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C-C4F8-based plasmas are used for selective etching of high aspect ratio (HAR) trenches in SiO2
and other dielectrics for microelectronics fabrication. Additives such as Ar and O2 are often used to
optimize the process. Understanding the fundamentals of these processes is critical to extending
technologies developed for solid SiO2 to porous SiO2, as used in low-dielectric constant insulators.
To investigate these issues, reaction mechanisms developed for etching of solid and porous SiO2 in
fluorocarbon plasmas and for etching of organic polymers in O2 plasmas have been incorporated
into a feature profile model capable of addressing two-phase porous materials. The reaction
mechanism was validated by comparison to experiments for blanket etching of solid and porous
SiO2 in Ar/ c-C4F8 and O2 / c-C4F8 plasmas using inductively coupled plasma reactors. We found
that the blanket etch rates of both solid and porous SiO2 had maxima as a function of Ar and O2
addition to c-C4F8 at mole fractions corresponding to an optimum thickness of the overlying
polymer layer. Larger Ar and O2 additions were required to optimize the etch rate for porous SiO2.
Whereas etch stops occurred during etching of HAR features in solid and porous SiO2 using pure
c-C4F8 plasmas, Ar and O2 addition facilitated etching by reducing the polymer thickness, though
with some loss of critical dimensions. Mixtures of Ar/ O2 / c-C4F8 can be used to manage this
tradeoff. © 2005 American Institute of Physics. [DOI: 10.1063/1.1834979]
I. INTRODUCTION

Fluorocarbon plasma etching of SiO2 and low-dielectric
constant (low-k) porous SiO2 is an indispensable process
during the manufacture of microelectronics integrated
circuits.1–4 The longevity of pattern transfer by fluorocarbon
plasmas is in large part a result of the excellent selectivity
which can be obtained between different materials such as
SiO2, Si, and Si3N4.5,6 The choice of fluorocarbon plasmas
used for these processes depends on the desired feature topology and selectivity. Fluorocarbon chemistries such as
CF4, C2F6, CHF3, and c-C4F8 with additives such as H2, O2,
Ar, CO, and N2 have been used for such applications.4,7,8
Etch mechanisms for Si, SiO2, and Si3N4 in fluorocarbon
plasmas are similar and proceed through the formation of an
overlying fluorocarbon polymer layer. The polymer thickness
varies from being the thinnest on SiO2 to being the thickest
on Si.9 The thickness of the polymer layer regulates the delivery of reactants and activation energy from the plasma to
the surface of the wafer, which in turn determines the etch
rates. The consumption of the fluorocarbon polymer by the
oxygen in SiO2 and the nitrogen in Si3N4 results in thinner
layers on those materials, producing higher etch rates relative
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to Si. As there are similarities in the reaction mechanisms
and comparable polymer layer thicknesses for Si3N4 and
SiO2, highly selective etching of SiO2 with respect to Si3N4
is more difficult to achieve than either SiO2 or Si3N4 etching
with respect to Si.9 In this regard, selective etching of SiO2
and Si3N4 has been achieved in c-C4F8 plasmas.5
Additives such as O2, Ar, and CO regulate the magnitudes of the polymerizing, etching neutral and ion fluxes incident upon the wafer, and so aid in achieving the desired
selectivity and feature topology. For example, the addition of
Ar typically controls the ratio of the neutral flux to the ion
flux principally by increasing the Ar+ flux. O2 and CO addition can reduce the thickness of the polymer by oxygen atom
etching. These additives ultimately control the thickness of
the polymer layer by regulating fluxes for polymer formation, ion activated polymer consumption, and fluorine atom
etching of the polymer. The choice of fluorocarbon gas and
additives therefore determines etch rates, selectivity, and
maintenance of the critical dimensions of the feature.4,9–11
Understanding the complex gas phase and surface reaction mechanisms of c-C4F8 plasma etching has been the goal
of many previous investigations in inductively coupled
plasma (ICP) and magnetically enhanced reactive ion etching
(MERIE) reactors, among others.4,7,12–14 For example,
Li et al. investigated the etching of Si, SiO2, and photoresist
in Ar/ O2 / c-C4F8 plasmas.4,7 They found that, in general, Ar
addition to c-C4F8 plasmas increased the etch selectivities of
SiO2 to Si and SiO2 to resist, while O2 addition reduced both
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FIG. 1. Fluxes to the wafer as a function of radius for a c-C4F8 ICP plasma
for the base case (c-C4F8, 20 mTorr, 40 sccm, 600-W ICP, −120-V selfbias). (a) CF2, CF, C2F3, C2F4, and F. (b) CF+, CF2+, CF3+, and C2F4+. Due
to the large power deposition, a significant dissociation of the feedback gas
occurs.

