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C-C,Fg-based plasmas are used for selective etching of high aspecth#R) trenches in SiQ

and other dielectrics for microelectronics fabrication. Additives such as Ar gratedoften used to
optimize the process. Understanding the fundamentals of these processes is critical to extending
technologies developed for solid Si@® porous SiQ, as used in low-dielectric constant insulators.

To investigate these issues, reaction mechanisms developed for etching of solid and pogans SiO
fluorocarbon plasmas and for etching of organic polymers jrpl@asmas 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
SiO, in Ar/c-C4Fg and G/ c-C4Fg plasmas using inductively coupled plasma reactors. We found
that the blanket etch rates of both solid and porous,$i& maxima as a function of Ar and,O
addition to c-C,Fg at mole fractions corresponding to an optimum thickness of the overlying
polymer layer. Larger Ar and £additions were required to optimize the etch rate for porous.SiO
Whereas etch stops occurred during etching of HAR features in solid and porousishi@ pure
c-C,Fg plasmas, Ar and ©addition facilitated etching by reducing the polymer thickness, though
with some loss of critical dimensions. Mixtures of Ar§f@-C,Fg can be used to manage this
tradeoff. ©2005 American Institute of Physid®Ol: 10.1063/1.1834979

I. INTRODUCTION to Si. As there are similarities in the reaction mechanisms
and comparable polymer layer thicknesses foyNgiand
Fluorocarbon plasma etching of Si@nd low-dielectric  Si0,, highly selective etching of SiQwith respect to SN,
constant(low-k) porous SiQ is an indispensable process is more difficult to achieve than either Si@r SiN, etching
during the manufacture of microelectronics integratedwith respect to Si.In this regard, selective etching of SiO
circuits}™ The longevity of pattern transfer by fluorocarbon and SiN, has been achieved &C,Fg plasmas.
plasmas is in large part a result of the excellent selectivity ~ Additives such as @ Ar, and CO regulate the magni-
which can be obtained between different materials such agides of the polymerizing, etching neutral and ion fluxes in-
Si0,, Si, and SjN,.>® The choice of fluorocarbon plasmas cident upon the wafer, and so aid in achieving the desired
used for these processes depends on the desired feature etectivity and feature topology. For example, the addition of
pology and selectivity. Fluorocarbon chemistries such agr typically controls the ratio of the neutral flux to the ion
CFy, CoFe, CHF, andc-CyFg with additives such as H0,,  flux principally by increasing the Arflux. O, and CO addi-
Ar, CO, and N have been used for such applicatidi€.  tion can reduce the thickness of the polymer by oxygen atom
Etch mechanisms for Si, SiDand SiN, in fluorocarbon  etching. These additives ultimately control the thickness of
plasmas are similar and proceed through the formation of afhe polymer layer by regulating fluxes for polymer forma-
overlying fluorocarbon polymer layer. The polymer thicknesstion, ion activated polymer consumption, and fluorine atom
varies from being the thinnest on Si@ being the thickest  etching of the polymer. The choice of fluorocarbon gas and
on Si” The thickness of the polymer layer regulates the deuqditives therefore determines etch rates, selectivity, and
livery of reactants and activation energy from the plasma tGnaintenance of the critical dimensions of the feaftfié!
the surface of the wafer, which in turn determines the etch Understanding the complex gas phase and surface reac-
rates. The consumption of the fluorocarbon polymer by thgjon mechanisms af-C,Fg plasma etching has been the goal
oxygen in SiQ and the nitrogen in g, results in thinner ¢ many previous investigations in inductively coupled
layers on those materials, producing higher etch rates relativ&asmaﬂcp) and magnetically enhanced reactive ion etching
(MERIE) reactors, among othef<:*>* For example,
dpresent address: Novellus Systems, 11155 SW Leveton Drive, Tualatirl.i et al. investigated the etching of Si, SjOand photoresist
_ o> SySE . 4,7 i
Dacthor 10 o cortespondence. should be- adaressed. present addrell AT/ O2/C-CaFg plasmas.” They found that, in general, Ar
lowa State University, 104 Marston Hall, Ames, IA 50011-2151; electronicaddition toc-C4Fg plasmas increased the etch selectivities of
mail: mjk@iastate.edu SiO, to Si and SiQ to resist, while @ addition reduced both
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FIG. 1. Fluxes to the wafer as a function of radius far-@,Fg ICP plasma
for the base caséc-CyFg, 20 mTorr, 40 sccm, 600-W ICP, —120-V self-
bias. (a) CF,, CF, GF,, C,F4, and F.(b) CF', CF,", CF;", and GF,*. Due 160 L i
to the large power deposition, a significant dissociation of the feedback gas
occurs.
15015 15
selectivities. They found that the densities of Cdhd CF (b)
were enhanced with small Ar addition, which they attributed
to an increase in plasma density. Matstial. investigated 200 1
the characteristics of the polymer layers formed on ,SiO
Si;N,, and Si in Ar/G/c-C,Fg plasmas:® They observed a
1-nm-thick polymer layer on Si§)whereas the thickness on 190 1 ]
SisN4 and Si was=5-6 nm. These differences in polymer
thickness explained the selectivity of the etching of SI® < 180 F i
SisN, and SiG to Si. Z
In this paper, we present results from a computational 2
investigation of etching of solid and porous SiGn g 170 .
Ar/c-CyFg, Oy/c-CyFg and Ar/ O,/ c-C,Fg plasmas using the
Monte Carlo Feature Profile ModéMCFPM) which was
modified to address two-phase porous materials. The 160 - 7
MCFPM was coupled to the Hybrid Plasma Equipment N
Model (HPEM) which provided the energy and angular dis- 150 L ! ! ! !
tributions of the reactants to the wafer. The surface reaction -15 -10 -5 0 5 10 15
mechanisms previously developed for etching of solid and  (c) Angle (degree)

