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During fluorocarbon plasma etching of SiCa polymer passivation layer is generally deposited on

the surface of the wafer. The polymer layer regulates the etch by limiting the availability of
activation energy and reactants, and providing the fuel for removal of oxygen. To investigate these
processes, a surface reaction mechanism for fluorocarbon plasma etching ,oh&iCbeen
developed. The mechanism describes the polymerization process as resulting from neutral sticking,
ion sputtering, F atom etching, and low-energy ion assisted deposition. The etch mechanism is a
multistep passivation process which results in consumption of both the polymer and the wafer. The
surface mechanism was incorporated into an equipment scale simulator to investigate the properties
of SiO, etching in an inductively coupled € discharge, and predicts that the Si€tch rate
saturates at high substrate biases due to the depletion of passivation. Experimental results for SiO
etch rates and selectivity of Sj@ver Si as a function of substrate bias were well reproduced. The
blanket reaction mechanism was also employed in a feature scale simulator to investigate high
aspect ratiofHAR) trench topography. Results from the feature scale model showed that strong
sidewall passivation leads to tapered profiles in HAR S#@hing. The incident ion energy and the

ratio of the passivating neutral to ion fluxes largely determine the degree of the taper or bowing.
Profile control can be obtained by regulating this ratio, with one such method being argon dilution.
© 2001 American Vacuum SocietyDOI: 10.1116/1.1349728

|. INTRODUCTION tions have been used to investigate,@fching of Si(Ref.
) ) ) 11) and fluorocarbon plasma etching of Sitbas been exten-

Fluorocarbon plasma etching of Si@ widely employed  jyely experimentally investigated. There are, however, few
for the fabrication of multilayer ultralarge scale integratedhegretical descriptions which address the details of the po-
circuits. It is well known that during fluorocarbon plasma |y merization kinetics and their relation to plasma conditions
processing, a GFpolymer layer is deposited on the wafer ;.4 etch properties.
surface thereby regulating the etch by limiting the delivery of |, this work, a surface reaction mechanism fosFg
activation energy and transport of reactants while at the SaM&asma etching of SiQis discussed. The mechanism was
time providing one of the _re_actarﬂt‘s‘s. The passivation layer  jncomorated into a model for gas and surface processes in an
also contributes to selectivity over Si. The ,Cpolymer is cp reactor and a parametric study of etch properties was
deposited from ¢, neutrals or ions which have sufficient performed. The reaction mechanism addresses polymer
dangling bonds to insert'into the polymer. ngtwork. Itis CoN-growth and SiQ etching resulting from a series of events
sumed by F atom etching and energetic ion §pl_1tte€1"|ﬁg_. including neutral passivation, ion assisted desorption, fluori-
Since the major roles of the polymer are to limit speciesyaiion, and ion assisted chemical sputtering. The rates of
diffusion through the layer and to dissipate ion bombardingpase plasma-surface reactions generally depend on the
energy, the etcrl rate generally scales inversely with the polyickness of the overlaying polymer. The mechanism was
mer_thlc_knesé_.‘ 0Fo_r example, in an investigation of SO fir5t applied to blanket etching in an integrated plasma
etching in an inductively coupled plasniCP) sustained in  oqinment-surface kinetics model, the hybrid plasma equip-
C,Fs, Oehrleinet al. observed an increasing etch rate with \nant model-surface kinetics mod€HPEM-SKM).2 We
increasing substrate bias, which was attributed in part to thg, ,nd that the ion energy dependent sputtering yield of the
decreasing polymer thickneSSimilar depen.dencies of etch polymer strongly regulates these processes due to their de-
rate, polymer thickness, agd substrate bias were also olyandencies on the polymer thickness and the delivery of ac-
served using CHFplasmas:’ Molecular dynamics simula-  yation energy through the polymer. lon energy is in turn
controlled by the substrate bias. Low-energy ion activation
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which leads to thinner passivation on Sithan on Si for the by the HPEM, and a user-defined surface reaction mecha-
same process conditions. Good agreement for etch rates afgm as input. The general form of a plasma-surface reac-
selectivity between model and experimental results wadon in the mechanism is
achieved.

The reaction mechanism was also implemented into the AgtBs—Cst Dyt Ey, (1)

. 13 . .
Monte Carlo feature profile mod@ICFPM)™ to investigate  yhere the subscrifg denotes a gas species and the subscript
the evolution of microtrenches etched in SiGBimilar de- g genotes a surface species. The rate foritheeaction in

pendencies of the etch rate on the substrate bias were ofye mechanism between speckesndB and on materiain,
tained. Tapered profiles were produced for process condi s

tions vyielding strong sidewall passivation. Higher ion

energies lead to less tapered profiles due to increasing poly- Rin=k;®h0gm. (2)

mer sputtering and more specular reflection. The degree of ) . - ) ) |
tapering also depends on the ratio of passivating neutral t¢herek; is the reaction probability of thith reaction,®

ion fluxes, and so can be regulated by judicious choice of gal$ the incident flux of plasma speciéson materialm, and
mixture, such as using argon dilution. Profiles transitioned!sm iS the fractional occupancy of the surface speéieshe
from being tapered to straight to bowed as the passivatingteés of evolution of the coverages of surface species are
neutral to ion flux ratio decreased. obtained by summing the rates of reactions generating or

Descriptions of the HPEM-SKM and the MCFPM will be consuming the species, and are integrated in time using a
given in Sec. Il, followed by a discussion of the surfacethird-order Runge—Kutta technique. The total fractional con-
reaction mechanism for SiOetching by a GF plasma in  Sumption for an incident species used in the HPEM is then
Sec. IIl. Results from the HPEM-SKM and the MCEPM the sum of fractional losses by all reactions removing the

simulations are presented in Secs. IV and V, respectivelySPecies. For an evolved gas species produced by, for ex-
Our concluding remarks are in Sec. VI. ample, an incident species on a given material, the total