selectivities. They found that the densities of CF2 and CF
were enhanced with small Ar addition, which they attributed
to an increase in plasma density. Matsui et al. investigated
the characteristics of the polymer layers formed on SiO2,
Si3N4, and Si in Ar/ O2 / c-C4F8 plasmas.5,9 They observed a
1-nm-thick polymer layer on SiO2, whereas the thickness on
Si3N4 and Si was ⬇5 – 6 nm. These differences in polymer
thickness explained the selectivity of the etching of SiO2 to
Si3N4 and SiO2 to Si.
In this paper, we present results from a computational
investigation of etching of solid and porous SiO2 in
Ar/ c-C4F8, O2 / c-C4F8 and Ar/ O2 / c-C4F8 plasmas using the
Monte Carlo Feature Profile Model (MCFPM) which was
modified to address two-phase porous materials. The
MCFPM was coupled to the Hybrid Plasma Equipment
Model (HPEM) which provided the energy and angular distributions of the reactants to the wafer. The surface reaction
mechanisms previously developed for etching of solid and
porous SiO2 in pure fluorocarbon plasmas and the etching of
organic polymers in O2 plasmas were combined in this
study.15,16 Validation was accomplished by comparisons to
experiments for blanket etch rates in ICPs for c-C4F8, Ar/
c-C4F8, and O2 / c-C4F8 chemistries.4
Based on experimental comparisons, we found that Ar
and O2 additives to c-C4F8 control the thickness of the overlying polymer on SiO2 and so regulate etch rates. Maxima in
etch rates which occurred with increasing Ar or O2 addition
to c-C4F8 corresponded to obtaining an optimum polymer

FIG. 2. Ion energy and angular distributions (IEADs) obtained with the
Monte Carlo Plasma Chemistry Module incident on and averaged over the
wafer for the base case (c-C4F8, 20 mTorr, 40 sccm, 600-W ICP, −120-V
self-bias) for (a) C2F4+, (b) CF3+, and (c) CF+. The contour labels indicate
the percentage of the maximum value. The IEADs for the heavier ions are
narrower in both energy and angle.

layer thickness. Although for the conditions investigated,
solid SiO2 could be etched in pure c-C4F8, blanket etching of
porous SiO2 required the addition of Ar or O2 to proceed due
to the need to remove polymer from pores. Porous SiO2 hav-
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FIG. 3. A comparison of simulated and experimental results for solid SiO2
etch rates as a function of self-generated dc bias voltage for a c - C4F8
plasma for the base case. Experimental results are from Ref. 4. Etching of
SiO2 has a threshold self-bias voltage of −40 V beyond which the etch rates
increase as a function of the self-bias voltage.

ing larger pores and porosity required larger mole fractions
of Ar or O2 to optimize etch rates. Etch stop occurred during
the evolution of high aspect ratio (HAR) trenches in solid
SiO2 due to sidewall polymer buildup. Ar and O2 addition
reduced the polymer thickness sufficiently to clear the feature, though smaller mole fractions of O2 were required. In
porous SiO2, HAR features could not be cleared with
Ar/ c-C4F8, mixtures. O2 addition was required.
The HPEM, the MCFPM, and the surface reaction
mechanisms are discussed in Sec. II. Results for blanket
etching of solid and porous SiO2 in c-C4F8, Ar/ c-C4F8, and
O2 / c-C4F8 plasmas are presented in Sec. III. Examples of
etching of HAR features in solid and porous SiO2 in
Ar/ c-C4F8, O2 / c-C4F8, and Ar/ O2 / c-C4F8 plasmas are presented in Sec. IV, followed by the concluding remarks in
Sec. V.
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The Plasma Chemistry Monte Carlo Module (PCMCM)
of the HPEM produces energy and angularly resolved distributions (EADs) for neutrals and ions striking the surface of
the wafer which are then used by the MCFPM.20 The
PCMCM launches pseudoparticles representing ions and
neutrals based on the electron-impact source functions obtained from the HPEM. Using a Monte Carlo simulation, the
PCMCM integrates the trajectories of the ions and neutrals in
the time varying electric field while capturing their gas phase
collisions and interactions with the surface using the same
reaction mechanism as in the HPEM. Statistics are collected
on the energy and angle of the pseuodoparticles as they strike
specified locations on surfaces to produce time-averaged
EADs.
The 2D MCFPM has also been previously described and
so is briefly summarized here.15,16,21 The MCFPM resolves
the materials constituting the wafer and on the wafer using a
2D rectilinear mesh. Each cell in the mesh is assigned a
material identity. Gas phase species are represented by
pseuodoparticles and surface species are represented by computational mesh cells. Pseudoparticles are launched towards
the surface from random locations above the wafer with energies and angles sampled from the EADs obtained from the
PCMCM. The trajectories of the pseuodoparticles are tracked
until they hit a surface, where a generalized surface reaction
mechanism controls the interaction. The reaction mechanism