porous SiQ in pure fluorocarbon plasmas and the etching ofric. 2. 1on energy and angular distributio€ADs) obtained with the
organic polymers in @ plasmas were combined in this Monte Carlo Plasma Chemistry Module incident on and averaged over the

study.15’16 Validation was accomplished by comparisons toWwafer for the base case-C,4Fs, 20 mTorr, 40 sccm, 600-W ICP, ~120-V

. . self-biag for (a) C,F,", (b) CF;", and(c) CF". The contour labels indicate
experiments for blanket etch rates in ICPs &€,Fs, Ar/ the percentage of the maximum value. The IEADs for the heavier ions are

c-C4Fg, and Q/c-C,Fg chemistries. narrower in both energy and angle.

Based on experimental comparisons, we found that Ar
and G, additives toc-C4Fg control the thickness of the over- layer thickness. Although for the conditions investigated,
lying polymer on SiQ and so regulate etch rates. Maxima in solid SiO, could be etched in pure C4Fg, blanket etching of
etch rates which occurred with increasing Ar oy &ldition  porous SiQ required the addition of Ar or ©to proceed due
to c-C,Fg corresponded to obtaining an optimum polymerto the need to remove polymer from pores. Porous, pi&y-
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' ' ' The Plasma Chemistry Monte Carlo ModRCMCM)
_. 600} / of the HPEM produces energy and angularly resolved distri-
E 500 : butions(EADs) for neutrals and ions striking the surface of
I I / I the wafer which are then used by the MCFPMThe
% 400} o i PCMCM launches pseudoparticles representing ions and
© Modely, /* neutrals based on the electron-impact source functions ob-
né 300} /R Experiment tained from the HPEM. Using a Monte Carlo simulation, the
ﬁ / P PCMCM integrates the trajectories of the ions and neutrals in
S 200 - , 1 the time varying electric field while capturing their gas phase
@ 100l | collisions and interactions with the surface using the same
C4Fg reaction mechanism as in the HPEM. Statistics are collected
Ok i s . . on the energy and angle of the pseuodoparticles as they strike
0 50 100 150 200 specified locations on surfaces to produce time-averaged
Self Bias (-V) EADs.

The 2D MCFPM has also bleéezrlw previously described and

FIG. 3. A comparison of simulated and experimental results for solig SiO S0 1S bneﬂy summgrlz_ed hef@:®*The MCFPM resolve_s
etch rates as a function of self-generated dc bias voltage forGaF,  the materials constituting the wafer and on the wafer using a
plasma for the base case. Experimental results are from Ref. 4. Etching @D rectilinear mesh. Each cell in the mesh is assigned a
_SiOz has a thresholq self-bias voltage of —40 V beyond which the etch rategnaterial identity. Gas phase species are represented by
increase as a function of the self-bias voltage. pseuodoparticles and surface species are represented by com-

putational mesh cells. Pseudoparticles are launched towards
ing larger pores and porosity required larger mole fractionghe surface from random locations above the wafer with en-
of Ar or O, to optimize etch rates. Etch stop occurred duringergies and angles sampled from the EADs obtained from the
the evolution of high aspect rati¢HAR) trenches in solid PCMCM. The trajectories of the pseuodoparticles are tracked
SiO, due to sidewall polymer buildup. Ar and,@ddition  until they hit a surface, where a generalized surface reaction
reduced the polymer thickness sufficiently to clear the feamechanism controls the interaction. The reaction mechanism
ture, though smaller mole fractions of,@ere required. In
porous SiQ, HAR features could not be cleared with