fractional generation used in the HPEM is the summation of
fractional generation by all reactions of reactantwhich
ll. DESCRIPTION OF THE MODELS producesD on that material. The etch rate is obtained by
The integrated plasma equipment-surface kinetics modedumming over the rates of reactions converting surface spe-
has been previously described and so will be only brieflycies into volatile products.
discussed her¥ The HPEM is a two-dimensional simulator ~ The two-dimensional MCFPM was used to investigate
with three main modules; the electromagnetic moduleprofile evolution of SiQ trenches during &4 plasma etch-
(EMM), the electron energy transport moddlEETM), and  ing. The MCFPM has been previously described so will be
the fluid-chemical kinetics modulé"KM). Electromagnetic  only briefly summarized her€:**The MCFPM is an off-line
fields and magnetostatic fields are calculated in the EMMmodule of the HPEM which resolves time dependent feature
The EETM solves for electron impact source functions andorofiles resulting from plasma—surface interactions. Heavy
transport coefficients based on these fields and electrostatparticle transport in the HPEM is derived from fluid algo-
fields from the FKM. Results from the EETM are passed torithms and so the angular and energy distributions of heavy
the FKM, which computes the densities, momentum, angarticles required by the MCFPM are obtained from the
temperatures of plasma species, and the time varying eleplasma chemistry Monte Carlo simulatigRCMCS.1* By
trostatic potential. The FKM outputs are then fed back to thausing the plasma source functions and the electric fields
EMM and EETM. This process iterates until results con-available from the HPEM, the PCMCS calculates the energy
verge. The HPEM options used here are continuity, momendistributions(ED) and angular distribution6AD) of neutral
tum, and energy for all neutral and ion species, and drift-and charged heavy particles incident on specified surfaces.
diffusion transport for electrons. The EETM used theThe plasma fluxes, EDs, and ADs are then supplied to the
electron energy equation for bulk electron energy transportlCFPM. The MCFPM uses a rectilinear mesh to represent
and a Monte Carlo simulation for sheath accelerated secondrask, wafer material, surface laydmich as polymey and
ary electrons. open areas occupied by plasma. Each cell in the mesh has a
Surface reactions in the HPEM are addressed by thenaterial identity. Pseudoparticles representing incident
SKM, an integrated module within the simulator framework. plasma species are launched into the system, following the
The SKM plays a dual role. First, it provides surface bound-EDs and ADs provided by the PCMCS. The pseudoparticles
ary conditions for the HPEM. The HPEM uses a flux in—flux interact with the surface using essentially the same reaction
out algorithm on surfaces. The fluxes incident onto surfacemechanism as used in the equipment scale model, with the
in the HPEM are consumed with a specified probability andprobability of each reaction being realized using Monte
return fluxes of reactants from surfaces are produced witiCarlo techniques. The consequences of these surface interac-
specified probabilities and branching ratios. The SKM pro-tions include changing of the identity of the surface species
vides these probabilities and branching ratios. Second, thmesh cell(for example, an adsorption evgnaddition or
SKM computes rates of material addition and removal on alfemoval of surface species, and reflection and/or generation
surfaces in the reactor which, for the wafer, yields an etctof plasma fluxes. The returning plasma species from the sur-
rate. The SKM uses fluxes of reactants to surfaces supplief@dce are tracked as new gas phase pseudoparticles.
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ing ion bombarding energy, and by providing reactants for
= removal of oxygen from the film. SiQand Si etch rates
generally decrease with increasing polymer thickness due to
this barrier to mass and energy transport® The first step
in describing the surface reaction mechanism is then to cap-
ture the kinetics of the polymer formation. The precursors
for the polymer growth are generally believed to bgFg
radicals with a sufficient number of dangling bonds to insert
into the polymeric networR=2° For example, Oehrlein

et al. observed increasing passivation thickness with increas-

Fic. 1. Schematic of the surface reaction mechanism for, ®iGhing by a . s . . .
fluorocarbon plasma.’I represents ion species. The dashed lines represen'tng Ck, denSIty in an ICP dlscharge sustained in Q"_ﬁ:

energy transfers through the polymer layer. The curved lines represent sp00th et al. observed decreasing CF and Qfénsities to the
cies diffusion through the polymer. surface at low bias power in a GRKf plasma, indicating

surface consumption of these species whereas they observed

CF, generation at high bia$.In our work, these polymeriz-
lll. SURFACE REACTION MECHANISMS IN C5Fg ing species are CF, GEC,Fs, and GF;.
PLASMA ETCHING OF SIO , Measurements have shown that polymer layers can reach

The SiG surface reaction mechanism is schematicallya steady state thickness during etchit§This implies that

shown in Fig. 1. The major steps in the mechanism are agolumetric polymer consumption processes occur simulta-
follows. Polymer layers grow on the SjGurface by GF, neously to its deposition. One such process is F atom etch-
deposition. Low-energy ion bombardment activates polymeing. F atoms terminate the dangling bonds of carbon in the
surface sites which results in higher sticking coefficients forpolymer to form volatile products such as £FAs F atoms
neutral radicals. lon sputtering, F atom etching, and ion asean diffuse into the polymer to react with the internal mate-
sisted polymer—wafer interactions consume the polymer. Aial, this process appears to be a bulk reaction. Another poly-
steady state thickness of the polymer may be reached asmer consuming process is energetic ion sputtering. For ex-
balance of its deposition and consumption. S&lching re- ample, Oehrleinet al. observed a decreasing polymer
sults from a polymer—wafer interaction which consumesthickness with increasing substrate bias in inductively
both the SiQ wafer and the polymer. GE, chemisorption  coupled plasma¥. In these systems, the substrate bias does
on SiG, sites from either the polymer or directly from the not significantly change the magnitude of the reactant fluxes
plasma produces SJEO, surface complexes which dissoci- and only significantly changes the ion bombarding energy.
ate to Sik sites upon ion bombardment or F atom interac-As such, the decreasing passivation thickness with increasing
tion. The Sik; species are then removed by either ion chemijas should be attributed to the increasing rate of ion sput-
cal sputtering or F atom etching. The polymer passivatioftering or ion activated process which consumes the polymer
layer limits mass diffusion and dissipates energy, and so thgs opposed to a change in the composition of the flux. The
rates of reactions involving energy transfer or species diffuspyttering process itself is likely more complicated in that it
sion through the polymer depend on polymer thickness. Theyay involve chemical reactions as well as physical sputter-
surface reactions encompassing this mechanism are listed ing. For example, in addition to breaking polymer bonds, the
Table I. To investigate the etch selectivity of SiOver Si,  gnergetic incident ions may dissociate to release F atoms
surface reactions appropriate for Si etching are also listed ijyhich contribute to etching the film as well as inducing di-
Table |. The reaction probabilities in Table | are values forrgct chemical reactions. In our reaction mechanism, however,

the base case which will be discussed in Sec. IV. we included only physical ion sputtering of the polymer with
For surface processes involving iofesg., ion sputtering 5 rafiection of the neutralized ion.

the SKM use a general ion energy dependent reaction prob- Another role ions may play in polymerization kinetics is

ability of the forrt® activation of surface sites. Although sputtering likely domi-
EX—E}, nates the consequences of ion bombardment on the polymer-
pa— 3 ization kinetics when the ion energy is largeg.,>100 eV),
Er—En when the ion energy is low~10's eV), enhancement of
whereE is the incident ion energy resulting from the accel- polymer formation by ions has been observed. For example,
eration in the plasma sheath(E) is the reaction probability ~Goto et al. investigated polymer growth on a grounded sur-
for an ion with energyE, Ey, is the threshold energy of the face by a CE beam coincident with an Ar microwave
process,E, is a reference energy, angl, is the reaction plasmat’ The sheath potential was close to the floating
probability at energ\e, . Experimental data indicate=0.5  plasma potential, which was estimated to be in the low 10's
for our ranges of energy and this value was used here. Thé, resulting in incident ion energies of a similar energy.
SKM uses time-averaged values for ion energies as apprdrhey found that the polymer deposition rate was low when
priate for heavy ions. only the Ck beam was applied and that the deposition rates
The overlying polymer layers on SjOnfluence the etch significantly increased with the addition of the Ar plasma.
rate by limiting the fluxes of reactants to the wafer, dissipat-These observations were attributed to the low-energy ion ac-

SiO»

P(E)=p
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TasLE |. Surface reaction mechanism. Species definitiofys: gas phase specieX;, surface siteP, polymer layer component; arf*, low-energy ion
activated polymerization site.