II. DESCRIPTION OF THE MODELS

Reactor scale plasma properties were obtained from the
HPEM which has been previously described and so is only
briefly summarized here.17,18 The HPEM is a twodimensional (2D) simulator consisting of an electromagnetic
module (EMM), an electron energy transport module
(EETM), and a fluid kinetics module (FKM). Electromagnetic and magnetostatic fields are calculated in the EMM.
These fields are then used in the EETM to obtain electronimpact source functions and transport coefficients by solving
the electron energy equation. These results are then passed to
the FKM, in which separate continuity, momentum, and energy equations are solved for ions and neutral species; and
Poisson’s equation is solved for the time varying electrostatic
potential. Outputs from the FKM (densities and electrostatic
fields) are transferred to EETM and EMM and the process is
iterated until a converged solution is obtained. The gas phase
reaction mechanism for Ar/ O2 / c-C4F8 plasmas used in this
investigation has also been previously described and validated, and is discussed in Ref. 19.

FIG. 4. A comparison of simulated and experimental results of SiO2 etch
rates as a function of (a) Ar and (b) O2 mole fractions for the base case
(c-C4F8, 20 mTorr, 40 sccm, −100-V self-bias). Experimental results are
from Ref. 4. Addition of both Ar and O2 reduces the polymer thickness and
increases the etch rates.
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where Et is the threshold energy of the process, Er is a reference energy, p0 is the probability for normal incidence at
Er and f共兲 is the relative probability at angle of incidence .
In this work, f共兲 is a semiempirical function, typical of
chemically enhanced sputtering with a maximum near 
= 60°.22,24 This angular dependence is appropriate for the
fundamental chemically enhanced sputtering which occurs at
the surface or interface between, for example, polymer and
underlying SiO2.15 Etch yields which peak at normal incidence results from the penetration of activation energy from
ions through the overlying polymer.25
Reflection of energetic particles from surfaces can be
either specular or diffusive. The energy loss is large for diffusive scattering and small for specular.26 To account for
surface roughness on spatial scales not resolved by our
model, we specified that a fraction f d = 0.25 was diffusively
scattered. The energy of specularly reflected particle was
scaled such that forward-scattered particles retain the majority of their energy. The specularly reflected particle energy
for incident energy EI is
E s共  兲 = E I
FIG. 5. Rates for blanket etching of solid SiO2 and porous SiO2 as a function of Ar mole fraction for the base case with a −120-V self-bias: (a) gross
rates and (b) mass corrected rates. Ar addition facilitates etching of porous
SiO2. Larger pores require higher Ar mole fractions to optimize the etch
rates.
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for  ⬎ c, Ec ⬍ EI ⬍ Ets. Particles having  ⬍ c or EI ⬍ Ec are
said to diffusively scatter. Particles having EI ⬎ Ets are said to

is ultimately expressed as a probability array for the reaction
between the pseudoparticle plasma species and the surface
species. When a pseuodoparticle hits the surface, a reaction
is chosen based on these probability arrays using Monte
Carlo techniques. With the selected reaction, the identities of
the mesh cells are changed, or cells are added or removed
constituting reaction products. Gas phase species evolving
from these reactions are tracked as new gas phase pseudoparticles. The mesh used here has 1.7-nm2 cells, which for SiO2
represents 4–5 equivalent lattice spacings.
Porous SiO2 is modeled as being stoichiometric SiO2
with vacuum pores. The pore locations are randomly distributed in the numerical mesh used by the MCFPM. The pore
radii are chosen based on a Gaussian probability distribution
p共r兲 ⬃ exp兵− 关共r − r0兲/⌬r兴2其,

共1兲

where r is the radius of the incorporated pore, r0 is the average pore radius, and ⌬r is the standard deviation. Algorithms were developed to include the capability of creating
both closed and interconnected pore networks, though in this
work we consider only isolated pores.15
The interaction of energetic particles with surface species is determined by their angle and energy of incidence.
The algorithms used for these interactions are discussed in
Refs. 15 and 16 and are briefly summarized here. The generalized reaction probability for a particle of energy E incident onto a surface at an angle  from the vertical is22,23