Ar/ c-C,Fg, mixtures. Q addition was required. 500 | e 1
The HPEM, the MCFPM, and the surface reaction = Model / \

: : : ‘£ 400 » a 1
mechanisms are discussed in Sec. Il. Results for blanket é X .
etching of solid and porous Spdn c-C4Fg, Ar/c-C4Fg, and = o .
0,/c-C,Fg plasmas are presented in Sec. Ill. Examples of @ 300 -/ : Experiment %
etching of HAR features in solid and porous S$i@n X
Ar/c-CyFg, O,/c-C4Fg, and Ar/ O,/ c-C,Fg plasmas are pre- S 200 - s 4
sented in Sec. IV, followed by the concluding remarks in '-'(J\l
Sec. V. Q 100 .

@ C4Fg/Ar
Il. DESCRIPTION OF THE MODELS o0 20 40 60 80 100
(@) Ar Additive (%)
Reactor scale plasma properties were obtained from the . . . .
HPEM which has been previously described and so is only /1
briefly summarized her€:'®* The HPEM is a two- = 300§ g \ -
dimensional2D) simulator consisting of an electromagnetic E | .
module (EMM), an _elec_tron energy transport module E Experiment/l\
(EETM), and a fluid kinetics modul¢FKM). Electromag- o 200} i
netic and magnetostatic fields are calculated in the EMM. §
These fields are then used in the EETM to obtain electron- 5
impact source functions and transport coefficients by solving | 100 L i
the electron energy equation. These results are then passed to _5'
the FKM, in which separate continuity, momentum, and en- » C4F /O N
ergy equations are solved for ions and neutral species; and 0 . . . N\
Poisson’s equation is solved for the time varying electrostatic 0 20 40 60 80 100
potential. Outputs from the FKNdensities and electrostatic (b) O, Additive (%)

fields) are transferred to EETM and EMM and the process is
iterated until a converged solution is obtained. The gas phagdeG. 4. A comparison of simulated and experimental results of, $itoh

: : _ : i« rates as a function ofa) Ar and (b) O, mole fractions for the base case
reaction mechanism for Ar/pc CaFg plasmas used in this (c-C4Fg, 20 mTorr, 40 sccm, —100-V self-bipsExperimental results are

inVeStigatiO'f‘ h?-S also b?en previously described and valizom Ref. 4. Addition of both Ar and @reduces the polymer thickness and
dated, and is discussed in Ref. 19. increases the etch rates.
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FIG. 5. Rates for blanket etching of solid Si@nd porous Si®as a func-
tion of Ar mole fraction for the base case with a —120-V self-b{@sgross
rates andb) mass corrected rates. Ar addition facilitates etching of porous
SiO,. Larger pores require higher Ar mole fractions to optimize the etch
rates.

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 pseudopar-
ticles. The mesh used here has 1.72mells, which for SiQ
represents 4-5 equivalent lattice spacings.

Porous Si@ is modeled as being stoichiometric SiO
with vacuum pores. The pore locations are randomly distrib-
uted in the numerical mesh used by the MCFPM. The pore
radii are chosen based on a Gaussian probability distribution

p(r) ~ expl- [(r = ro)/Ar]?}, ey

wherer is the radius of the incorporated porg,is the av-
erage pore radius, anfir is the standard deviation. Algo-
rithms were developed to include the capability of creating
both closed and interconnected pore networks, though in this
work we consider only isolated por&s.