Reactioft” Probability Footnote Reactiéf Probability Footnote
Polymer formation: Po Neutral passivation: Po
CFoq+ SiOs— P+ SiOy 0.0033 ¢ g?i +S$IOZSHSS_IFFCZCOZS g.gggg ((jj _
CFag+ Sis— P+ Sig 00033 i g+ SO SIFCOs : Y
CRyy+P—P+P 0.005 €] Fluorination: Po
CRpg+ P*—P+P 0.08 e
CF,+ SiOy— P+SiO,, 0.0033 ¢ Fy+ Sis— SiF, 0.008 d, |
CF,+ Sig— P+ Sig 00033  c,i Fg+ SiFe— SiF,6 0.008 dj
CF,+P—P+P 0.005 e, Fy+ SiFos— SiFaq 0.0085  d, |
CRy+P*—P+P 0.08 ej Fy-+ SiFas— SiFsg+ SiOs 00085  d, ]
CoFay+ SiOy— P+P+SiO5 00033 ¢ Fy-+ SiFag— SiFsq+ Sig 0.0085  d, ]
C,F3y+ Sis— P+P+ Sig 0.0033 ¢ i Fy+ SiF,COp— SiFae+ COy 0.0085  d
C,F3q+P—P+P+P 0.005 e Fy+ SIFCOy— SiFps+ COy 0.0085  d
CoFaq+ P*—P+P+P 0.08 e ] _ o
CoF4q+ SiOy— P+P+SiOy 0.0033 c lon activated dissociation: Po
CZF4g+ Sig— P+P+Sig 0.0033 c, |- CF3+Q+ S|F200254'S|F25+ CF3g+ CoZg 0.1 df
CoFyg+ P—P+P+P 0.005 e] CF3" g+ SIFCOy— SiF, + CFaq + COyq 0.1 d, f
CoFagt P*—P+P+P 0.08 €] CFy" g SiF,COs— SiFse+ Chog+ COy 0.1 d, f
Polymer consumption: Po CF2+J9+ S”_:COZS_’ SiF§+ Chygt COy 0.1 d f
CoF4 " g+ SiF,CO— SiFypgt CoF g+ COsy 0.1 d, f
Fy+ P CFyg 0.00057 h, j gzi“:gi gFCQS_’Si.&* CoFag T COy 01 d, f
CF.t + PG+ CF 00225 e 1§ oFs " SIF,COzs— Siys+ CoFsg + COyg 0.1 d, f
3,9 397~ 2 Po o CFe* g+ SIFCOpe— SiFe+ CoFsg + CO, 0.1 d, f
+ 215 S S 205 ’
CFp g P Chyg* Chyg Po=00225 € fij  \iv BGiE 0Oy SiFyet Aryt COyy 0.1 d, f
+ H 2 S 2s . ’
oy g P CoFug* Chyg Po=0.0225 e, 1, ] Ar* o+ SIFCOp SiFt Arg+ COyy 0.1 d, f
CoFs" g+ P—CoFsq+ CRyg po=0.0225 e, f,j 9 N s e 9 : '
Ar’g+P—Arg+CFy Po=0.0225 e, f, | lon chemical sputtering: Po
Low-energy ion activation of polymerization site: ko CF3*g+ SiFs— SiF,g+ CFyg+ SiOs 0.11 d, f
CFy* gt SiFpe— SiF,q+ CFag+ SiOy 0.11 d, f
CFy* 4+ P—CFay+ P* 0.011 e g j CFy " g+ SiFag— SiF4q+ CFog+ SiOy 0.11 d, f
CF," 4+ P—CFpg+ P* 0.011 e g j CF," 4+ SiFs— SiF,q+ CFy+ SiO, 0.11 d, f
CoFy" g+ P—CoF gyt P 0011  e,g,]  CR'y+SiFp— SiFpg+ CFog+ SOy 0.11 df
CoFs " g+ P—CyFgyt+ P* 0.011 e g j CF, " g+ SiFsq— SiFyq+ CF,+ SiOy 0.11 d, f
Art g+ P—Arg+P* 0.011 e g j CoF4 " g+ SiFy— SiFq+ CFaq+ SOy 0.11 d, f
e i ;
lon assisted polymer—SiOnteraction: p CzF4+g+ SIFas— SIPag+ CoFag ™ 510z 0-11 df
: 0 CoF4 " gt SiFsg— SiFyq+ CoF gy + SiOy 0.11 d, f
CoFs "+ SiFs— SiFaq+ CoF g+ SiOys 0.11 d, f
CR3" g+ P+ SiOy— SiFpg+ COy + CRag+Si0;  0.023 d, f CoFs ¥ g+ SiFps— SiFpg+ CoFsy+ SiOy 0.11 d, f
CF2+g+ P+ SiOss— SiF,g+ CO,g+ CFyg+ SiOy 0.023 d, f C2F5+g+ SiFss— SiF4g+ CoF g+ SiOss 0.11 d,f
CoFy " g+ P+ SiOy— SiFpg+ CO,g+ CyFyq+ Si0,s  0.023 d f Ar* g+ SiFs— SiFy+ Arg+ SiO 0.11 d, f
CoFs " g+ P+ SiOy— SiFpq+ CO,g+ CyFsq+ Si0,s  0.023 d, f Ar* 4+ SiFys— SiFpq+ Arg+ SiOyg 0.11 d,f
Ar? g+ P+ SiO— SiF,g+ COpq + Arg+ SiOys 0.023 d, f Ar* g+ SiFse— SiFsq+ Ary+ SiOy 0.11 d, f

@Unless otherwise specified, all ions neutralize on all surfaces, returning as their neutral counterparts.
PAll gas phase species have units of flux (és™1). All surface species have units of fractional coverage.
‘Process limited to surface sites not covered by polymer.

dProcess rate depends on the polymer coverage. Se®)Eq.

®Process limited to the top layer of the polymer.

'See Eq(3). E,=70 eV,E;,=3 eV.

9See Eq(4). E.=65 eV unless otherwise specified.

"Bulk process.

'Equivalent process in Si etching.

IProcess also valid for Si etching.

tivation of polymeric surface sites for neutral radical stick- efficiency of ion activation for polymerization with decreas-
ing. With this mechanism, the low GFself-sticking prob- ing ion energy. We modeled this ion activation process as
ability suggested by Sawimt al. in the absence of ion having a probabilityk, of

bombardment® and the high effective GFsticking rate at

low power rf discharge observed by Boathal,'® can be B E;