FIG. 6. Rates for blanket etching of solid SiO2 and porous SiO2 as functions
of O2 mole fraction for the base case with a −120-V self-bias: (a) gross etch
rates and (b) mass corrected rates. Compared to using Ar, less O2 addition is
required to optimize the etch rates in porous SiO2.
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Si. The end results are lower etch rates for Si and higher etch
selectivity between SiO2 and Si. The polymer layer can also
be physically sputtered by energetic ion bombardment.
The reaction mechanism for etching of fluorocarbon
polymer in O2-based plasmas is discussed in Ref. 16 and is
summarized here. Little etching of fluorocarbon polymer is
typically observed in the absence of there being simultaneous fluxes of oxygen radicals and energetic ions.28,29 (This
differs from hydrocarbon polymers which are often etched in
the downstream effluent of oxygen plasmas largely devoid of
ions.) In this regard, in the absence of ion bombardment an
oxidized layer may be formed on the surface of the polymer
which reduces the rates of further reactions.30 Greer et al.
observed that etching of fluorocarbon polymer by oxygen
plasmas has distinct neutral limited and ion energy limited
regimes.31 Consequently, we modeled the polymer etch
mechanism as a two-step process. In the first step, the O
radicals bind to the polymer surface forming a layer of activated polymer species which on subsequent energetic ion
bombardment releases volatile etch products such as COFx
and COx.16
A similar etch mechanism was developed for etching of
photoresist and which was validated by comparison to ex-

FIG. 7. Heights of the top surface of solid SiO2 HAR features (including the
polymer) as functions of time for the base case conditions (c-C4F8,
20 mTorr, 40 sccm, −100-V self-bias) with (a) Ar addition and (b) O2 addition. The interface between the SiO2 and the underlying Si is shown by the
dashed line. The inset shows etching into the underlying Si. In the absence
of additives, an etch stop occurs prior to clearing the feature having an
aspect ratio of 5.

retain all of their energy subject to the angular correction. We
used Ets = 100 eV, Ec = 0 eV, and c = 60°. The final reflected
energy of the particle is a weighted sum of the specularly
reflected energy and diffusively reflected energy.
The surface reaction mechanism used in MCFPM for
etching Si and SiO2 in pure fluorocarbon chemistries such as
CHF3, c-C4F8, and C2F6 is discussed in Ref. 15. To summarize, etching of SiO2 proceeds through the deposition of a
fluorocarbon polymer overlayer, which is typically
⬇2 – 5 nm and varies with gas chemistry and process
conditions.8 CxFy radicals are the precursors to polymer
deposition following low-energy ion activation of surface
sites.27 The polymer thickness regulates the delivery of activation energy and reactants to the underlying layers and the
polymer-SiO2 interface. When activated by high-energy ion
bombardment [Eq. (2)], the O in SiO2 reacts with the C and
F groups in the polymer to yield volatile etch products such
as COFx and COx.9 Si in the SiO2 reacts with F in the polymer to produce SiFx etch products. These processes consume
both the polymer and the substrate simultaneously, thereby
thinning the polymer layer. In the case of Si, there is no
oxygen in the substrate to react with the C and F to produce
COFx etch products. This leads to a thicker polymer film on

FIG. 8. Selected profiles of HAR features in solid SiO2 as functions of time
and Ar addition for the conditions of Fig. 7. The black material lining the
SiO2 is polymer. The addition of Ar is required to fully clear the feature,
though with some loss of critical dimension on the sidewall, as shown by the
inset.
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TABLE I. Surface reaction mechanism for resist erosion.
Species

Symbol

Photoresist
Activated species
Ion
Gas phase species
Hot neutral
Surface species

R
*
I+
g
Ih
s

Reactiona,b

p0

Eth (eV)

Er (eV)

n

Ref.

R s + O g → R s*
Rs + Ig+ → COFxg + Ih
Rs + Ig+ → CFxg + Ih

0.01
0.30
0.20

100
100

500
500

0.8
0.8

Eq. (1)
Eq. (1)

*

a

Reactions for Ig+ are generic for all ions. All ions return to the plasma as hot neutrals. Hot neutrals have the
same mechanism as ions.
b
In reactions with no chemical change, the gas phase species are reflected from the surface. These reactions are
not shown in the table.

periments performed in a MERIE reactor using a
c-C4F8 / Ar/ O2 gas mixture.32 The mechanism is summarized
in Table I and will be discussed in more detail elsewhere. For
the process conditions investigated here having small
amounts of oxygen addition with moderate substrate biases
and ion fluxes, photoresist erosion is not particularly
significant.
III. BLANKET ETCHING OF SOLID SIO2 AND POROUS
SIO2 IN AN ICP REACTOR

