2) and COF species
through chemical sputtering of the complex by energetic
species. With increasing AR, both the fluxes of SiFx (etch
products of silicon sites) and COx (etch products of oxygen
sites) decrease. The COx flux decreases less than the SiFx
flux as the COx species are nonreactive (in this mechanism)
and leave the feature without further reactions. On the other
hand, the SiFx species can redeposit on the sidewalls and the
etch front, which contributes to a tapering of the feature and
a slowing of the etch rate (increasing ARDE). Thermal
etching of SiFx species is also possible by further fluorine
exposure, generating an SiF4 etch product. This product is
volatile and does not participate in redeposition, but this
pathway is not important for these conditions.

The flux of gas phase SiO2 exiting the feature indicates
the amount of oxide directly removed by physical sputtering
through SiO2(s) + I+→ SiO2 + I(h). For simplicity, the sput-
tered oxide is treated as a gas phase SiO2 species as opposed

to separately sputtering as Si and O atoms. This sputtered
SiO2 can redeposit on surfaces or leave the feature into the
plasma. The flux of O atoms entering the feature is many
orders of magnitude larger than the flux of physical sputter-
ing products exiting the feature; and so, ignoring the O
atoms as a physical sputtering product is likely not impor-
tant. The flux of gas phase SiO2 exiting the feature reaches a
maximum at a depth of 960 nm (AR = 8) with a flux of 2.3 ×
1014 cm−2 s−1, decreasing to 0.5 × 1014 cm−2 s−1 as the etch
depth increases to 4800 nm (AR = 40). At low ARs (<10),
the etching of oxide mainly occurs through chemical sputter-
ing due to the large supply of CFx and CxFy radicals. As the
AR increases above 8, the fractional decrease in the flux of
gas phase SiO2 out of the feature is smaller than for the
chemical sputtering etch products. With increasing AR, the
flux of SiO2 out of the feature approaches the fluxes of COx

and SiFx, indicating an increasing fractional contribution of
physical sputtering and decreasing fractional contribution of
chemical sputtering to the removal of oxide.

Overall, the ratio of oxide removed by chemical sputter-
ing compared with physical sputtering is 1.9 (measured by
the ratio of passivated etch product SiFx compared with the
SiO2 etch product). The flux of COF leaving the feature
increases from 0.7 × 1016 to 1.5 × 1016 cm−2 s−1 as the AR
increases from 0 to 40. In addition to being formed through
chemical sputtering of the SiO2CmFn complex, COF is also
formed through etching of polymer by gas phase oxygen
species (O, O+, and O2

+). Polymer etching by O containing
species becomes the major source of COF at high ARs due
to there being a more polymer covered surface on the side-
walls with increasing AR.

The instantaneous etch rate of SiO2 as a function of AR
shown in Fig. 8 shows typical ARDE: decreasing etch rate
with increasing etch depth or aspect ratio. The instanta-
neous etch rate is calculated by measuring the average
height of the solid surface in a 18 × 18 nm window at the

FIG. 8. Fluxes of ions and hot neutrals to the etch front at the beginning of
the etching process for SiO2 features while varying the height of the PR
from 0 to 2400 nm. The diameter of initial mask opening in the PR is
120 nm. (Operating conditions: Ar/C4F8/O2 = 75/15/10, 25 mTorr, 500 sccm,
80/10/5MHz power = 0.4/2.5/5 kW.)

031304-15 Huang et al.: Plasma etching of high aspect ratio features in SiO2 using Ar/C4F8/O2 mixtures 031304-15

JVST A - Vacuum, Surfaces, and Films



center of the feature for equally spaced time steps and
taking the first order derivative of the height with respect to
time. The instantaneous etch rates were normalized by
setting the initial etch rate to 1. There is a small initial
increase in the etch rate which is due to the tapering of the
feature that funnels hot neutrals to the etch front. The etch
rate then decreases by 80% by the time the AR reaches 40,
following a trend that is similar to that of the fluxes and
power densities of energetic species to the etch front shown
in Figs. 6(a) and 6(b). This correlation results from the
propagation of the etch front ultimately being driven by
energetic species through physical and chemically enhanced
sputtering. With the delivery of both energetic species and
power to the etch front decreasing with increasing AR, the
etch rate decreases, resulting in ARDE. There is also a con-
tribution to ARDE from a redeposition of etch products;
however, the more dominant source of ARDE is the reduc-
tion in power to the etch front.

The instantaneous etch rate of the PR shown in Fig. 8 is
nearly independent of AR and is about 0.05 that of the initial
oxide etch rate. Any changes in the PR etch rate are due to the
erosion of the PR which results in ions striking the surface at
non-normal (top surface) or nongrazing (side surface) angles,
or a redeposition of etch products. With the decrease in the
oxide etch rate due to ARDE, the selectivity (oxide etch rate/
PR etch rate) decreases with increasing AR. The end result is
that the relative rate of PR erosion increases as the AR
increases, as shown in Fig. 5. This decreasing PR selectivity
is a limiting factor in etching HAR features, motivating the
use of hard non-eroding masks. For example, for the base
case conditions, the PR mask is nearly fully eroded when
reaching an AR of 60, as shown in Fig. 9. This loss of selec-
tivity is not because the PR etches faster, but rather because
the SiO2 etches slower. There is a counterintuitive positive
contribution to the mask erosion. With thick masks having a
finite AR before reaching the top surface of SiO2, there is
already some conductance limit to transport of neutral radicals
and sidewall scattering of ions, both of which contribute to
ARDE. As the mask erodes, the conductance limit of neutrals
into the SiO2 portion of the feature relaxes and the unimpeded
ion flux to the etch front increases. ARDE would be even
more severe in the absence of PR erosion.