rationalized. The observations of Oehrlahal. of increas- k=koxmax 0, 1~ E.)’ @

ing polymer thickness with decreasing bias made in this low

energy regime, are also consistent with an increase in thehere E; is the incident ion energyk. is the maximum
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energy of the process, ahg is the probability at zero inci-  sjvation on SiQ, incident energetic ions can penetrate
dent ion energy. After being activated, a surface site is thefhrough the polymer and directly chemically sputter surface
more likely to chemisorb polymerizing neutrals. species. All such processes have lower probabilities in Si
Another polymer consuming process occurs at theetching due to the thicker polymer layer, thereby contribut-
polymer—wafer interface. Experiments have shown that foing to selectivity of SiQ over Si in fluorocarbon etching.
the same process conditions, passivation is thinner on SiO On nonwafer surfaces, we employed a simpler reaction
than on SP After the passivation thickness exceeds onemechanism where CF and ¢Btick with a probability of
monolayer, the kinetics of polymer growth should be thep.01. CR recombines to form ¢ with a probability of
same regardless of the underlying wafer material if the ki-0.01 and F recombines to form, Rwith a probability of
netics depends only on the incident neutral and ion fluxesp.005.
The observation that the polymer thickness depends on the We note that the SiQ@-polymer interface is likely not a
wafer material implies that reactions at the polymer—wafefyell-defined boundary. Molecular dynamics simulations
interface are capable of consuming the polymer. In the casgave shown considerable mixing of CBnd Si in the top-
of SiO, substrates, oxygen atoms in the film can react withmost layers of Si following energetic GFbombardment!
the carbon atoms in the polymer, etching the wafer, consumfhis mixing likely also occurs during Sietching, but is not
ing the passivation, and releasing volatile products such agirectly addressed here. We also note that negative ions do
CO,.* The polymer-etching ability of oxygen atoms is well not appear in the surface reaction mechanism while they are
known, as oxygen plasmas are often used to strip photoresighrt of the gas phase reaction mechanism. For the processing
and an analogous process is observed during etcffify. conditions of interest, the negative ion flux to the substrate is
These polymer—wafer interactions do, however, require actinegligible due to the always negative substrate bias and
vation energy. This energy is delivered by ion bombardmenfarge, positive plasma potential. In pulsed plasma systems,
through the overlying polymer layer. During the transfer of significant fluxes of negative ions can reach the substrate.
the bombarding ion energy through the overlying layers Applying this model to pulsed systems may require amend-
some portion of the energy is dissipated in the polymer byments to the reaction mechanism to account for the conse-
bond breaking and heating, with only a fraction reaching theguences of negative ions.
surface. Consequently, the efficiency of the energy transfer |n the discussion that follows, we use the number of poly-
and activation of these processes decreases with increasifiger monolayers to represent the polymer thickness. We as-
polymer thickness, resulting in the probabilities of p0|ymer—sumed each monolayer contains’™>@m~2 carbon atoms.
wafer reactions depending on the polymer thickness. Followror a polymer composition and density which mimic
ing this logic, we used the following expression for the de-(C,F,),,, each monolayer is-6 A thick.
pendence of processes at the surface which require ion
activation energy,

1 IV. ETCHING OF SiO, IN A C,Fg PLASMA

A= 1+a-[P]+y-[P]2’ ) .SiOZ etching in an inductively coupled discharge sus-
tained in GFg was investigated with the integrated plasma
where ¢ is the reaction probability[P] is the number of equipment and surface kinetics model. To enable comparison
overlying polymer monolayers,, is the reaction probability with experiments and to facilitate calibration of the mecha-
when no polymer is presenk, is the power transfer effi- nism, the reactor geometry, and the process conditions fol-
ciency, anda and y are constants. In this work, we used low those of Oehrleiret al® The cylindrical reactor is sche-
a=0.6 andy=0.1. matically shown in Fig. 2. Inductive power is supplied
Polymer—surface interactions also contribute to waferthrough a three-turn coil 16 cm in diameter. The coil sits on
etching. The carbon atoms in the polymer in the form of CF a 2 cm thick quartz window which is 23 cm in diameter. The
in contact with SiQ, coincident with ion bombardment wafer is on a substrate located 7 cm below the quartz win-
through the polymer layer, abstract oxygen atoms from thelow and upon which a rf bias is applied. The source gas is
oxide. This process evolves volatile CO containing productsupplied from a ring nozzle located under the quartz win-
and leaves the target Si atoms in the oxide partially passidow. The gas inlet flow rate is 40 sccm and the gas pressure
vated by F atoms. F atoms which diffuse through the poly4s maintained at 6 mTorr by throttling the pump rate. The
mer further passivate the Sigsites, eventually forming coil source current is at 13.56 MHz, delivering 1400 W of
volatile SiF, products. In this regard, the first layer of the inductive power. The frequency of the rf bias is 3.4 MHz,
polymer passivation acts as a precursor for etching. and the base case amplitude of the bias is 100 V. The bias
A second pathway for passivation of Si@ites is through  voltage is used to control the ion bombarding energy while it
direct CR~, neutral chemisorption to form SJEQ, inter-  has a small influence on other plasma conditions. The gas
mediate complexes. These complexes dissociate tpsbi-  phase reaction mechanism in the model is similar to that
face sites and CQgas upon ion bombardment or F atom reported in Ref. 11 with the addition of reactions to produce
passivation. As in Si etching, F atoms then saturate the darand consume CF, GF, and dissociatior{both neutral and
gling bonds of the remaining SixBites, resulting in volatile dissociative attachmenof F,.
products. Lastly, due to the comparatively thin polymer pas- Typical plasma properties for the base case are shown in

C:CO)\,
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Fic. 3. Plasma and process properties at the wafer as a function of radius for

Fic. 2. Plasma properties for the base caseFHC 1400 W ICP power, 6 the base caséa) Fluxes of Cky, CF, and F(b) Fluxes of CE and CF .

mTorr, 40 sccm, 100 V bias(a) Plasma potential and electron temperature. () Polymer layers and etch rates. A decreasing polymer thickness with

(b) CF, gnd CF,_densities.(c) CF and Ck _densities_ The labels on the radius is compensated for by a decreasing ion flux to yield a uniform etch
contour lines are a percentage of the maximum value shown at the top hte
each figure. )

Fig. 2. The electron temperaturg ) peaks near the induc- at low pressure, both densities peak near the center of the
tive source where the azimuthal electric field and the powereactor. Since one of the major sources for; 0§ the elec-
deposition are maximum, as shown in Figa)2 T, changes tron impact ionization of the feedstockfkg gas, whose den-
little within the plasma chamber. At this low pressure, thesity is largest near the ring nozzle, its peak area expands to
electron density is high (2:710' cm™2) and the electron— larger radii. CE, which is dominantly produced by ioniza-
neutral collision frequency is small, producing a largetion of dissociation products of €4, has a density which is
plasma conductivity. This also leads to a quite uniformmore diffusion dominated. The two ion densities are of the
plasma potential in the process chamber, as shown in Figgame order, though GFis the more abundant species. CF
2(a). To balance the currents in the asymmetric reactor, @and CF radical densities are shown in Fig(c2 The high
negative voltage, the self-bias voltage, is generated, which imput power produces-95% dissociation of the £ as well

this case is—84 V. Although the time averaged plasma po- as heating of the gas to a peak value=<500 K above the
tential peaks at only 16.8 V, the time averaged sheath poter850 K walls. As a result neutral products having highest
tial above the wafer is 98 V. The GFand CF ion densities  densities are F, GF and CF, which do not have C—C bonds.
are shown in Fig. @) and contribute to a peak positive ion Both the CF and Cj-densities are fairly uniform. Fluxes of
density of 4.7 10 cm™3. As diffusive transport dominates C,F;, C,F4, CF; , and GF. are smaller than those of the
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TasLE Il. Reactant fluxes to the center of the wafer. Process conditions: 20 . . . . . . ;
C,Fs, 6 mTorr, 1400 W ICP power, 40 sccm gas flow rate, 100 V bias.
Species Flux (cm?s™Y) w 151 .
CF, 5.58x 10 )
CF 2.28<10Y - 10t .
C,F; 9.50x 10" 2
CoFy 1.02x 101 %
F 1.21x 1018 & 5 7
CF 4.78<10%
CF; 1.74<10' 0 . M L | .
CoFy 2.28x10* 0 20 40 60 80 100 120 140 160
CoFy 3.45<10% (@) Self-Bias Voltage (-V)
_. 700 . . : . : T T
£
E o600} -
C-monomer species due to the highly dissociating environ- E 500 L |
ment. 2
Radical and ion fluxes to the wafer surface for the base & “%°f ]
case are shown in Fig. 3 and are listed in Table Il. As a S 300} .
consequence of the uniform gas phase distributions, the ”CJ\, 200 L J
fluxes are also fairly uniform, in general having a small 8 100 L 1
maximum on axis. The fluxes of GFand CF, the major
precursors for polymer deposition, decrease a bit more in the 05525 80 80 100 120 140 160
radial direction than do the ion and F atom fluxes, which (b) Self-Bias Voltage (-V)
consume the polymer. This leads to a small radial decrease 0.7 -
of the polymer thickness, as shown in Figc)3 Although the =
decreasing polymer thickness as a function of radius would :g 0.6 i
normally enhance the rate of Si@tching, the decrease in g 05| -
ion flux with increasing radius, which activates the etch, par- £ 04l i
tially compensates. As a result, the $iétch rate is more 3 Ec =0 eV:
. . . . - 03} E
uniform than that of the polymer thickness, as shown in Fig. R
3(c). g 02 85 eV 1
The influence of ion energy on Sj@tching was investi- = 01l i
. . . . 65 eV
gated by varying the rf bias. Increasing substrate bias does 0.0 . . . . . . .
not appreciably change the plasma potential, however it does 0 20 40 60 80 100 120 140 160
increase the magnitude of the self-bias voltage on the sub- (o) Self-Bias Voltage (-V)