The ICP reactor used for this study is patterned after that
used by Li et al.4 The cylindrical chamber is 13 cm in radius
and 12 cm in height. The inductive power is supplied
through a three-turn antenna coil which sits on a 1-cm-thick
quartz window. The wafer is on a substrate 8.5 cm below the
quartz window. Gas is injected through a nozzle below the
window. A metal ring is used to confine the plasma. The
substrate was separately biased at 3.7 MHz to produce a
self-dc bias. The base case process conditions are c-C4F8 at
20 mTorr pressure, 40-SCCM (standard cubic centimeter per
minute) flow rate, and 600-W ICP power at 13.56 MHz.
The gas phase plasma properties for these process conditions and their sensitivity to the parameters of the gas
phase reaction mechanism are discussed in Ref. 27. The
fluxes of the major ions and neutrals to the substrate are
shown in Fig. 1 and listed in Table II for the base case with
TABLE II. Fluxes of selected species to the center of the wafer in a C4F8
plasma (600-W ICP, 20 mTorr, 40 sccm, −120-V dc bias).
Species

Flux 共cm−2 s−1兲

CF3+
CF2+
CF+
C 2F 4+
CF2
CF
F
C 2F 3
C 2F 4

3.91⫻ 1014
1.35⫻ 1015
6.17⫻ 1014
3.75⫻ 1015
4.08⫻ 1017
5.59⫻ 1016
6.73⫻ 1015
1.46⫻ 1016
3.55⫻ 1017

a −120-V dc substrate bias. The dominant neutral fluxes are
C2F3, C2F4, CF2, CF, and F. The primary electron-impact
dissociation reaction of c-C4F8 yields C2F4. Electron-impact
dissociation of C2F4 in turn produces CF2, which is further
dissociated to produce CF. The major ion fluxes are CF+2 ,
CF+, CF+3 , and C2F+4 . Electron-impact ionization of c-C4F8
dominantly produces C2F+4 while the smaller ions are generated by ionization of the dissociation products. The large flux
of C2F3 results from a branching for dissociative ionization
of C2F4 to C2F+3 , which upon neutralization on surfaces generates C2F3. EADs of CF+, CF+3 , and C2F+4 for the base case
are shown in Fig. 2. The average energy for all the ions is
⬇179 eV with an angular spread from the vertical of ⬇3°.
Heavier ions have narrower EADs in energy, a consequence
of their longer crossing time across the sheath and being less
affected by collisions.
A comparison of computed etch rates to experiments for
blanket etching of solid SiO2 as a function of the selfgenerated dc bias for the base case in a c-C4F8 plasma is
shown in Fig. 3. In accordance with earlier observations for
etching of solid SiO2 in C2F6 and CHF3 plasmas,15 there is a
threshold dc bias for etching, which in this case is ⬇40 V. At
lower biases and lower ion energies, the rate of polymer
deposition is large due to ion activation of surface sites and
the rate of polymer sputtering is small, which produces a
thicker polymer layer which reduces delivery of activation
energy to the substrate. As such, polymer deposition dominates until the threshold bias. Increasing the bias increases
ion energies which reduces deposition and increases sputtering, thereby reducing the passivation layer thickness, thus
facilitating etching. With further increases in bias, there is a
saturation in etch rates due to the reduction of the polymer
layer to a submonolayer thickness. Although this increases
the delivery of activation energy to the substrate, it also removes the precursors required for SiO2 etching.
Blanket etch rates for solid SiO2 as a function of Ar and
O2 addition to c-C4F8 for the base case conditions and a dc
bias of −100 V are shown in Fig. 4. Increasing the Ar fraction decreases the fluorocarbon mole fraction, thereby reducing the polymerizing fluxes to the wafer, and increases the
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etching is limited by the availability of O atoms. The O
atoms rapidly react with the polymer to form an activated
polymer layer, which is then ion sputtered to etch the polymer. This ion-activated process has a lower threshold energy
and a higher reaction probability compared to direct sputtering of the polymer or compared to ion-activated etching at
the polymer-wafer interface.16 As a result, the rate of polymer removal is more rapid for a given mole fraction of O2
addition compared to Ar addition. Less O2 addition is then
required to achieve the optimum polymer thickness and
maximum etch rate. Large O2 mole fractions reduce the
polymer thickness to submonolayer values, which essentially
terminates etching at O2 mole fractions of ⬇0.9, in agreement with the experiments.4
In a previous work we found that the scaling laws for
etching porous SiO2 are generally the same as for solid SiO2.
In most cases, porous SiO2 etches more rapidly than solid
SiO2 due to its inherently lower-mass density. In this regard,
we define a corrected etch rate ERc = ER共1 − p兲, where p is
the porosity and ER is the gross etch rate. If there were no