The interaction of energetic particles with surface spe-
cies is determined by their angle and energy of incidence.
The algorithms used for these interactions are discussed in
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2)

wherekE; is the threshold energy of the proceks,is a ref-
erence energypg is the probability for normal incidence at
E, andf(6) is the relative probability at angle of inciden@e
In this work, f(6) is a semiempirical function, typical of
chemically enhanced sputtering with a maximum néar
=60°2*%* This angular dependence is appropriate for the
fundamental chemically enhanced sputtering which occurs at
I\ the surface or interface between, for example, polymer and
underlying SiQ.'® Etch yields which peak at normal inci-
dence results from the penetration of activation energy from
ions through the overlying polymé?.

Reflection of energetic particles from surfaces can be
either specular or diffusive. The energy loss is large for dif-
fusive scattering and small for specufarTo account for
surface roughness on spatial scales not resolved by our
- model, we specified that a fractidg=0.25 was diffusively
scattered. The energy of specularly reflected particle was
1 scaled such that forward-scattered particles retain the major-
ity of their energy. The specularly reflected particle energy
for incident energyE, is

E-E.\( 6-6
ES(a):E|< l_ C)( O_C )
Ex-E./\90° -6,

for 6> 6., E.<E, <E. Particles havin@< 6, or E,<E, are
said to diffusively scatter. Particles havikg> E,; are said to

3
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Refs. 15 and 16 and are briefly summarized here. The gemsG. 6. Rates for blanket etching of solid Si@nd porous SiQas functions

eralized reaction probability for a particle of energyinci-
dent onto a surface at an angldrom the vertical i8>

of O, mole fraction for the base case with a —120-V self-b{asgross etch
rates andb) mass corrected rates. Compared to using Ar, lesaddition is
required to optimize the etch rates in porous SiO
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Si. The end results are lower etch rates for Si and higher etch
selectivity between Si©and Si. The polymer layer can also
be physically sputtered by energetic ion bombardment.

The reaction mechanism for etching of fluorocarbon
polymer in O-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 simulta-
neous fluxes of oxygen radicals and energetic f8iS(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 reactidhSGreeret al.
observed that etching of fluorocarbon polymer by oxygen
plasmas has distinct neutral limited and ion energy limited
regimes?f1 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 acti-

05 0.12F  *ooe%e e’ vated polymer species which on subsequent energetic ion
T ol 010 00 780 200 250 bombardlrpent releases volatile etch products such as, COF
= 0,/C,F,=0/100 and CQ.
5 A similar etch mechanism was developed for etching of
£ 03¢ photoresist and which was validated by comparison to ex-
0.2 | 0.1 um
<+
o L : : sca Si02/Si Resist
0 50 100 150 200 250 300 350 B B 1
(b) Time (s)
\_/ -
FIG. 7. Heights of the top surface of solid SIBIAR featuregincluding the sio Ar/C4Fg =
polymen as functions of time for the base case conditidiesC,Fsg, 102 0/100
20 mTorr, 40 sccm, —100-V self-bipsvith (a) Ar addition and(b) O, ad-
dition. The interface between the Si@nd the underlying Si is shown by the v
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 S e ——
aspect ratio of 5. 56s >225s
retain all of their energy subject to the angular correction. We S BEE B2 EBE ===
usedE=100 eV,E.=0 eV, andf.=60°. The final reflected R
energy of the particle is a weighted sum of the specularly \_ Ar/C4Fg =
reflected energy and diffusively reflected energy. - 40/60 8
The surface reaction mechanism used in MCFPM for
etching Si and Si@in pure fluorocarbon chemistries such as
CHF;, c-C4Fg, and GFg is discussed in Ref. 15. To summa- :
rize, etching of SiQ proceeds through the deposition of a TS w 342 5
fluorocarbon polymer overlayer, which is typically
~2-5nm and varies with gas chemistry and process
conditions® C,Fy radicals are the precursors to polymer B BB B E B
deposition following low-energy ion activation of surface .\
sites?’ The polymer thickness regulates the delivery of acti- Ar/C4Fg =
vation energy and reactants to the underlying layers and the 20/80
polymer-SiQ interface. When activated by high-energy ion \
bombardmeniEqg. (2)], the O in SiQ reacts with the C and «/
F groups in the polymer to yield volatile etch products such
as COK and CQ.° Si in the SiQ reacts with F in the poly- 12s 58s 104 s

mer to produce Sifetch products. These processes consume

both the polymer and the substrate simultaneously, thereby/G. 8. Selected profiles of HAR features in solid $i& functions of time

thinning the polymer layer. In the case of Si, there is no

and Ar addition for the conditions of Fig. 7. The black material lining the
SiO, is polymer. The addition of Ar is required to fully clear the feature,

oxygen in the SUbStrate_to react with the CandFto PrOdUCﬁ]ough with some loss of critical dimension on the sidewall, as shown by the
COF, etch products. This leads to a thicker polymer film oninset.
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TABLE |. Surface reaction mechanism for resist erosion.