strate, which increases the time averaged sheath potential _ _ _

above the wafer. For example, the magnitude of the self-biage' 5. Surface process properties as a function of the self-bias voltage for
It nd the sheath potential drop above the wafet ifferentE,, the threshold for ion activated stickin@ Polymer thickness.

voltage (VS) al \ p ' p ) 3 (b) Etch rate.(c) Power transfer coefficienk. IncreasingE. produces

(Vg), as a function of the substrate bias, are shown in Fig. 4thicker polymer layers and lower etch rates.

(These values are actually negative. However, to avoid con-

fusion, we will be referring to the magnitude in our discus-

sion) Both V4 andV, increase linearly with substrate bias. A

similar linear relationship between the self-bias voltage anfuPStrate bias power was obtained by Oehrkeiral. in a
CHF; discharge in the same reactor and using the same pro-

cess condition® There was little variation in the model in
300 the magnitude of the ion flux to the substrate with bias volt-

;300 . age(<3%). This trend also agrees with the observations of
g 20 10 2 Oebhrleinet al. that the ion current density measured with a
% 200 4200 ;.f’ Langmuir probe changes little with rf bias powfér.
8 150 1150 S The polymer thickness as a function of the self-bias volt-
S 8 age for differente., the maximum energy for ion activation
< 100 4100 5 o . : o .
3 < of polymerizing sites, is shown in Fig. 5. When no such ion
& 90 150 @ activation process is usedEf{=0), decreasing polymer

0 ! thickness with increasiny's was observed, which is largely

1 1 1 L 1.
0 50 100 150 200 250 300 due to the increasing ion sputtering of the polymer and ion

Substrate Bias (V) activated etching. AV =30 V, the proportions of polymer
Fic. 4. Sheath voltage drop and self-bias voltage at the wafer surface as @Nsumption by F atom etching, ion sputtering, and ion ac-
function of substrate bias. The self-bias voltages are negative. tivated etching are 1:0.3:0.1. At;=150 V, these propor-
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tions are 1:3.6:1.3. The decreasing polymer thickness favors 700 ——— T

transfer of energy and etchant through the passivation to the __ eoo} = Experiment [Ref. 9] i
wafer surface. As a result, the etch rate increases as shown in - g | Model i

Fig. 5(b). The general trends obtained wiy=0 agree with E 400l 1
most experiment3!® However, the sharp increase in passi- g

vation thickness and the decrease in etch fateonset of & 300+ ]
deposition with decreasing/s in the low bias region, which g 200 |- .

are usually observed experimentalflf are not captured 100 | .

with E.=0. This implies that there may be some additional 0 o
low-energy ion assisted polymerization process. By includ- 0 20 40 60 80 100 120 140 160

. . . . (a) Self-Bias Voltage (-V)

ing such a process into the mechanism, using an energy de-

pendent activation efficiency described in E4), the poly- 10 T T T T 07
mer thickness was found to be sensitive to the maximum ion Y —Si02 {06 2
activation energyE.. For example, wherE.=65 eV, a o 8r bovmer {05 S
sharp increase of polymer thickness with decreasipgvas % 6F 4 loa s
obtained at low biases, as shown in Figa)5The increasing ; _______________ ’ 0.3 §
thickness results in wafer etching processes involving energy E 4T --'._.__,::;;--"""' 1 3
transfer or species diffusion through the polymer being less 8 ol e 1°2 §
efficient, as shown by the energy transfer coefficigntin 101 =
Fig. 5(c). This leads to a decrease in etch rat&at 65 eV 0 L 1 0

as compared witlie,=0. The differences in polymer thick- 0 20 408 Ifeg Ei? n1oo \1/20 140 160
ness and etch rate betweBEp=65 eV andE.=0 increases () of-Bias Voltage (V)

with decreasing bias, because the ion activation efﬁCienC)flG. 6. SIG, and Si etch properties as a function of self-bias voltage.
increases with decreasing ion energy and the transfer effgimulated and experimental resu(Ref. 9 for SiO, and Si etch rates. The
ciency decreases. A further increaséEinto 85 eV results in - model results are foE.=65 eV. (b) Model results for polymer thickness
an additional increase of polymer thickness and decrease ffid ransfer coefficier®) in Si0, and Si etching.
etch rate in the low bias region.

The delivery of activation energy through po_lymerllayers,the thinner polymer. The thinner passivation on SilIso
and its effect on etch rates, has recently been investigated .
Tatsumi et al. for a high plasma density, dual frequency
reactive-ion-etching system operating in 4,Fg/Ar/O, gdditional selectivity over Si.
migtures?:*_By .operating in thin-to-thick polymer regimes To investigate etching at high ion energies, we extended
while keeping ion fluxes constant, they were able to estimate) study to higher biases than were covered in the experi-
the effective energy delivered to the polymer—Siaterface o Other process parameters follow those for the base
asafu.nction of polymer thickness. They found that for poly-.,qa The SiQetch rate and the polymer thickness as a
mer thicknesses d?=1-8 (~0.5-5 nm, the energy rans-  f,nction of the self-bias voltage are shown in Figa)7in
fer coefficient varied from\=0.93 to 0.48 for a fixed bias of ¢qiq Jines. The passivating neutral to ion flux ratio fs
1450 V. This decrease in energy transfer to the surface was ®,/®,,=12 and the average ion energy is approximately
reflected in a decrease in surface reactivity and etch rate. the same as the bias voltage. In the high ion energy range