Having said that, there are several negative consequences
of the mask erosion, including bowing of the via below the
mask. The bowing results from ion reflection from the PR
which produces energetic hot neutrals at nongrazing angles
incident onto the sidewalls of the via below the mask. These
trends have also been seen in previous studies in Refs. 2 and 6.
These nongrazing particles are produced either directly from
reflection off the facets or sidewalls of the PR or following
several reflections from the sidewalls of the PR. As the mask is
eroded, the likelihood for a direct line-of-sight reflection from
the facet into the feature increases, thereby increasing the likeli-
hood for bowing.

To examine the consequences of PR erosion, the prob-
abilities of physical sputtering of PR by energetic ions,
R(s) + I+→R + I(h), and thermal etching of PR by O atoms,
R(s) + O→COH, a0, were both decreased to 50%, 25%, and

0% of their values in the base case, with the resulting etch
profiles shown in Fig. 9. The selectivity (as indicated by
the height of the PR) improves as the PR etch probability
decreases while the bowing distortion decreases. Note that
in the case of a0 = 0.5 and 0.25, there is significant bowing
while there is no direct path for an ion reflecting from the
PR facet to reach the location of bowing. The bowing for
these conditions results from energetic particles having
multiple reflections.

FIG. 9. Etch profiles (central slice) for features with an aspect ratio of 80
while varying the relative PR etch probabilities, a0, from 1.0 to 0.5, 0.25,
and 0 of the values specified in Table I. The relative etch time, tr, is listed
below each profile.
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A. 5MHz power

A parametric study was performed of HAR etching by
varying the 5MHz power from 2.5 to 10 kW. The powers of
the other two frequencies were the same as those of the base
case (80/10 MHz power = 0.4/2.5 kW). The central slice of
the resulting etching profiles with a 10% over-etch is shown
in Fig. 10. (A 10% over-etch means that following the
feature reaching the bottom Si, etching continued for an
additional 10% of the time required to reach the bottom.)
Over-etch is typically performed to remove the taper in the
profile. The relative etch time is listed in Fig. 10. Only PR,
SiO2, and Si are shown. The surface complex and the
polymer have been blanked out of the figure, which is our
prediction of the profiles after a cleaning process.

The fluxes of ions and hot neutrals to the etch front nearly
double with increasing 5MHz power from 2.5 to 10 kW, as
shown in Fig. 11(a). This doubling is due to the increase of
the initial fluxes of ions into the feature by about 50% shown
in Fig. 4(b) and the narrowing of the ion angular distributions
shown in Fig. 4(a), resulting in less scattering from the

sidewalls. The power delivered by ions and hot neutrals to the
etch front increases by nearly a factor of 3 with increasing 5
MHz power, as shown in Figs. 11(b) and 11(c). This increase
results from both the increase in fluxes of energetic species to
the etch front and an increase of their average energies by
about 55%. The fractional decrease in the power delivered to
the etch front by ions and hot neutrals with increasing AR is
almost the same for all 5MHz powers. These trends indicate
that the transport of ions and hot neutrals into the feature is
most sensitive to the aspect ratio.

FIG. 10. Final etch profiles (central slice) with 10% over-etch of during HAR
etching using fluxes and IEADs from the TF-CCP for different 5MHz
powers. Only the PR, SiO2, and Si are shown. The surface complex and
polymers have been blanked out. The relative etch time, tr, is listed below
each profile. (Operating conditions: Ar/C4F8/O2 = 75/15/10, 25 mTorr, 500
sccm, 80/10MHz power = 0.4/2.5 kW, 5MHz power: 2.5–10 kW.)

FIG. 11. Fluxes and powers to the etch front as a function of aspect ratio and
power. (a) Fluxes of ions and hot neutrals to the etch front and power deliv-
ered to the etch front by (b) ions and (c) hot neutrals as a function of the
aspect ratio for different 5MHz powers. (Operating conditions: Ar/C4F8/O2

= 75/15/10, 25 mTorr, 500 sccm, 80/10MHz power = 0.4/2.5 kW, 5MHz
power: 2.5–10 kW.)
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The average etch rate, selectivity, and the CDs as a func-
tion of 5MHz power are shown in Fig. 12. The average etch
rate was obtained by dividing the thickness of SiO2 by the
time for the etch front to reach the stopping layer and was
normalized to 1 for the base case. The top CD was measured
at the top of the oxide adjacent to the PR, the bottom CD
was measured at the bottom of the oxide adjacent to the stop-
ping layer, and the bowing CD was measured at the height
where the diameter of the via is largest.