FIG. 9. Selected profiles of HAR features in solid SiO2 as functions of time
and O2 addition for the conditions of Fig. 7. The black material lining the
SiO2 is polymer. Additions of only small amounts of O2 are required to fully
clear the feature, though with some loss of critical dimension on the sidewall
and selectivity to Si, as shown by the insets.

rate of ionization leading to larger ion fluxes. These trends
reduce the rate of polymer deposition by fluorocarbon radicals, increases the rate of ion-assisted dissociation at the
polymer-wafer interface, and increases the sputtering of the
polymer. The end result is that the passivation layer thickness
decreases with increasing Ar mole fraction. This has a positive effect on the etch rates as the thinner polymer increases
the delivery of activation energy to the surface, producing a
maximum etch rate at an Ar mole fraction of ⬇0.6. At higher
Ar fractions the steady-state polymer thickness thins to sub
monolayer values and there is an insufficient supply of etch
precursors. As a result the etch rate decreases. Comparisons
to the experiments of Li et al. are favorable.4
A similar trend in etch rates for solid SiO2 occurs with
O2 addition. A maximum in etch rates is obtained with the
addition of ⬇40% O2, as shown in Fig. 4. Unlike Ar addition, with O2 addition there is little change in the magnitude
of the ion flux and so physical erosion of the polymer does
not increase. With O2 addition, however, O radicals are produced by electron-impact dissociation and these radicals etch
the polymer, thereby monotonically reducing its thickness as
the O2 fraction increases. In this parameter space, polymer

FIG. 10. Heights of the top surface of porous SiO2 (4 nm, 30% porosity)
HAR features (including the polymer) as functions of time for the base case
conditions (c-C4F8, 20 mTorr, 40 sccm, −100-V self-bias) with (a) Ar addition and (b) O2 addition. The interface between the SiO2 and the underlying
Si is shown by the dashed line. The inset shows etching into the underlying
Si. The feature could not be cleared with Ar addition alone. O2 addition was
able to clear the feature though with some loss of selectivity, as shown by
the inset.
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FIG. 11. Selected profiles of HAR features in porous SiO2 (4 nm, 30%) as
functions of time and Ar addition for the conditions of Fig. 10. The black
material lining the SiO2 is polymer. The addition of Ar was not sufficient to
clear the feature. Increasing the dc bias (more negative) to increase the ion
energies (shown by the lower three frames) averted etch stop though produced tapered profiles.

physical or chemical effects due to porous SiO2, then the ERc
should equal the gross etch rate. The observation is that the
filling of pores with polymer can have both positive 共ERc
⬎ ER兲 and negative 共ERc ⬍ ER兲 consequences depending on
the value of L / a (polymer thickness/pore size).15 When
L / a ⱗ 1, filling of pores can increase the average polymer
thickness at a given site. As a result, porous SiO2 which has
large pores or a large porosity may also have ERc ⬍ ER. For
sufficiently large pores, even the gross etch rate may decrease below that of solid SiO2. Conversely, when L / a ⲏ 1,
there may be instances when ERc ⬎ ER. In these cases, the
larger surface area-to-volume ratio afforded by the pores and
the more favorable angle of incidence of ions result in a
more rapid removal of mass.
Etch rates for two porous SiO2 blanket films (4-nm pore
radius and 30% porosity; and 10-nm pore radius and 50%
porosity) as a function of Ar and O2 addition for the base
case conditions with a −120-V bias are shown in Figs. 5 and
6. In pure c-C4F8 plasmas, which provide highly polymerizing fluxes, etching occurs for solid SiO2 but not for the porous SiO2. The steady-state polymer thickness on SiO2 in the

J. Appl. Phys. 97, 023307 (2005)

FIG. 12. Selected profiles of HAR features in porous SiO2 (4 nm, 30%) as
functions of time and O2 addition for the conditions of Fig. 10. The black
material lining the SiO2 is polymer. The addition of 艌15% O2 was able to
clear the feature, though with some loss of selectivity.