Species Symbol
Photoresist R
Activated species *
lon I*
Gas phase species g
Hot neutral Ih
Surface species S
Reactiofi? Po Ey, (V) E, (eV) n Ref.
R+ Oy— R, 0.01
Ry +14"— COR g+l 0.30 100 500 0.8 Eqdl)
Re+ly"— CRg+ly 0.20 100 500 0.8 Eql)

“Reactions 1‘0|1g+ are generic for all ions. All ions return to the plasma as hot neutrals. Hot neutrals have the
same mechanism as ions.

®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 aa -120-V dc substrate bias. The dominant neutral fluxes are
c-C,Fg/ Ar/O, gas mixture’” The mechanism is summarized C,F;, C,F,, CF,, CF, and F. The primary electron-impact
in Table I and will be discussed in more detail elsewhere. Fodissociation reaction af-C,Fg yields GF,. Electron-impact
the process conditions investigated here having smalliissociation of GF, in turn produces C§ which is further
amounts of oxygen addition with moderate substrate biasegissociated to produce CF. The major ion fluxes ar€,CF
and ion fluxes, photoresist erosion is not particularlyCF*, CF;, and GF;. Electron-impact ionization o-C,Fg
significant. dominantly produces £, while the smaller ions are gener-
ated by ionization of the dissociation products. The large flux
IIl. BLANKET ETCHING OF SOLID SIO , AND POROUS of C,F; results from a branching for dissociative ionization
SIO, IN AN ICP REACTOR of C,F, to C,F3, which upon neutralization on surfaces gen-

+

The ICP reactor used for this study is patterned after tha?ratei &Fs. ,EAF[.)S 02f C'I:'i CFs, and GF; for fthe tl)lashe case
used by Liet al* The cylindrical chamber is 13 cm in radius elre shown I'nh '9. <. Ie avera%efenergg/ or a tl eg'ff”S S
and 12 cm in height. The inductive power is supplied~179 eV with an angular spread from the vertical-e8".

through a three-turn antenna coil which sits on a 1-cm-thick18@Vier ions have narrower EADs in energy, a consequence
quartz window. The wafer is on a substrate 8.5 cm below th@ their longer crossing time across the sheath and being less
quartz window. Gas is injected through a nozzle below theffected by collisions. _
window. A metal ring is used to confine the plasma. The A comparison of computed etch rates to experiments for
substrate was separately biased at 3.7 MHz to produce anket etching of solid Si9as a function of the self-
self-dc bias. The base case process conditions-@gFg at ~ 9enerated dc bias for the base case io-@,Fs plasma is
20 mTorr pressure, 40-SCCltandard cubic centimeter per shown in Fig. 3. In accordance with earlier observations for
minute flow rate, and 600-W ICP power at 13.56 MHz.  etching of solid SiQin C,Fs and CHR, plasmas,’ there is a
The gas phase plasma properties for these process colfireshold dc bias for etching, which in this case-k40 V. At
ditions and their sensitivity to the parameters of the gadower biases and lower ion energies, the rate of polymer
phase reaction mechanism are discussed in Ref. 27. THieposition is large due to ion activation of surface sites and
fluxes of the major ions and neutrals to the substrate arthe rate of polymer sputtering is small, which produces a
shown in Fig. 1 and listed in Table Il for the base case withthicker polymer layer which reduces delivery of activation
energy to the substrate. As such, polymer deposition domi-
TABLE II. Fluxes of selected species to the center of the wafer insC  Nates until the threshold bias. Increasing the bias increases
plasma(600-W ICP, 20 mTorr, 40 sccm, —120-V dc bjas ion energies which reduces deposition and increases sputter-
ing, thereby reducing the passivation layer thickness, thus

Species Fluxtents™) facilitating etching. With further increases in bias, there is a
CF,' 3.91x 1014 saturation in etch rates due to the reduction of the polymer
CF,’ 1.35x 10' layer to a submonolayer thickness. Although this increases
CF 6.17x 10" the delivery of activation energy to the substrate, it also re-
CoF,* 3.75% 101j moves the precursors required for Si€ching.