The efficiency of etching (rate/power) decreases when
increasing the 5MHz power. For an increase in power of a
factor of 4, the etch rate increases by only a factor of 2.7. The
diminishing efficiency is partly due to the increase in power
by a factor of 4 producing an increase in ion flux of only 50%
and an increase in average ion energy of 55%, with a fraction
of the power contributing to the production of other nonreac-
tive species. With reaction probabilities scaling with ε1/2, there
is also a diminishing return on increasing reaction probability
by increasing ion energy when the ion energy is already sig-
nificantly above the threshold, as is the case here.

With the flux of thermal neutrals being conduction
limited to the bottom of the feature and not significantly
increasing with 5 MHz power, the etching is neutral-
starved at the higher powers. Polymerizing neutrals for
chemical sputtering are largely delivered by slowing hot

neutrals. Some etch rate is recouped by a moderate narrow-
ing of the IEAD with increasing power, which enables a
larger fraction of incident ions to reach the etch front
without scattering from the sidewalls.

The top, bowing, and bottom CDs of the features all
increase when varying 5 MHz power. According to the final
profiles having the 10% over-etch shown in Fig. 10 and the
measurements of CDs shown in Fig. 12(b), the top CDs are
approximately 160 nm, which is about 40 nm larger than
the original mask opening diameter of 120 nm. The bowing
CD increases from 162 to 204 nm with increasing power,
which is mainly due to the larger increase of ion flux com-
pared with the polymerizing radical flux which protects the
sidewalls. More ions are diffusively scattered or reflected
from sidewalls relative to the lower rate of sidewall passiv-
ation, which results in an enhanced lateral etching of side-
walls and bowing in the upper portion of the feature. The
bottom CD is sensitive to the over-etch time which determines
the degree of clearing of the corners. The bottom CDs are
smaller than the original mask opening due to the relatively
short 10% over-etch time. For tapered etch fronts, a short over-
etch time results in an incomplete corner clearing and smaller
bottom CDs (50–100 nm). For these conditions, longer etch
times will begin to broaden the top of the feature.

B. (CFx + CxFy)/ion flux ratio

The transport of energetic species (hot neutrals and ions)
and polymerizing radicals (CFx and CxFy) into HAR features
significantly varies with increasing AR, while these two
groups of species play different roles in the etching of SiO2.
The CFx and CxFy radicals contribute to passivation and
polymer deposition, while energetic hot neutrals and ions
produce chemical and physical sputtering of the surface
complex and oxide. The relative fluxes of the energetic
species and fluorocarbon radicals are linked through the
properties of the plasma which are in turn functions of
power, pressure, flow rates, mole fractions, frequencies, and
pulse waveforms. However, artificially adjusting their relative
fluxes does provide an insight to the etching process. In this
regard, the magnitude of the flux of all positive ions, I+, was
varied while keeping the shape of the IEADs and the inci-
dent neutral fluxes constant. In doing so, the (CFx + CxFy)/I

+

flux ratio was varied from 5 to 40 where for the base case,
the ratio is 30. The central slices of the resulting profiles
with the 10% over-etch are shown in Fig. 13. The average
etch rate, selectivity, and CDs are shown in Fig. 14.

As the (CFx + CxFy)/I
+
flux ratio increases from 5 to 40,

the average etch rate and the selectivity both decrease—the
flux of energetic species and power delivered to the etch
front by those energetic species both decrease. The time
required to etch through the oxide increases by 10 times as
the (CFx + CxFy)/I

+
flux ratio increases from 5 to 40, result-

ing in an increased erosion of PR from 372 to 510 nm and a
decreased SiO2/PR selectivity from 12.9 to 9.4. The strong
dependence of the etch rate on the (CFx + CxFy)/I

+
flux ratio

is mainly due to the ion-driven etching process for oxide.
Increasing the flux of ions results in a higher etch rate, but

FIG. 12. Etch rates and critical dimensions for different 5 MHz powers. (a)
Normalized average etch rate and SiO2/PR selectivity and (b) top, bowing,
and bottom critical dimensions with 10% over-etch during HAR etching for
different 5MHz powers. The diameter of the initial mask opening is 120 nm.
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also leads to more pattern degradation by increasing the top
and bowing CDs, as shown in Fig. 14(b). As the (CFx +
CxFy)/I

+
flux ratio decreases by increasing the ion flux, the

lateral etching by hot neutrals and ions increases, resulting in
an increase in the top CD from 156 to 168 nm and an
increase in the bowing CD from 162 to 210 nm.

C. Fractional CFx
+ and CxFy

+

The CFx
+ and CxFy

+ ions play multiple roles in the
etching of oxide. These energetic ions and their hot neutral
partners can remove oxide directly through physical sputter-
ing or remove the complex through chemically enhanced
sputtering. After losing energy through several collisions
with the sidewalls and the etch front, these energetic species
become thermal CFx and CxFy radicals, which can passivate

the oxide surface or deposit as a polymer. In the base case,
the majority of the CFx and CxFy radicals at low AR (<5),
shown in Fig. 6(a), originates from the thermal neutrals inci-
dent into the feature from the plasma. As the AR increases to
greater than 10, the neutralized and thermalized CFx

+ and
CxFy

+ ions become the main source ( > 95%) of radicals
reaching the etch front. To investigate these processes, the
fluxes of CFx

+ and CxFy
+ were varied, while the total ion

flux was maintained constant by decreasing the flux of Ar+

whose neutral partner is chemically nonreactive. In this
manner, the fraction of CFx

+ and CxFy
+
fluxes, (CFx

+ and
CxFy

+)/I+, was varied from 15% to 60%. (For the base case,
the fraction of CFx

+ and CxFy
+ ions is 30%.) The final etch

profiles with the 10% over-etch are shown in Fig. 15. The
average etch rate, selectivity, and CDs are shown in Fig. 16.