pure c-C4F8 plasma is ⬇3 – 5 nm. Filling of opened pores
with polymer produces effective polymer thickness of up to
15 nm, which exceeds the ability for the ions to penetrate
through the polymer for these bias conditions. As the Ar
addition increases, polymer erosion increases and deposition
fluxes decrease, thereby reducing the polymer overlayer,
which then enables the porous SiO2 to begin etching. The
etch rate for porous SiO2 having smaller pores and lower
porosity (4 nm, 30%) increases more rapidly with Ar addition as the SiO2 having larger pores and porosity (10 nm,
50%) is more sensitive to the pore filling effect.15 The optimum Ar fraction increases as the porosity and pore size increase, an indication that a larger ion flux is required to remove the polymer from the recesses of the porous SiO2. The
etch rates optimize at 60% Ar addition for the 4-nm material
and 90% Ar addition for the 10-nm material. For both porous
SiO2 films, the mass corrected etch rates ERc are smaller
than the etch rate of solid SiO2, except at high Ar fractions.
At these mole fractions, the persistence of polymer in the
pores is actually advantageous. With solid SiO2, the polymer
would have been reduced to a submonolayer thickness,
thereby reducing etch rates. The persistence of polymer in
the pores even with high ion fluxes and low polymerizing
fluxes enables the etch rate to also persist to larger Ar
additions.
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FIG. 13. Selected profiles of HAR features in porous SiO2 (4 nm, 30%) as
functions of time for O2 addition to Ar/ c-C4F8. (10 mTorr, 600 W). The
black material lining the SiO2 is polymer. The addition of 艌5% O2 was able
to clear the feature.

Similar to etching of solid SiO2, less O2 addition is required to optimize etch rates and to counter the pore filling
effect in porous SiO2 compared to Ar addition. Etch rates of
porous SiO2 increase significantly with a small O2 addition,
as shown in Fig. 6. In general, a net increase in the overall
polymer thickness due to pore filling has a nonlinear effect
on the rates of the ion-assisted processes. Since there is a
disproportionate delivery of lower activation energy to the
inside surfaces of the pores, those processes that benefit from
low-energy activation are enhanced. As a result, the neutralbased etching by O radicals is more efficient in removing the
polymer from the pores than ion bombardment alone (the
mechanism with Ar addition) due to its lower activation energy. As a result, ERc exceeds the etch rate of solid SiO2 with
only 40% O2 addition for the 4-nm material. The maximum
in etch rate for the 10-nm SiO2 film occurs with ⬇80% O2
addition. This is a result of there being an increased pore
filling and thicker polymer layers with larger pores, thereby
requiring more O atom etching to counterbalance.
IV. ETCHING OF HIGH ASPECT RATIO FEATURES

