Symmetric rate model for fluorocarbon plasma etching of SiO 2
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A symmetric rate model for plasma etching and plasma deposition in fluorocarbon plasmas is
proposed. When there is no deposition, the symmetric rate model gives a plasma etch rate. When
there is no etching, the model gives a plasma deposition rate. Electron cyclotron resonance and
reactive ion etcher etch rates of Sith CF, plasma are found to be consistent with the model.
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Plasma etching is an important technology in the fabri-tion means the etch rate and deposition rate are symmetric. If
cation of very large scale integrated circuitgVith the fea- the products of the reaction are volatile, then the process
ture size smaller than 0,6m, the empirical approach for the results in net etching. If the products of the reaction are
optimization of plasma etching is getting more and moreinvolatile, then the process results in net deposition. The en-
difficult, and basic understanding of plasma etching is beergy deposited onto the surface accelerates both etching and
coming crucial for process control. In the etching of $iO deposition. This symmetric effect has been shown in the
with fluorocarbon plasmas, both etching and deposition ocwork of Fracassi, Occhiello, and Cobun.
cur simultaneousf/and both processes need to be under-  In the fluorocarbon plasma etching of Si®oth plasma
stood. etching and depositiofor polymerizatiof occur. For steady

Many rate models have been proposed for plasma etctitate, there are four main process@s:etching of the sub-
ing (see Refs. 3-8 and references therefmong these strate;(2) deposition(or polymerization on the substrate3)
models, Zawaideh and Kifnproposed a model to include €tching of the polymer(4) deposition on the polymer. The
both linear effects of chemical and physical etching, and th@0lymer is a fluorocarbon thin film deposited on the sub-
nonlinear effect of “enhanced” chemical and physical etch_strate: From th_e assumption described earlier, we write the
ing. Hoffmann and Heinrichsimplified the model proposed following equations
by Zawaideh and Kim to describe reactive ion etchiR¢E)
of polysilicon with Sk plasma. Gottscho, Jurgensen, and o -

Vitkavage® proposed an ion-neutral synergy model based on (ER)ia=KeaOeadiEi @
the mass transport model proposed by Mayer and Bérker.

In this_l_ette_r, a symmetric rate model for plasma etching and (DR); =K 4,0 4,3, )
deposition is developed.

In both plasma etching and deposition, energetic ions,
etching species, and deposition species have been shownwere a=s,p corresponds to substrate or polymeER);,
be importanf~* Fracasset al’ showed that plasma etching and DR);, are the ion enhanced chemical etching rate and
and deposition rates of plasma perfluoropolymer thin filmshe deposition rate on the substrate or polyni€g, and
have a similar dependence on ion energy. Déhal° found K, are the volumes remove@dr grown per unit bombard-
in an electron cyclotron resonant®CR) etcher that the etch ment energy (criieV) on the substrate and on the polymer
rates of SiQ with CF,/O,/Ar plasmas only depend on ion (deposited film, O, and O 4, are the surface coverage of
energy flux and F-atom density. They quantified the boundthe etching(or deposition species on the substrate and on
ary between the ion energy flux limited regime and thethe polymer,J; is the ion flux (cmi? s™%) to the surface,
F-atom flux limited regime. Mutsukurat al!! studied the E; the average ion energy in eV, ad(E; is the ion energy
deposition of hydrogenated hard-carbon films in a,aH  flux (eV/ent s).
discharge plasma. They found at high pressure that the film For steady state, the etching species flux removed from
deposition rate was predominantly dependent on the ion erihe surface and the incoming etching species flux sticking on
ergy flux. They also found at very low pressure that the filmthe surface must balance, and the film growth rate and the
deposition rates were almost the same for different rf powefncoming deposition species flux sticking on the surface
at each pressure condition. Similar trends have also bedRust also balance. The etching species removed from the
found by the other group$:* surface refers to those etching species carried by the etch

Based on the experimental results and the models merroducts. These balances combined with the Ejsand (2)
tioned earlier, we assume that the ion enhanced chemic8fVe-
etch rate and the ion enhanced chemical deposition rate are
proportional to the ion energy flux multiplied by the surface
coverage of the etching or deposition species. This assume/ise IEi=S,((1—- 0 Oy~ 0,)J,,

es

dCurrent address: Applied Materials, Santa Clara, CA. (etching of or deposition on substrate)3)
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Kep 3600+
V—GinEi=Syp(6p—eep—6dp)Je

ep 3200} 3
(etching of or deposition on polymer (4)