As the majority of the CFx and CxFy radicals reaching
deep into the feature (AR > 10) originates from CFx

+ and
CxFy

+, the flux of CFx and CxFy to the etch front at a high
AR increases by approximately three times when increasing
fractional CFx

+ and CxFy
+. This increase in fluorocarbon radi-

cals to the etch front results in more surface passivation and
polymer deposition which requires additional ions to remove
the oxide. The neutral and thermalized partners of other ions

FIG. 13. Final etch profiles (central slice) with 10% over-etch of during HAR
etching for different (CFx+ CxFy)/ion flux ratios from 5 to 40. Only PR,
SiO2, and Si are shown, with the complex and polymers being blanked out.
The (CFx+ CxFy)/ion flux ratio in the base case is 30. The fluxes of ions
were varied, while the fluxes of CFx and CxFy remained constant. The same
IEADs from the base case were used in all cases. The relative etch time, tr,
is listed below each feature.

FIG. 14. Etch rates and critical dimensions for different radical to ion ratios.
(a) Normalized average etch rate and SiO2/PR selectivity and (b) top,
bowing, and bottom critical dimensions with 10% over-etch for different
(CFx+ CxFy)/ion flux ratios. The (CFx+ CxFy)/ion flux ratio in the base case
is 30. The fluxes of ions were varied, while the fluxes of CFx and CxFy
remained constant. The same IEADs from the base case were used for all
cases. The diameter of the initial mask opening is 120 nm.
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are nonreactive species and diffuse out of the feature with no
surface reactions (only scattering at the surface). There is
little surface passivation or polymer deposition resulting
from those thermalized species. Thus, the etch rate of oxide
decreases by about 30% when increasing the fraction of CFx

+

and CxFy
+, as shown in Fig. 16(a). The ratio of material

removed by chemical sputtering versus physical sputtering
increases with increasing fractions of CFx

+ and CxFy
+, from

1.1 to 3.5. The etch rate of PR is almost invariant with the
fraction of CFx

+ and CxFy
+ as, in this model, all of the ions

have the same energy and angular dependent probabilities
for physical sputtering of the PR. Ions reflecting from the top
of the PR as hot neutrals will, in most cases, scatter back into
the plasma, and not directly revisit the PR. So, the SiO2/PR
selectivity also decreases by about 50% with the increasing
fraction of CFx

+ and CxFy
+. We expect that there will be a

mass dependence on PR sputtering rates by different ions.

However, since all ions are heavy compared with the compo-
nents of the hydrocarbon polymer of the PR, that mass
dependence of sputtering will not be large.

An effect that has not been included in the reaction mech-
anism is dissociation of molecular ions and hot neutrals
when striking the surface. There are large fluxes of fluorocar-
bon ions whose neutral counterparts are nonreactive, such as
C2F4

+. However, CxFy
+ ions of many hundreds of eV to a

few keV, as in this study, will likely fragment when striking
the surface.51 This fragmentation will then increase the flux
of more reactive and smaller neutral species, CFx, which are
more likely to polymerize and form surface complexes.

The top, bowing, and bottom CDs shown in Fig. 16(b)
vary only slightly with increasing fractional CFx

+ and
CxFy

+, being maintained at about 156, 180, and 84 nm,
respectively. The increased fluxes of CFx and CxFy radicals
deep into the feature with increasing fractional CFx

+ and
CxFy

+ provide protection to the sidewalls from lateral
etching, which is offset by the longer etch time resulting
from the decrease in the rate. The end result is only small
variations in the CDs for different fractional CFx

+ and
CxFy

+. The small bottom CD of 42 nm with fractional CFx
+

FIG. 15. Final etching profiles (central slice) with 10% over-etch for HAR
etching for different fractional CFx

+ and CxFy
+. Only the PR, SiO2, and Si

are shown, with the complex and polymers being blanked out. The fractional
CFx

+ and CxFy
+ in the base case is 15%. The fluxes of CFx

+ and CxFy
+ ions

were varied, while the total ion flux was maintained constant by decreasing
the flux of Ar+. The same IEADs from the base case were used for all cases.
The relative etch time, tr, is listed below each feature.

FIG. 16. Etch rates and critical dimensions as a function of fluorocarbon ion
flux. (a) Normalized average etch rate and SiO2/PR selectivity, and (b) top,
bowing, and bottom critical dimensions with 10% over-etch during HAR
etching for different fractional CFx

+ and CxFy
+. The fractional CFx

+ and
CxFy

+ in the base case is 15%. The fluxes of CFx
+ and CxFy

+ ions were
varied, while the total ion flux was maintained constant by decreasing
adjusting the flux of Ar+. The same IEADs from the base case were used for
all cases. The diameter of the initial mask opening is 120 nm.
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and CxFy
+ of 60% is mainly due to there being more poly-

merizing species from thermalized ion partners and a
longer over-etch time required for clearing the corner.