To validate the model and to calibrate parameters in thg~150 e\, the etch rate tends to saturate. This is due to the
reaction mechanism, computed results were compared igepletion of the polymer passivation. Recall that etching of
experiment for SiO, and Si etch rates as a function of sj0, requires CEfor volatilization of both the Si and O. The
self-bias voltage, as shown in Fig(a For these results, CF, can be supplied either directly by neutral adsorption or
Ec.=65 eV. The process conditions in the model are theyy the first layer of passivation. When the ion energy ex-
same as in the experiment and there is generally good agregeeds 150 eV, the passivation drops below 1 monolayer. For
ment. Etch rates asymptote to zero at finite bias, increasingn energies greater than 250 eV, the passivation covers only
with a steep slope to about 60 V. Rates increase with a shag small fraction(~0.3) of surface sites. As a result, the etch
lower slope at higher voltages. The etch selectivity of SiO process is limited by the availability of neutral passivation
over Si is in part due to differences in the thickness of thewhich serves as a precursor for Si€tching.
passivation as shown in Fig.(§. lon assisted polymer— If this analysis is correct, the etch rate in the passivation-
wafer interactions occur for SiCetching, which, for lack of  starved regime #150—200 \f should decrease 8 is de-
oxygen atoms to react with the polymer, are absent for Sgreased, while in the low energy regime where the polymer
etching. This leads to thinner polymer passivation on,SiO thickness is already above one layer, the etch rate should
than on Si for the same process conditions, and more effincrease if3 is decreased. The passivating neutral flux was
cient transfer of energy and reactants to the wafer in,SiOartificially decreased by 30% with respect to that obtained in
etching, also shown in Fig.(B). The transfer coefficienk  the base case simulation, yielding=8.4. The results are
increases more rapidly with bias for Si@han for Si due to shown in Fig. 7a) as dashed lines. Through the entire range
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500 . ; . 10 700 . . . - 12
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% 200 | % — ®p/Pion=12 {4 2 % 300 Selectivity ks
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0 LT bbbt bk e o 4T 1 ! 1 1 0
® o 100 200 30 400 %5 o8 o7 08 03 10
-Bi -V . . . . . .
Self-Bias Voltage (-V) () Normalized F Flux
4 T L} T
% Fic. 8. SiG, and Si etch properties as a function of F atom fl@.Polymer
g ) thickness(b) Etch rates and selectivity. The F atom fluxes were normalized
N 3r Pr/Pion=12 1 to the value obtained at 170 V bias. Large F atom fluxes produce thinner
g polymer layers and low selectivity. Decreasing the F atom flux reduces the
¥ 2L J Si etch rate more rapidly than that for SiCthereby improving selectivity.
s | Tt
:“g ] (I)n/q)ion=8.4
s i ing the passivating neutral flux leads to a larger decrease of
& passivation on Si than on Sj@nd a larger increase in etch
%5 100 200 300 200 rate. As a result the etch selectivity decreases with decreas-

(c

~

Self-Bias Voltage (-V) ing B. The high ICP power produces a large density of F
atoms, which etch the polymer layers in both giénd Si

Fic. 7. SIO, and Si etch properties as a function of ion energy for different processing_ Consequently, for the same process conditions
passivation negtral to_ ion flux ratio§>(q/§1>i0n). (a) Polymer thickness_ and the difference in polymer thickness on §i@nd Si is not

etch rate for SiQ etching.(b) Polymer thickness and etch rate for Si etch- large. As a result the etch selectivity obtained is not large.
ing. (c) Etch selectivity of SiQ over Si. SiQ etch rates saturate at high bias . o
and low®, /®,,, due to starvation of passivation. For example, at 170 V bias amg=12, the etch selectivity is

3.4.

One approach for improving the etch selectivity is to re-
of biases the polymer thickness decreases with decreg@singduce the F atom density so that polymer thicknesses are
due to the smaller amount of precursor. In the low energyarger. This goal can be met by choosing a different chemis-
regime where the polymer is thick and its major influence istry or by equipment design. For instance, adding hot Si sur-
limiting the transfer of energy and species, the decrease déces in addition to the wafer to the plasma chamber can
polymer thickness leads to an increase in the etch rate. In theonsume F atoms by forming SifEompounds, a strategy
high energy regime, the polymer is thin and its influence orused in commercial plasma etching tools. To demonstrate
energy or species transfer is less significant. The thin passihis strategy, the F atom flux was artificially changed based
vation does, however, limit the availability of Ckrecur-  on the results obtained at 170 V bias. The process properties
sors. Therefore reducingactually leads to a drop in the etch as a function of F atom flugnormalized to the value at 170
rate. These trends are not observed for Si, as shown in Fiy/) are shown in Fig. 8. For both SjCand Si etching, the
7(b). Here the polymer thickness decreases with decreasingolymer thickness increases with decreasing F atom flux due
B as for SiGQ. However, the etch rate always increases withto the lower rate of polymer etching. As a consequence, the
decreasing3 and decreasing polymer thickness because thetch rates for Si and SiOncrease with decreasing F atom
passivation layer serves only as a barrier to transport and néiux. However, due to the dominance of F atom etching in
as a precursor for Si etching. polymer consumption during Si etching, the polymer thick-

The etch selectivity, defined as the etch rate of Si@er  ness changes more rapidly on Si than on . Si@s a result,
Si, for the two values of3 as a function of self-bias voltage the relative decrease in etch rate with decreasing F atom flux
is shown in Fig. 7c). For these process conditions, decreas-s larger for Si than for Si@. This produces an increase in
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the etch selectivity with decreasing F atom flux, as shown in 5 ;
Fig. &b). 4 g=0.007 i
Due to the lack of fundamental data, the reaction prob- 4 Sso—

abilities used in the model were more or less determined by E 3F 7
calibration with experiments from Oehrle&t al® Some of o]

: e . . g 2 0.005
these reaction probabilities may change with reactor condi- >
tions. For example, neutral sticking probabilities on chamber £ 1} 0.003
walls change with surface temperature which in turn affect 0 ] : ) . : :
etch characteristics Given these uncertainties in choosing 0 1 2 3 4 5
the probabilities, it is valuable to investigate the sensitivity (@) Radius (cm)
of the model to the variation of these parameters. We first -
varied the sticking coefficient, for passivating neutrals to € 600 L ¢=0.003
polymerize on an unactivated polymer surface site. The base E

) . £ 0.005
case value igr = 0.005, andr was parametrized from 0.003 o 400 F
to 0.007.(The probability for sticking on an ion-activated & 0.007
site is 0.08. The radial distributions of polymer thickness S 200 L
and etch rate for different are shown in Fig. 9 for a sub- ‘S
strate bias of 100 V. The polymer thickness logically in- 8 0 \ . . . . .
creases with increasing because of the increase in the ) 1 2 3 4 5 6
deposition source and the increase in polymer thickness pro- (b) Radius (cm)
duces a decrease in the etch rate. Since there is little ion 20 A —
assisted polymerization for this biaE{<V,), neutral poly- e 0.007
merization occurs at only unactivated sites. As a result, the § 151 1
increase in polymer thickness scales witlin Note, how- §
ever, that the polymer thickness increases more rapidly than g 10 '0}05 i
o. This results from the fact that as the polymer thickans 2 '
the energy transfer coefficient decreases, thereby decreasing e 5r 1
the rate of polymer consumption on the wafer. The polymer O'OOGS\\
thickness and etch rate as a functiqn of the self-bias voltage 00 2'0 4'0 6'0 8'0 160 12'0 140 160
for different values ofo are shown in Figs. @) and 9d), (c) Self-Bias Voltage (-V)
respectively. The absolute increase in polymer thickness is 700
proportional to the increase i and, indirectly, to the de- ‘é 600 L
crease in\ resulting from the increase in thickness. However € 500
in the low bias region, there is additional passivation on ion Y 400 L
activated sites and so the relative change in polymer thick- §
ness with varyingo is smaller than that in the high bias 5 300 |
region. Foro = 0.007, the polymer is more than one mono- CEI 200
layer throughout the bias range. Consequently, the $t€h Q 100 |
rate increases witW with a slope that changes little from »