2800
wherey=e or d, O, is the surface coverage of the polymer

on the substraté/,, is the volume (crf) removed per etch-
ing species on the substrdt® polymey, V4, is the volumes
(cm®) grown per depositiorfor polymerization species on
the substrate or polymeg,, is the reactive sticking prob-
abilities (unitless of etching species on the bare substfate
bare polymey, Sy, is the reactive sticking probabilitigganit-
les9 of deposition species on the bare substfatethe bare
polymep, andJ, is the etching(deposition species flux to
the surface. 8001 RIE
The left-hand sides in Eq$3) and (4) represent the re-
moving etching species flux carried by the etch products, or
the growing deposition species flux inside the fi(poly-
men. The right-hand sides in Eqé3) and (4), represent the 0 200 400 600 800 1000
incoming etching species flux or deposition species flux HEY(1+3.3x10-3MEv/nF)
sticking on the bare substrate or on the bare polymer. For
steady state, the polymer coverage does not change. THHG. 1. ECR etch rate dat$00-900 W, 0.5-2.5 mTorr, self-bias voltage
means that the polymer etch raR);, will balance the rate 251 1{?120 V and RIE d%}§7oo_—31500 W, 37 mTorrit to Eq. (8). JiE; is
of deposition on the substrat®R),. After taking into ac- " MW/en andn is in 10° cm =
count the four types of reactions on the substrate given by
Egs.(1) and(2), we find the totatime averagesurface reac- Experiments were carried out with an ECR etcher based
tion rate is on an ASTeX(Model S1000 2.45 GHz source operated at
500-900 W, 0.5-2.5 mTorr, self-bias voltage-25 to 100
R=(ER)is— (DR)is (ER);p= (DR)jp V, and flow rates 4—44 sccm. rf at 13.56 MHz was used to
=(ER)is— (DR)jp. (5)  self-bias the wafer. The wafer was mechanically clamped to
a water-cooled wafer stage. RIE experiments were carried
out with a Plasma Therm parallel plate etckigiodel 2484

2400]
ECR
2000
1600

12004

SiO2 Etch Rate (A°/ min.)

400+

Solving Egs.(1)—(5), gives the total time average reaction

rate: operated with 700-1500 W of rf at 13.56 MHz, 37 mTorr,
Jq 2 and flow rate=20 sccm. lon fluxJ; was measured with
KediEi| 1— Csp( J_) } Langmuir probes, plasma potential with emissive probes and
Ri= IE 3 K e IE T (6) Langmuir probes, fluorine concentration by Ar actinomélry,
1+A S +B Y 14 [ 1+A, 2 +B _d” and CR concentration using diode laser infrared
Je Je Kep P Je PJe absorptionl.e
where Figure 1 gives a comparison of the measured,3@h
rate by a Cl plasma, in the ECR and RIE tools, with the
A = Kea _ KeaVdaSua and etch rate given by Eq8), the case of no deposition. In Fig.
“ VeaSea' ¥ KgaVeaSen 1, the ion energy flu¥,E; is in mWi/cnt, the F-atom density
Koo VaSue VS neis in 102 cm 3, and the F-atom temperature is taken as a
Co=B.B dshdp _ Tds=ds Tdp=dp (7)  constant. The etch rates in both ECR and RIE tools have a

PKeKep  VesSes VepSap similar trend and can be fit by E48). However, the etch

If there is no depositionJ4=0 and the total reaction rate rates in the RIE are lower than those in the ECR. For the
given by Eq.(6) reduces to the plasma etch rate given byECR tool Kes=13 while for the RIE toolKes=0.93. For
Gottscho, Jurgensen, and Vitkavige CF, etching, the deposition species appears to bg CF

We can simplify Eq(8) for RIE etching and deposition

Rt:ﬂ. (8) by assumingly/J,E;<A,/B,
+ Kes JiEi
Vesses Je Jd 2
. . . " Kes]iEi 1_Cs J_
If there is no etching,J.=0, R; gives a plasma deposition _ e
L Ri= (10
rate (indicated by—), JiE;
1+A——
K goJi Ei e
v Sp % It has been proposed that the (Fspecies are the precur-
dp=dp ~d sors to plasma polymerization of fluorocarbon of B/Z
The symmetry between etching and deposition given by Egsince the gas concentration of these species is found to be
(6) is very clear. directly related to deposition rate for a variety of speéies.
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3600~ , In summary, a symmetric rate model has been developed
3 for plasma etching and deposition. In the case of no deposi-
3200+ tion, the symmetric rate model reduces to the plasma etching
sa00] 29000 ECR 3 rate given by (_Sottscho, Jurgen_sen, and V|tka®m.the
- sssssRIE case of no etching, the symmetric rate model gives a plasma
E 2200 deposition rate symmetric to the plasma etching rate. All
> ECR etching results are explained by the symmetric rate
< 000l model in the case of no deposition. The RIE results are modi-
% fied by a factor of 1— Csp(Jd/Je)Z], a simplified case of the
1600 symmetric rate model. In this case, the etch rates in the ECR
:Cg and RIE tools are derived by an equation which depends on
u 1200+ only three constants.
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