D. Charging of features

Charging of the surfaces on the top and inside of the
feature occurs in dielectric etching or in conductor etching
using polymerizing gas mixtures. The same HAR geometry,

IEADs, and fluxes as in the base case were used in simula-
tions when including charging effects. The time evolution of
the etch profiles and the electric potentials in and around the
features are shown in Figs. 17 and 18(a). The profiles in
Fig. 17 are shown at the same time intervals as those for the
noncharging base case (Fig. 5) so that side-by-side compari-
sons can be made. The first frame in Fig. 18(a) is at the very
beginning of etching where the maximum of the positive
potential is at the bottom of the feature, while the other
seven frames in Fig. 18(a) are sampled at the same rate as
that of the frames in Fig. 17.

The top surface of the PR is almost charge neutral or
slightly negatively charged. Even though the electron flux
has a Lambertian angular distribution, while the positive
ions have a narrow angular distribution about the normal, the

FIG. 17. Etch profiles during HAR etching with charging. Section view (top)
and central slice (bottom). The same fluxes and IEADs from the TF-CCP
were used as in the noncharging cases shown in Fig. 5. The time intervals
between the adjacent profiles are the same as in Fig. 5. (Operating condi-
tions: Ar/C4F8/O2 = 75/15/10, 25 mTorr, 500 sccm, 80/10/5MHz power =
0.4/2.5/5 kW.)

FIG. 18. Electrical potential due to charging. (a) Time evolution of the elec-
tric potential (section view) in the feature and (b) correlation between the
depth of maximum potential in SiO2 and the etch depth as the HAR etching
proceeds. The first frame in (a) is at the very beginning of the etching, while
the other seven frames in (a) are sampled from at the same time as in
Fig. 17. The location of the etch front is shown in (a). The same fluxes and
IEADs from the TF-CCP were used as in the noncharging cases.
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net conduction current to a flat nonconducting surface should
be zero averaged over the rf period. (The flux of negative
ions is essentially zero compared with other charged particle
fluxes.) However, this disparity in angular distributions of
electrons and ions results in electrons dominantly initially
charging the top surface and surfaces having a small AR,
while the ions can reach deep into the features.52 The end
result is that for a small AR, the feature initially negatively
charges on inside surfaces near the top and positively
charges near the bottom of the feature. This charging is
reflected by the positive plasma potential that appears on the
bottom of the feature at the beginning of etching, as shown
in Fig. 18(a). The positive charging slows ions as they
approach the bottom of the feature. If this situation persists,
the bottom of the feature would charge to a positive potential
essentially equal to the energy of the incident ions which
would deflect ions back out of the feature (or into walls) to
prevent further charging. Etching would then cease. In the
steady state, the positive potential attracts electrons into the
feature to neutralize the continuous positive charge delivered
by the anisotropic ions. The end result is a steady-state posi-
tive charge and potential distribution in the feature.

We note that there are several other strategies to control
charging of features that rely on pulsed plasmas.22,23 In this
approach, the source power is pulsed producing an active glow
discharge, followed by an afterglow in which electrons rapidly
attach to form a positive ion–negative ion plasma. Application
of a bias during the afterglow then accelerates negative ions
into the feature to neutralize excess positive charge.

The net positive charge in the feature produces both verti-
cal and lateral electric fields which can perturb the velocities
and deviate the trajectories of the subsequent positive inci-
dent ions. The result is a decrease in the etch rate and an
increased time to etch through the feature by about 30%
compared with the noncharging case. This mild effect of
charging is in part a consequence of the high aspect ratio. In
high volume manufacturing, the etching of HAR vias in
silicon oxide having an AR of 40–50 takes as long as 40–50
min. The predicted etch times here are 36 min for the base
case without charging (Fig. 5) and 48 min for the base case
with charging (Fig. 17), which are in reasonable agreement
with experiments.

At the beginning of etching when the AR is small, the
position of the maximum electric potential is near the etch
front where most of the ions first hit the surface and deposit
charge. As the etching proceeds and the AR increases, the
position of the maximum potential initially moves downward
before becoming nearly static in the upper portion of the
feature, as shown in Fig. 18(b). By an AR of about 10, the
majority of ions will have collided with the sidewalls where
they deposit charge, then proceeding as hot neutrals which
are not affected by the electric fields. When the etch front
reaches the bottom stop layer, the maximum electric potential
higher in the feature (AR≈ 10) is 1100 V, which is about
60% of the average energy of incident ions. Had this
maximum been at the bottom of the feature, the ion energy
incident onto the etch front would have decreased by about
60%. However, with the maximum in potential being higher

in the feature, ions are decelerated when approaching the
maximum in potential and accelerated when passing the
maximum, with less net change in energy.