0
0 20 40 60 80 100 120 140 160

low bias to high bias, as shown in Figid. With smallerg,
Self-Bias Voltage (-V)

the polymer thickness drops below one monolayer at high
biases. This leads to a saturation of the etch rate due to lagks, 9. surface process properties as a function of neutral sticking coeffi-
of CF, precursor. cient.(a) SiO, etch rate, andb) polymer thickness, as a function of radius,
As ion Sputtering is a major consumer of the p0|ymer, itSfor different stick_ing coefficie_nts(.c) SiO, etch r_ate, antﬂd_) pplymer thi(_:k—
probability was also parametrized. The polymer thickness gless, asa function of self-bias voltage, for different sticking coefficients.
a function of p, for different substrate biases is shown in
Fig. 10@) where for the base cagg=0.025. For all biases rate increases noticeably with increasing for V>100 V
the polymer thickness decreases with increagigg When  piases, as shown in Fig. (). For the 170 V bias, the poly-
the bias is low(<40 V), the small ion sputtering rate and the mer thickness drops below one monolayer at lgsge and
ion assisted polymerization combine to make the passivatiogo the etch rate tends to saturate with increaging
thick and polymer consumption is dominated by F atom Direct reactions of ions and the wafer surface may occur
etching. The resulting smallex produces lower etch rates in SiO, etching when the polymer thickness is small or site
and lower rates of polymer consumption. When the bias voltcoverage is spotty. We investigated the sensitivity of the
age is high(>100 V), the polymer is thin and to a large model to the probability of direct ion etching of SiBurface
degree its consumption is determined by ion sputtering. As apecies that produces volatile $iBnd exposes new SjO
result, increasing, leads to a larger relative decrease in theThis reaction is Q:;,rg+ SiFzs— CiFy_ 1+ SiF4q+SiOy. In
polymer thickness than at low biases. Consequently the etcthe base case, we assumed an ion etch probabijlityf 0.11

—
o
-
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N
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@ lon Sputtering Probability (po)
800 ; T . T
€ 170V
£ 600t .
£
s 100 V
£ 400 } i
o
S
o o MV BOWED TAPERED
Q
» - 2? v - . Fic. 11. Examples of bowed and tapered etch profiles in fluorocarbon etch-
OO 0.01 0.02 0.03 0.04 ing of SiG,. (PR denotes photoresist.
®) lon Sputtering Probability (po)
0.25 ; T T ; 500 chosen operating conditions and gas mixtures for which ex-
lago T perimental data are available for validation and calibration,
o 020 Rate £ and which result in lower selectivities. We expect that the
& 015 1460 ¢ surface reaction mechanism proposed here will extend to the
(] . r . P . .
3 laao 3 more complex gas mixtures used in industry to obtain higher
> 010} p selectivities.
L 4420 S
Z Coverage I-lc-il
0.05F 1400 © V. PROFILE SIMULATIONS OF SiO , ETCHING BY
000 t Il [l L 380 CZFG PLASMA
0 0.2 04 06 08 1.0 In microelectronics fabrication, one frequent and chal-

lon Etch Probability (n)

lenging application of fluorocarbon plasma etching of SiO
Fic. 10. Surface process properties as a function of ion sputtering and et t0 produce vias with high aspect ratielAR). Due to
probability (p,) for different substrate biase&a) Polymer thickness(b) complex surface reactions on the bottom and sidewalls of the
SiO; etch rate(c) SiF; coverage and Sipetch rate. trench, etch profiles often deviate from the ideal which are
vertically straight. For example, SjOprofiles for similar
process conditions are shown in Fig. 11. Process conditions
for a 70 eV ion hitting a bare surfa¢eo polymer coverage  with low bias and high polymerizing fluxes tend to produce
According to Egs(3) and(5), this corresponds to an effec- tapered profiles. High bias and low polymerizing fluxes pro-
tive etch probability of 0.064, as the base case has an averagace bowed profiles. To investigate the mechanisms respon-
ion energy of 98 eV and a polymer coverage of 1.94 layerssible for SiG profile evolution, we used the surface reaction
The SiG etch rate and the SiFsurface coverage as a func- mechanism described above in the MCFPM. Since the
tion of 7 are shown in Fig. 1@). With increasingy from 0  MCFPM uses a Monte Carlo algorithm for surface reactions,
to 1, a decrease of SjFcoverage from 0.22 to 0.03 is ob- the analytical approach describing the polymer thickness de-
tained, which is accompanied by an increase of the etch raggendent reactions which was used in the equipment scale
from 380 to 495 nm/min. Whemy is small(<0.4), the Sik model had to be modified. In the feature scale model, thick
coverage drops rapidly with increasing and the etch rate polymer coverage occurs by “stacking” mesh cells repre-
increases as removal of Siks a rate limiting step. Whew  senting the polymer on the surface. The height of the poly-
is large (>0.4) and the Sik coverage is small, further in- mer mesh cells is equivalent to polymer thickness. The poly-
creasingyn does not significantly change the coverage as thener thickness dependent plasma—wafer reactions are
desorption is no longer rate limiting. As a result, the etch rateealized by the fact that increasing thickness of polymer cells
changes little with increasing. decreases the probability for the wafer surface to be exposed
We note that the selectivities discussed here may be lowo the plasma and react. We note that mask erosion can have
in comparison with state-of-the-art oxide etching processea significant effect on profile evolution. We are limiting this
used for microelectronics fabrication in industry. We havestudy to the details of the oxide etch mechanism. Although
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sidewall passivation as compared to that at the bottom. Dur-
ing etching the sidewall passivation grows, shadowing the
area of the bottom of the trench that can receive vertical ion
bombardment, leading to a tapered profile of the trench. With
increasing bias voltage, the incident ion energy increases,
resulting in a larger sputtering yield of the polymer. The
increasing polymer consumption leads to both a broader
critical dimension at the bottom and a higher etch rate, as
shown in Fig. 12a).

To investigate the dependence of critical dimension on
bias, we performed profile simulations for a range of higher
biases. We use the ratio of the trench width g above
the bottom of the trenchW,,) to the width at the top\\,) to
quantify the degree of tapering, and the trench depth after
equal etch times to quantify the etch ra¥, /W, and the

(@)

Bias =100 V 160 V trench depth as a function of the substrate bias are shown in
1.0 . : . 3.2 Fig. 12b). With increasing substrate bias from 100 to 300 V,
08 Depth —"  __..----1 both W, /W, and the trench depth rapidly increase due to the
- 12.4 ~ increasing sputtering of the passivation and higher ion acti-
£ 061 _-—""\‘Nb/Wt g vation rates. In the high bias regime, both metrics tend to
= 116 £ saturate because insufficient passivation limits the etching
= 04 & process. The dependence of the etch rate on the substrate
[m]
02| H10.8 bias obtained from our profile simulation agrees well with
that obtained from the equipment scale modeling discussed
00 6750 200 280 300 earlier. . o
Bias (V) _ As tgperlng is produce_d by sidewall passn_/atlt_)n, its mag-
(b) nitude is related to the ratio of the flux of passivating neutrals

to ions, B = ®,/®;,,. To investigate the influence ¢ on
Fic. 12. Influence of substrate bias on featufesHigh aspect ratio profiles  the etch prof"eS, we art|f|c|a||y scaled the neutral fluxes from

of Si0, etched by a ¢Fg plasma at 100 and 160 V biases. The profiles taper _ : :
near the bottom(b) W,, /W, and trench depth as a function of substrate bias. the base CaSéB 12) while keeplng other parameters the