CFR, 4.08x 1016 Blanket etch rates for solid Sias a function of Ar and
CF 5.59<10" O, addition toc-C,Fg for the base case conditions and a dc
F 6.73x 10'5 . o X
6 bias of -100 V are shown in Fig. 4. Increasing the Ar frac-
C,F; 1.46x 10"

CF, 3.55% 107 tion decreases the fluorocarbon mole fraction, thereby reduc-
ing the polymerizing fluxes to the wafer, and increases the
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0-|1 g etching is limited by the availability of O atoms. The O
it atoms rapidly react with the polymer to form an activated
ess'y B R BER 1 polymer layer, which is then ion sputtered to etch the poly-
ot mer. This ion-activated process has a lower threshold energy
and a higher reaction probability compared to direct sputter-
; J ing of the polymer or compared to ion-activated etching at
Si0y \ :
> 0y/CyqFg = the polymer-wafer interfac®. As a result, the rate of poly-
{ 5/95 mer removal is more rapid for a given mole fraction of O
\/ addition compared to Ar addition. Less, @ddition is then
Si me— —— — required to achieve the optimum polymer thickness and
13s  64s  140s maximum etch rate. Large Omole fractions reduce the
polymer thickness to submonolayer values, which essentially
E s = =R 3 terminates etching at Omole fractions of=0.9, in agree-
| ment with the experimenf‘s.
el In a previous work we found that the scaling laws for
_ etching porous Si@are generally the same as for solid $iO
09/C4Fg = . - -
. 10/90 In most cases, porous Si@tches more rapidly than solid
\__J/ SiO, due to its inherently lower-mass density. In this regard,
we define a corrected etch rate EFER(1-p), wherep is
— — —— the porosity and ER is the gross etch rate. If there were no
1Ms 56s 124 s
E = B s B o . Ar/C4F8=O/1OO
L ] { 06 ° 5/95 i
40/60
| 05t
02/C4Fg = s
w . 20/80 € o4
- = . r
s  58s 104s £ 03f 20780
FIG. 9. Selected profiles of HAR features in solid $i& functions of time 02l |
and G addition for the conditions of Fig. 7. The black material lining the ’ Ar/CAF
SiO, is polymer. Additions of only small amounts of,@re required to fully Si05 /S 48
clear the feature, though with some loss of critical dimension on the sidewall 0.1 L= 2 B CT Ty
and selectivity to Si, as shown by the insets. 0 50 100 150 200 250 300 350
(a) Time (s)
0.20

02/C4Fa=15 /85

rate of ionization leading to larger ion fluxes. These trends
reduce the rate of polymer deposition by fluorocarbon radi-
cals, increases the rate of ion-assisted dissociation at the 06 L
polymer-wafer interface, and increases the sputtering of the
polymer. The end result is that the passivation layer thickness o5 L
decreases with increasing Ar mole fraction. This has a posi-
tive 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=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. Comparisor
to the experiments of Lét al. are favorablé. .
A similar trend in etch rates for solid Siccurs with 0 50 160 150 200
O, addition. A maximum in etch rates is obtained with the (b) Time (s)
addition of=40% O, as shown in Fig. 4. Unlike Ar addi- FIG. 10. Heights of the top surface of porous $i@ nm, 30% porosity
tion, W!th O, addition there I_S little Change in the magnitude HAﬁ fea-itures(including the polymeras functions of time’for the base case
of the ion flux and so physical erosion of the polymer doesconditions(c-C,Fg, 20 mTorr, 40 sccm, —100-V self-bipwith (a) Ar addi-
not increase. With @addition, however, O radicals are pro- tion and(b) O, addition. The interface between the $i@nd the underlying
duced by elecron-mpact dissociation and these radicals et 1907 b 0 S e, The et Shows sene o e woervng
the polymer, thereby monotonically reducing its thickness agy,

A ’ e to clear the feature though with some loss of selectivity, as shown by
the O, fraction increases. In this parameter space, polymethe inset.