In previous experimental and numerical investigations
of oxide plasma etching using fluorocarbon gas mixtures,
the maximum electric potentials in the feature were 200 V at
AR = 20 (Ref. 1), 300 V at AR = 10 (Ref. 53), and 150 V
at AR = 15 (Ref. 54). In this study, the maximum potentials
at ARs of 10–20 are 200–400 V, which are commensurate with
these prior results. Our higher in-feature potentials result in
large part from the higher ion energies that are required for
HAR etching. There is a secondary effect of transport of

FIG. 19. Fluxes and powers to the etch front with and without charging. (a)
Fluxes and (b) average energy of ions and hot neutrals to the etch front, and
(c) power delivered to the etch front by ions and hot neutrals as a function
of the aspect ratio for the base case.
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electron thermal flux from the plasma into the feature. There is
some continual neutralization of positive charge on the side-
walls of features by electron flux that is pulled into the feature
by the electric fields produced by the positive in-feature poten-
tial. As the AR increases, the available electron flux from the
plasma to neutralize positive charge decreases.

Comparisons of the fluxes and average energies of ions
and hot neutrals, and power delivered to the etch front as a
function of AR with and without charging are shown in
Fig. 19. The ion and hot neutral fluxes are nearly independent
of charging. With the maximum of the electric potential
appearing in the upper portion of the feature, the sequence of
deceleration of ions at low ARs and then acceleration at high
ARs results in only a nominal reduction of ion energy for low
to moderate AR. As the AR increases to above 10, there is a
gradual decrease in ion energy to the feature relative to the
base case without charging. This decrease results in part from
there being an increase in the positive potential that affects
ions having progressively narrower angular distributions. For
an AR of 40, charging produces a decrease of the average
energy of ions to the etch front from 1940 to 1050 eV.

The hot neutrals originate from neutralized ions that
undergo grazing incidence and specular reflection at the
sidewalls. The majority of the energy is maintained and the
reflected angles are shallow enough to direct the hot neu-
trals to the etch front, with the hot neutrals being unaf-
fected by the electric field in the feature. As a result, the

fluxes of hot neutrals to the etch front are similar with and
without charging, as shown in Fig. 19(a). The average
energy of the hot neutrals decreases by about 50–150 eV
with charging, as shown in Fig. 19(b). This decrease
results from the original ions being decelerated by the elec-
tric field at low ARs before being neutralized. If ions are
converted to hot neutrals before being reaccelerated when
passing below the maximum in potential, the hot neutrals
proceed to the etch front with a lower energy. The power
delivered to the etch front by hot neutrals with charging is
smaller than without charging by about 15%, as shown in
Fig. 19(c). This lower power flux is mainly due to the
lower average energy of hot neutrals. The end result is a
decrease in the etch rate with charging.

The effect of charging is sensitive to the 5MHz power due
to the incident ions having different IEADs. When increasing
5MHz power from 2.5 to 10 kW, the average energy of ions
reaching the bottom of the feature (AR = 40) increases from
1400 to 2460 eV without charging, while increasing from 475
to 1760 eV with charging, as shown in Fig. 20(a). The frac-
tional decrease in ion energy is more severe for lower power.
The difference in ion energy with and without charging (ΔE =
Echg–E0) decreases from 925 eV at 2.5 kW to 700 eV at 10
kW, which corresponds to fraction decrease, ΔE/E0, from
about 66% to 28%, as shown in Fig. 20(b). In fact, the
decrease in ion energy produces an etch stop at 2.5 kW before
reaching AR = 40. (The average ion energy in Fig. 20(a) for
2.5 kW is an extrapolation from smaller AR.) The charging of
the sidewalls scales with the ion flux which is a weak function
of 5MHz power, whereas the energy of the ions scales as 5
MHz power. The end result is that the increase in plasma
potential lags behind the increase in ion energy. There is also
a secondary effect that the etch rate is higher at higher power.
A higher etch rate translates to a shorter etch time and a
smaller fluence of positive ions into the feature. This smaller
fluence of positive ions results in less charge deposition and a
smaller positive potential.

All of the materials in these features are nonconductors, and
so the mobility of charge on or through these materials is
expected to be negligible. For example, the electron mobility
through flourocarbon polymer (polytetrafluoroethylene) is
10 − 11 cm2/V s.55 As a result, the charge on the sidewalls in
these simulations was static. That is, the charge did not move
on or along the surface. The MCFPM has the ability to allow
transport of charge through solid materials and include that
change of charge in a solution of Poisson’s equation for the
electric potential. This capability is needed in simulations with
conducting material. To test our assumption that electron
charge is static on surfaces, simulations were conducted where
electrons on polymer were given a nonzero mobility, varied
with values as large as 10−3 cm2/V-s. The result was that the
charge did migrate through the polymer, which resulted in a
net reduction of the total charge in the feature due to a recom-
bination between positive and negative charges. However, the
mobilities for which these effects were significant were many
orders of magnitude larger than what might be expected for
fluorine containing polymers. So, our assumption of immobile
electron change on surfaces is likely accurate.