To investigate the consequences of these reaction mechanisms on profile evolution, the MCFPM was used to investigate etching of HAR features in solid and porous SiO2. The
features are 0.1 m wide with an aspect ratio of ⬇5 over Si.
The heights of the features as a function of time for the
etching of solid SiO2 in Ar/ c-C4F8 and O2 / c-C4F8 mixtures
are shown in Fig. 7. Selected profiles at different times are
shown in Figs. 8 and 9. The dc self-bias is −100 V. Etching
of HAR features for these conditions in pure c-C4F8 results
in an etch stop prior to clearing the feature. The etch rate is
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initially ⬇250 nm/ min, nearly the same as for blanket etching. As the trench deepens, the etch rate decreases, a process
often called aspect-ratio-dependent etching (ARDE).33 Just
prior to stopping, the etch rate slows to ⬇40 nm/ min. In this
case, the decrease in the etch rate and eventual etch stop
result from an increasing thickness of the polymer. As the
trench deepens, the average energy of energetic particles decreases due to reflection of ions from the sidewalls. Polymer
removal requires higher-energy particles while polymer
deposition is initiated by lower-energy particles. Therefore,
as the trench deepens, the likelihood for there being a thicker
polymer increases. The grooved appearance of the feature at
the etch stop is characteristic of excessive polymerization.
With addition of Ar, the etch rate increases, the magnitude of the ARDE lessens, and the etch stop is averted. Ar
addition of at least 50% is required to completely clear the
corners of the feature at the Si/ SiO2 interface. For example,
the Ar/ c-C4F8 = 40/ 60 case shown in Fig. 8 has a thick polymer layer at the bottom of the trench which prevents ions
from clearing the corners. As in the blanket etching examples, the higher rate of sputtering and lower flux of polymerizing radicals which occur with Ar addition result in thinner polymer layers and the ability to avert the etch stop. The
residual polymer thickness on the Si is, however, thick
enough to maintain selectivity between the SiO2 and Si. At
the same time, the polymer coverage on the sidewalls is reduced, resulting in some loss of critical dimension, as shown
by the inset in Fig. 8.
Similar trends are obtained for etching of HAR features
in O2 / c-C4F8 mixtures. Since polymer removal is now
chemically assisted (as opposed to being only physically
sputtered in Ar/ c-C4F8 mixtures), the etch stop obtained in
pure c-C4F8 due to there being progressively thicker polymer
layers as the trench deepens is averted with only small additions of O2. For example, a plasma sustained in O2 / c-C4F8
= 5 / 95 produces a fully cleared feature while still displaying
ARDE. (The etch rate decreases by a factor of ⬇3 from the
top to the bottom of the feature.) Increasing the oxygen mole
fraction to O2 / c-C4F8 = 10/ 90 decreases the feature clearing
time by a factor of 2 and almost eliminates ARDE. The penalty which is paid are lower selectivity and loss of critical
dimension on the sidewalls. With O2 / c-C4F8 = 5 / 95, there is
sufficient polymer to retain selectivity to Si. With increasing
fractions of O2 the selectivity decreases as shown by the
slow etching into the Si underlayer.
The heights of the HAR feature as a function of time for
etching of porous SiO2 (4 nm, 30% porosity) in Ar/ c-C4F8
and O2 / c-C4F8 mixtures are shown in Fig. 10. Selected profiles at different times are shown in Figs. 11 and 12. As in the
blanket case, pure c-C4F8 etching of this HAR feature produces an immediate etch stop. Unlike the blanket etching
cases, small additions of Ar did not produce large enhancements in etch performance. With Ar additions up to 40%,
etch stops were produced after achieving only nominal etch
depths. For an Ar/ c-C4F8 = 80/ 20 mixture, etching at a significantly reduced rate to an aspect ratio of 2–3 was achieved
before reaching an etch stop. The causes for this behavior are
similar to the trends seen with solid SiO2, a propensity to
emphasize polymerization processes with increasing depth
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while polymer removal processes become less efficient. The
thicker polymer layers obtained with porous SiO2 and the
more diffuse reflection of ions from the rougher sidewalls
(which reduces ion energies) exacerbate these effects compared to etching solid material. When limited to 20-mTorr
Ar/ c-C4F8 mixtures at 600 W, the feature could not be completely cleared even by increasing the dc bias by 150 V, as
shown in Fig. 11. Although the Si interface is reached, the
feature is tapered.
As in etching of solid SiO2, additions of only moderate
amounts of oxygen in O2 / c-C4F8 mixtures were able to clear
the HAR feature in porous SiO2, as shown in Fig. 12. Unlike
solid SiO2, additions of 5% and 10% O2 produced an etch
stop at an aspect ratio of ⬇2. Additions of 艌15% O2 were
required to fully etch the feature. Although this rapid transition between having an etch stop and obtaining a cleared
feature is likely exacerbated by the finiteness of our mesh,
the transition is nevertheless a sensitive function of the effective polymer layer thickness which in turn depends on O2
fraction, bias, pore size, and porosity. Again we find a loss in
selectivity with O2 addition due to the thinning polymer
layer.
The synergies between polymer deposition and polymer
removal processes can be optimized by using Ar/ O2 /
c-C4F8 mixtures. Increasing amounts of Ar increase physical
sputtering and activation of high-energy processes whereas
addition of O2 increases rates of chemically based polymer
removal. For example, profiles are shown in Fig. 13 for
Ar/ O2 / c-C4F8 mixtures of 70/ 0 / 30, 68/ 2 / 30, and 65/ 5 / 30
at 10 mTorr. Etch stops occur for O2 fractions of 0% and
2%, however, the feature can be essentially cleared with an
O2 fraction of 5%, a significantly smaller O2 addition than is
required for O2 / c-C4F8 mixtures. The dilution of c-C4F8 by
Ar serves to both reduce the polymerizing radical flux and to
increase the ion flux. A small amount of O2 addition is then
able to regulate the polymer thickness to a near optimum
value.
V. CONCLUDING REMARKS

Plasma etching of solid and porous blanket SiO2 films,
and HAR features using Ar/ c-C4F8, O2 / c-C4F8, and
Ar/ O2 / c-C4F8 gas mixtures were investigated. With addition
of both Ar and O2 to c-C4F8, blanket etching of solid and
porous SiO2 films showed maxima in etch rates which corresponded to obtaining an optimum polymer thickness. Porous SiO2 films having larger pores required more Ar and O2
addition to optimize the etch rate. Etch stops in solid SiO2
HAR features in pure c-C4F8 plasmas could, in general, be
cleared with O2 and Ar addition. Etch stops in porous SiO2
could, in general, not be cleared by Ar addition alone. O2
addition was required to reduce polymer thickness suffi-

ciently to clear the feature. The tradeoff between etch rate
and loss of critical dimension can be optimized by using
Ar/ O2 / c-C4F8 mixtures.
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