015L
02/C4F8=O/1OO
010 L =

5/95 50 100 150 200

04 L

Height (um)

15/85

05/C4F
20/80 274t

Si0, /i
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A

I S E— 14 s 69s 153s
177s 355s >640s
0o/CyFg - i_ E'_— 3
7‘& ? j ; ﬁ; e 20/80 ‘\m[’ ? i,
vivi / L
\/ Z —M---
i

12s 58s 128s

S0V -100V -150V FIG. 12. Selected profiles of HAR features in porous Si®nm, 30% as
>600s >570s >710s functions of time and @addition for the conditions of Fig. 10. The black
material lining the SiQis polymer. The addition 0£15% O, was able to

FIG. 11. Selected profiles of HAR features in porous Si®nm, 30% as clear the feature, though with some loss of selectivity.

functions of time and Ar addition for the conditions of Fig. 10. The black

material lining the Si@is polymer. The addition of Ar was not sufficient to

clear the feature. Increasing the dc bjasore negativeto increase the ion . -

energies(shown by the lower three frameaverted etch stop though pro- PUre€ c-C4Fg plasma is=3-5 nm. Filling of opened pores
duced tapered profiles. 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

L addition increases, polymer erosion increases and deposition
should equal the gross etch rate. The observation is that the , o decrease, thereby reducing the polymer overlayer,

filing of pores with polymer can have both positvER:  \hich then enables the porous Si® begin etching. The
>ER) and negativd ER. < ER) consequences degendlng ON etch rate for porous SiOhaving smaller pores and lower
the value ofL/a (polymer thickness/pore sig& When  orosity (4 nm, 30% increases more rapidly with Ar addi-
L/a=1, filling of pores can increase the average polymekjon as the Si@ having larger pores and porosit¢0 nm,
thickness at a given site. As a result, porous Sibich has 500 is more sensitive to the pore filling effettThe opti-
large pores or a large porosity may also have £BR. For  mum Ar fraction increases as the porosity and pore size in-
sufficiently large pores, even the gross etch rate may decrease, an indication that a larger ion flux is required to re-
crease below that of solid SiOConversely, wheih./a=1, move the polymer from the recesses of the porous, SiGe
there may be instances when ERER. In these cases, the etch rates optimize at 60% Ar addition for the 4-nm material
larger surface area-to-volume ratio afforded by the pores angnd 90% Ar addition for the 10-nm material. For both porous
the more favorable angle of incidence of ions result in asjO, films, the mass corrected etch rates ERe smaller
more rapid removal of mass. than the etch rate of solid SiQexcept at high Ar fractions.

Etch rates for two porous Silanket films(4-nm pore At these mole fractions, the persistence of polymer in the
radius and 30% porosity; and 10-nm pore radius and 50%ores is actually advantageous. With solid Sitbe polymer
porosity as a function of Ar and @addition for the base would have been reduced to a submonolayer thickness,
case conditions with a —120-V bias are shown in Figs. 5 andhereby reducing etch rates. The persistence of polymer in
6. In purec-C,Fg plasmas, which provide highly polymeriz- the pores even with high ion fluxes and low polymerizing
ing fluxes, etching occurs for solid Sj®ut not for the po- fluxes enables the etch rate to also persist to larger Ar
rous SiQ. The steady-state polymer thickness on Si®Othe  additions.

physical or chemical effects due to porous githen the ER
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Ar/O5/C4Fg = 70/0/30  68/2/30  65/5/30 initially =250 nm/min, nearly the same as for blanket etch-
w ing. As the trench deepens, the etch rate decreases, a process

often called aspect-ratio-dependent etchiddRDE).>® Just

prior to stopping, the etch rate slows4610 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

[ ] i
SiOp \/ vt trench deepens, the average energy of energetic particles de-
I

Resist

—

creases due to reflection of ions from the sidewalls. Polymer

removal requires higher-energy particles while polymer

deposition is initiated by lower-energy particles. Therefore,

S| — as the trench deepens, the likelihood for there being a thicker

>140s >440s 32s 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 magni-

_f E 15 E_ ? g tude of the ARDE lessens, and the etch stop is averted. Ar
: f ‘ {‘ j addition of at least 50% is required to completely clear the
Ar/Og,C4Fg = 1 ; ; corners of the feature at the Si/Si@terface. For example,
65/5/30 ! - l { the Ar/c-C,Fg=40/60 case shown in Fig. 8 has a thick poly-
\ f i mer layer at the bottom of the trench which prevents ions
\}1 from clearing the corners. As in the blanket etching ex-
2 amples, the higher rate of sputtering and lower flux of poly-
? 160 s 260 s merizing radicals which occur with Ar addition result in thin-