FIG. 20. Properties of ions striking the bottom of the feature with and
without charging. (a) The average energy of ions and (b) the absolute and
fractional difference between the average energy of ions reaching the feature
bottom for cases with and without charging.
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E. Feature distortion

Feature distortion refers to producing an etch profile that
does not replicate the intended pattern defined by the photoli-
thography. Feature distortion includes line (or contact) etch
roughness, twisting, and producing noncircular vias.3,9,56 The
latter feature distortion is shown in Fig. 21, where horizontal
sections of the feature are shown (with and without charging)
at different heights in the feature. A small amount of rough-
ness occurs on the walls of the PR due to the randomness
and statistical nature of the grazing angle sputtering of the
mask. This roughness then results in a more diffusive scatter-
ing of grazing angle ions, which then leads to bowing deeper
in the feature. However, without charging, as deep as AR =
20, the cross section of the final feature is basically circular,
with some statistical roughness. Deeper into the feature
(higher AR), the cross section of the feature deviates from a
circular profile. This deviation occurs to some extent at all
heights, resulting from the initially tapered etch front rarely
being circular. However, an effective over-etch occurs at all
heights above the bottom of the feature. (That is, heights
above the etch front continue to experience sidewall scatter-
ing.) This effective over-etch is the time between achieving
the desired CD at a given height to the end of etching. The
over-etch tends to round previously noncircular features and
removes the anomalies caused by the tapered etch front. The
end result is that noncircular cross sections tend to occur in
the lower portion of the feature that experiences a less

effective over-etch. The rounding of the feature by over-etch
is less effective with charging.

The thickness of the polymer deposited on the sidewalls
varies as a function of AR and is typically larger when includ-
ing charging. Predicted polymer thickness ranges from 0 to
about 20 nm with a maximum thickness occurring at AR = 8.
Experimentally, the sidewall polymer thickness is a function of
many operational parameters (e.g., bias power, pressure, gas
mixture, wafer temperature) and has been measured to be
20–100 nm (Ref. 1) and 5–20 nm (Ref. 57) during HAR
etching for ARs of 10–20 using fluorocarbon gas mixtures.

The origin of the noncircular cross sections is largely
simply statistics. The area of the mask opening in HAR
etching has decreased more rapidly than the reactant flux inci-
dent onto the mask has increased. The end result is that the
number of particles/second entering the feature has decreased
to the point that the type (e.g., radical versus ion), energy, and
angle of reactants is subject to statistical noise. This statistical
noise produces statistically noisy reactions with the surface,
from polymer deposition to chemical sputtering. As the etch
depth and AR increases, the fluxes of reactants reaching the
etch front decrease due to conduction limits, resulting in more
statistical sampling of these fluxes. The diameter of the hole
also decreases with increasing AR due to tapering. Holes with
smaller diameters are more sensitive to small surface imper-
fections, which then produce shadowing deeper into the
feature. The end result is a noncircular cross section of the
feature. Over-etch improves upon those statistics by simply
having more particles interact with the feature at that height.

Charging aggravates feature distortion by introducing more
randomness and more persistence of randomness to the
process. For example, horizontal slices at different heights of
the final profile with a 10% over-etch are shown with charging
in Fig. 21 for the base case. With charging, feature distortion
begins at ARs as low as 10. This additional distortion results
from the randomness of charge deposition on the sidewalls,
and particularly charge that is trapped in a polymer that is per-
sistent. The polymer films on the sidewall with charging are
thicker and less uniform than without charging, resulting in a
deeper trapped charge. The resulting electric fields then perturb
the trajectories of ions, perturbations that are then imprinted
into the specular hot neutrals. Since the charging of the feature
is not azimuthally nor axially uniform, both of which have
some randomness, feature distortion is worse with charging.

VI. CONCLUDING REMARKS

The etching of HAR features in SiO2 with aspect ratios
up to 80 was investigated using integrated reactor and feature
scale modeling. A triple-frequency CCP reactor sustained in
Ar/C4F8/O2 mixtures was used as a source of radicals and
ions and modeled in two-dimensions. The IEADs and fluxes
of ions and neutrals to the wafer obtained from the reactor
scale modeling were used in the three-dimensional MCFPM
to predict feature evolution. In the TF-CCP reactor, the dom-
inant fluxes of radicals to the wafer surface are CFx, F, and O,
which are mainly produced through electron impact dissocia-
tion of feedstock C4F8 and O2 gases. Fluxes of ions are lower

FIG. 21. Horizontal slices through the final etching profiles with 10% over-
etch for the base case without and with charging. The left column shows
profiles with the surface complex and polymers. The right column shows
only the PR, SiO2, and Si, with complex and polymers being blanked out.
Stochastic processes produce noncircular profiles deep in the feature.
(Operating conditions: Ar/C4F8/O2 = 75/15/10, 25 mTorr, 500 sccm, 80/10/5
MHz power = 0.4/2.5/5 kW.)
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than those of radicals by 1–2 orders of magnitude. The inci-
dent ions have energies of up to several keV and incident
angles of less than 4°.