W, refers to the trench width 0,6m above the trench bottom, ak4 is the Same-(AlthOUgh.the fluxes so obtained may not specifically.
trench width at the top. Results were obtained after equal etch times. Incorrespond to given process parameters, this methodology is

creasing bias improves profile control and increases etch rate. helpful in understanding the mechanism of etchirigench
profiles for differentB are shown in Fig. 1&). W, /W, and

some mask erosion by direct sputtering was allowed, th&€nch depth after equal etch times as a functiongaire
mask remains largely intact and so its etching does not sigt"Wn in Fig. 18). The base case produces a tapered profile
nificantly affect the profiles. due to tht_a st_rong passivation. Wlth dec_reasmg_he side-

It has been found experimentally that in HAR etching of wall passivation decreqses, leading to increasing etch rates
Si0, by fluorocarbon plasmas, tapering of the trench generar?d a Ie;s tapered profiles. A nearly straight trench was ob-
ally occurs under conditions where there is excessivdained with3=8.4. A further decrease @, however, leads
passivatiort® We simulated HAR Si@ etching by the pre- to insufficient sidewall passivation. As a result, the sidewalls
viously described gF; plasma. Trench profiles after equal are also etched to some degree, leading to a bowed profile at
etch times at 100 and 160 V substrate biases are shown #=6. as shown in Fig. 18). The ratio of critical dimen-

Fig. 12a). There is a shrinking of the feature width at the Sions, W,/W,, then exceeds unity. These results indicate
bottom of the trench for both biases. The trench is less tathat controlling 8 is important to controlling the shape of
pered and deeper with the higher bias after equal etch timeslAR features.

The tapered profiles are attributed to the strong sidewall pas- One effective approach for controlling is to dilute the
sivation. Since neutral fluxes have broad incident angulaf2Fs With a chemically inert gas. By adding Ar to the feed-
distributions and low sticking coefficients, they reflect manystock GFg, the passivating neutral densities are decreased,
times in the trench, eventually sticking to the sidewalls andwvhile ion densities are to some degree enhanced due to the
the bottom of the trench at nearly equal rates. However, iotarger ionization cross sections of Ar and Penning processes.
bombardment has a narrow ion angular distribution. As arhe end result is a decreaseAnTo investigate the effect of
result, most ions at best graze the sidewalls and reflect specthis gas mixture on HAR feature profiles, we performed
larly with a low reaction probability® while the bottom of simulations at different Ar/gF, ratios while keeping other
the trench receives a larger normal flux having higher reacprocess parameters the same as in the base case. The profiles
tion probabilities. The grazing ion bombardment of the side-after reaching nearly equal depths are shown in Figa)18

walls is inefficient at removing polymers, leading to strongerand W, /W, as a function of Ar fraction are shown in Fig.
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Fic. 13. Influence of passivating neutral to ion flux ratb{/®;,,) on Si0,
features.(a) Profiles for different®,/®;,, ratios. (b) W, /W, and trench

depth as a function of,/®,,,. Results were obtained after equal etch FiG. ,14' Influ_ence of Ar fractiqn in an Ar/E_FG I_CP on SiQ fgatures.(a) )
times. Decreasing,, /®,, increases etch rate aid, /W, , with low values Profiles for different Ar/GF ratios.(b) Passivating neutral to ion flux ratio
produ'cing bowing neen v (@, /®,), andW,/W,, as a function of Ar fraction in the gas source.

Increasing the Ar fraction decreas®s /d,,,, thereby increasingV, /W, .

14(b). B decreases by a factor of 3 by increasing the Ar
fraction to 60%. The base case, which has no Ar, produced a
tapered profile. With 20% Ar and a decreasegirto 8.7, a
nearly straight trench was obtained. Further increase of the
Ar fraction to 40% leads to a bowed profile witV, /W,

>1 due to there being insufficient sidewall protection by
passivation. The bowing further increases with an increase in
the Ar fraction to 60%.

Although the purpose of the study was to investigate,SiO
etch mechanisms, it is appropriate to briefly comment on the
consequences of Si/SjGselectivity in profile control. For
example, profiles were simulated for low bias conditions
with pure GFg where the selectivity of SigSi was large.
The resulting profiles near an underlying Si layer are shown
in Fig. 15a). The etch depth antlv,/W, as a function of
time are shown in Fig. 16). For these plots, the polymer
has been removed prior to plotting to show only the Si,
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SiO,, and plasma interfaces. For highly polymerizing condi- oz | = . Jos
tions and low bias, an etch stop often occurs at the,&Si0 A o
. . . 0.00 L L L L L R
interface. The etch stop consists of a layer, sometimes grow- R I I R
ing to a plug, of polymer on the Si which dramatically slows
or terminates etching at the interfa®ae see this behavior Fie. 15. Feature properties for etching S$i@own to a Si underlayer(a)
in Fig. 15 where the etch feature and etch depth “bottomEtch profiles near the interface where polymer and surface complexes have
out” at the SiQ/Si interface. For these conditions, a low rate 2een removed from the ploté) Etch depth andA, /W, as a function of

. - . o . . time. A 50% overetch enables a tapered feature at the interface to broaden,
of etching of Si continues, prowdmg a SifSi selectivity of  producingw, /W, =1.0. Note a small degree of aspect ratio dependent etch
~28-30. Note that there is also a small degree of aspecite as the etch rate slows with etch depth.
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ratio dependent etching where the etch rate slows as the One of the differences betweenpriori simulation and
trench deepens. The etch stop at the ;88Dinterface en- modeling of the type discussed here is that in modeling, the
ables a tapered profilaN,/W,;<1) to recover to become a lack of absolute knowledge of fundamental processes or co-
straight profile W, /W,~1). The overetch time, in this case efficients, or exorbitant complexity in the real mechanism,
~50%, combined with high selectivity, allows the corners ofrequires some degree of either simplification, heuriticism, or
the trench to be etched, thereby straightening the sidewalljudgement in developing the model. Weakness in the model
Further overetching will result in a bowed profile. described here is that, due to the complexity of the phenom-
ena being addressed and the unlikelihood that all required
coefficients and parameters will be known with precision,
V1. CONCLUDING REMARKS §imp|ification, heuriticism, and judgemgnt were all brpught
into play. A reviewer asked how tentative this model is and
A surface reaction mechanism accounting for polymerif there are alternatives. The mechanisms we have proposed
passivation and passivation thickness dependent rates hds not uniquely explain the experiments and the coefficients
been developed for SiOand Si etching by fluorocarbon we have derived are likely not unique within that framework.
plasmas. The polymer is formed by neutral deposition, We encourage the reviewer and the reader to view this model
and is consumed by ion sputtering, F atom etching ang SiOand those of other workers as frameworks with which one
etching. Low-energy ion activation of surface sites assistgan develop and test hypothesis to explain, reproduce, and
neutral polymerization. SiQetching is preceded by neutral explain complex, physical phenomena. We expect that with
passivation, and it evolves through either ion chemical sputthe additional insight afforded by this model, that the mecha-
tering or successive fluorination. The passivation is providechism can be refined by other workers within the general
in large part by the interface layer of the polymer. Sinceframework proposed here.
plasma—wafer interactions involve a transfer of energy and
species through the polymer, their rates scale inversely with
the polymer thickness. The etch selectivity of Siaver Si is
attributed to the thinner polymer passivation on the,Si©a ACKNOWLEDGMENTS
result of polymer consuming reactions at the wafer surface.
The reaction mechanism was first applied to an integrateg:

p'asma‘S‘.”face model tq investigate §i@ch_ing by an ICP. National Science FoundatiofCTS99-74962 The authors
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