ner polymer layers and the ability to avert the etch stop. The
FIG. 13. Selected profiles of HAR features in porous Si®nm, 30% as  residual polymer thickness on the Si is, however, thick
functions of time for @ addition to Ar/c-C,Fg. (10 mTorr, 600 W. The enough to maintain selectivity between the §i®ld Si. At
black material lining the SiQis polymer. The addition 0£5% O, was able . . .
to clear the feature. the same time, the polymer coverage on the sidewalls is re-
duced, resulting in some loss of critical dimension, as shown
by the inset in Fig. 8.
Similar trends are obtained for etching of HAR features
O,/c-C4Fg mixtures. Since polymer removal is now
chemically assistedas opposed to being only physically
ﬁputtered in Ar¢-CyFg mixture9, the etch stop obtained in

Similar to etching of solid Sig) less Q addition is re-
quired to optimize etch rates and to counter the pore fiIIinqn
effect in porous Si@compared to Ar addition. Etch rates of
porous SiQ increase significantly with a small addition,

as shown in Fig. 6. In general, a net increase in the overa C.F. due to there bei velv thick |
polymer thickness due to pore filling has a nonlinear effec urec-L,mg due 1o there being progressively thicker polymer

on the rates of the ion-assisted processes. Since there is €S ?S th(la:trench delepenslls averted W'thdonly;g]?:" addi-
disproportionate delivery of lower activation energy to the!ioNS Of Q. For example, a plasma sustained i/ ©C,Fs

inside surfaces of the pores, those processes that benefit fro:mL;/95 produces a fully cleared feature while still displaying

low-energy activation are enhanced. As a result, the neutraf~RDE- (The etch rate decreases by a factord from the

based etching by O radicals is more efficient in removing théP t0 the bottom of tbe featupdncreasing the oxygen mole
polymer from the pores than ion bombardment algthe fraction to Q/c-C,Fg=10/90 decreases the feature clearing

mechanism with Ar additiondue to its lower activation en- time by_a fa_lctor _Of 2 and almost eIir_ni_nates ARDE. The_ pen-
ergy. As a result, ERexceeds the etch rate of solid Si®ith alty which is paid are lower selectivity and loss of critical
only 40% O, addition for the 4-nm material. The maximum dimension on the sidewalls. With,c-C,Fg=5/95, there is

in etch rate for the 10-nm Siglilm occurs with~80% O, sufficient polymer to retain selectivity to Si. With increasing

addition. This is a result of there being an increased pord@ctions of Q the selectivity decreases as shown by the

filing and thicker polymer layers with larger pores, therebySIOW €tching into the Si underlayer. , _
requiring more O atom etching to counterbalance. The heights of the HAR feature as a function of time for

etching of porous Si®(4 nm, 30% porosityin Ar/c-C4Fg
and Q/c-C,Fg mixtures are shown in Fig. 10. Selected pro-
files at different times are shown in Figs. 11 and 12. As in the
To investigate the consequences of these reaction mechhkanket case, pure-C4Fg etching of this HAR feature pro-
nisms on profile evolution, the MCFPM was used to inves-duces an immediate etch stop. Unlike the blanket etching
tigate etching of HAR features in solid and porous siChe  cases, small additions of Ar did not produce large enhance-
features are 0.Lm wide with an aspect ratio ¢¢5 over Si.  ments in etch performance. With Ar additions up to 40%,
The heights of the features as a function of time for theetch stops were produced after achieving only nominal etch
etching of solid SiQ in Ar/c-C4Fg and G/ c-C4Fg mixtures  depths. For an Ad-C,Fg=80/20 mixture, etching at a sig-
are shown in Fig. 7. Selected profiles at different times aranificantly reduced rate to an aspect ratio of 2—-3 was achieved
shown in Figs. 8 and 9. The dc self-bias is —100 V. Etchingbefore reaching an etch stop. The causes for this behavior are
of HAR features for these conditions in pureC,Fg results  similar to the trends seen with solid SiCa propensity to
in an etch stop prior to clearing the feature. The etch rate iemphasize polymerization processes with increasing depth

IV. ETCHING OF HIGH ASPECT RATIO FEATURES
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while polymer removal processes become less efficient. Theiently to clear the feature. The tradeoff between etch rate
thicker polymer layers obtained with porous $i@nd the and loss of critical dimension can be optimized by using
more diffuse reflection of ions from the rougher sidewallsAr/O,/c-C4Fg mixtures.

(which reduces ion energipgexacerbate these effects com-
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