During HAR etching, bowing occurs in the upper portion
of the feature due to diffusive scattering of ions at the side-
walls of the PR and erosion of PR with increasing facet area
for ion reflection which produce hot neutrals into the feature
with broadened angular distributions. At low ARs (<5), abun-
dant fluxes of CFx and CxFy radicals passivate the oxide
surface to form complexes which are then removed by ener-
getic species (hot neutrals and ions) through chemically
enhanced sputtering with the formation of gas phase SiFx,
COx, and COF. As the AR increases, conductance limits on
the initially isotropic thermal radicals reduce their fluxes
reaching deeply into the feature. For a sufficiently large AR,
the neutral radicals reaching the bottom of the feature originate
from neutralized ions that can overcome conductance limits
by virtue of their initially anisotropic trajectories. The domi-
nant oxide removal process transitions from chemical to physi-
cal sputtering as the fluxes of energetic species to the etch
front surpass those of radicals.

ARDE, decreasing etch rate with increasing etch depth or
AR, was observed in all cases. ARDE results from both lack
of neutral radicals by conductance limits and a decrease in
the power delivered to the etch front as AR increases.
Erosion of PR, being more akin to blanket etching, does not
depend on either the height of the PR or the AR of the
feature being etching. With ARDE decreasing the SiO2 etch
rate, the PR selectivity worsens with increasing AR. In this
example, in etching to an AR of 80, the PR was almost fully
eroded. This scaling would suggest that increasing PR height
with increasing AR to be etched would preserve CD.
However, there is a limit to this scaling as the PR itself has
an AR adding to the effective AR that incident species expe-
rience arriving at SiO2. This increase in AR affects ion and
neutral transport in the same way that AR affects transport in
the feature. Increasing the height of the PR increases ARDE
by adding to conductance limits and reducing ion and hot
neutral energies reaching SiO2.

Parametric studies for the etch process were performed by
varying the 5MHz source power, (CFx + CxFy)/ion flux ratio
and fractional of the ion flux consisting of CFx

+ and CxFy
+.

The etch rate of the oxide increases with increasing 5MHz
power, while the SiO2/PR selectivity remains almost invari-
ant as the increase in fluxes of ions favors the removal of
both SiO2 and PR in the same ratios. Due to the coupling of
the production of ions and radicals in plasmas, the fluxes
were artificially adjusted to provide insights into the etching
process. Decreasing the (CFx + CxFy)/ion flux ratio by
increasing the flux of incident ions results in higher etch rate
and selectivity, at the cost of more bowing due to polymer
deposition on the sidewalls being removed by energetic
species. As the majority of the CFx and CxFy radicals reach-
ing deeply into the feature (AR > 10) originate from CFx

+

and CxFy
+ ions, the flux of CFx and CxFy to the etch front

increases with an increasing fraction of CFx
+ and CxFy

+,
resulting in more surface passivation and polymer deposition
which requires an additional ion flux to remove the oxide.

Thus, the etch rate of the oxide and SiO2/PR selectivity both
decrease with an increasing fraction of CFx

+ and CxFy
+.

When including charging, the top surface of the PR is
almost charge neutral or slightly negatively charged due to
balancing of the Lambertian angular distributions of elec-
trons and the anisotropic ions on flat surfaces. Energetic pos-
itive ions can reach deeply into features and deposit positive
charge, producing electric fields that decelerate and deviate
the subsequent ions. The deceleration results in a reduction
in etch rate due to lower power delivered by the energetic
species to the etch front. At low AR, the most positively
charged surface is the bottom of the feature. With increasing
AR, the most positive electric potential occurs on the side-
walls where ions have their first collisions. The effect of
charging becomes less significant as the bias power increases
mainly due to the increased average energy of incident ions,
which undergo smaller fractional energy loss when transport-
ing to the bottom of the feature and shorter charging time
producing a smaller potential buildup inside the feature.

The etching of extremely high aspect ratio features requires
a more stringent control of IEADs and neutral-to-ion flux ratios.
This more stringent control has motivated the development of
multifrequency sources having large dynamic ranges for tuning
IEADs and flux ratios with the goal of having a large process
window for optimization. At a high AR, the reactive radicals
CFx and CxFy reaching the etch front mainly originate from the
incident ion partners CFx

+ and CxFy
+. To maintain process rates

and CDs at high AR, it is necessary to control both the frac-
tional fluxes of these ions while increasing ion fluxes to both
provide activation energy and radicals to the etch front.
Although at a high AR, nonreactive ions such as Ar+ provide
activation energy to the etch front through their hot-neutral
partner, these ions do not provide chemical reactivity. High AR
processes thereby likely also require a larger fraction of CFx

+

and CxFy
+ ions whose neutral partners are reactive.

This study has focused on HAR etching of a single via in a
single material, SiO2. However, many of the current etching
challenges involve more complex conditions. For example,
pattern dependent effects have been observed where the CD
of HAR features depends on the pattern with which those fea-
tures are arranged on the die (e.g., rectilinear, honeycomb).
The spacings of these features in 3D-NAND memory may be
as small as 50–100 nm, dimensions so small that there is no
systematic change in the incident reactant fluxes. These pattern
dependent processes therefore likely result from interactions
between features. 3D-NAND memory applications also bring
the challenge of etching alternately deposited materials (e.g.,
oxide-nitride-oxide stacks). To minimize the sensitivity of pro-
cesses etching different materials to small changes in reactive
fluxes, these processes will be more stable when the etch mech-
anism is based more on physical than on chemical reactions.
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