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(Received 21 July 1998; accepted 2 October 1998

The mechanisms underlying selective etching of a,3#yer over a Si or 3N, underlayer, a
process of vital importance to modern integrated circuit fabrication technology, has been studied.
Selective etching of Si©to-SiN, in various inductively coupled fluorocarbon plasmas (GHF
C,F¢/CsF, and GF¢/H,) was performed, and the results compared to selectivg-8iSi etching.

A fluorocarbon film is present on the surfaces of all investigated substrate materials during steady
state etching conditions. A general trend is that the substrate etch rate is inversely proportional to the
thickness of this fluorocarbon film. Oxide substrates are covered with a thin fluorocarbd¢a fil&

nm) during steady-state etching and at sufficiently high self-bias voltages, the oxide etch rates are
found to be roughly independent of the feedgas chemistry. The fluorocarbon film thicknesses on
silicon, on the other hand, are strongly dependent on the feedgas chemistry and range2ftom

~7 nm in the investigated process regime. The fluorocarbon film thickness on nitride is found to be
intermediate between the oxide and silicon cases. The fluorocarbon film thicknesses on nitride range
from ~1 to ~4 nm and the etch rates appear to be dependent on the feedgas chemistry only for
specific conditions. The differences in etching behavior of,Si85N,, and Si are suggested to be
related to a substrate-specific ability to consume carbon during etching reactions. Carbon
consumption affects the balance between fluorocarbon deposition and fluorocarbon etching, which
controls the fluorocarbon steady-state thickness and ultimately the substrate etchii®99©
American Vacuum Societ}50734-210099)03201-7

I. INTRODUCTION Silicon nitride is used as a passivating layer that protects
circuits from mechanical and chemical attack, or as an etch
Etching of via or contact holes into Sj@ make electri-  stop layer, enabling the fabrication of certain damascene and
cal contact with an underlayer is an indispensable process i@elf-aligned contact(SAC) structures. Selective SiQo-
modern integrated circuit fabrication technology. High $iO SisN, etching has been demonstrated in several syst&ris.
etch rate and selectivity of Sio-Si are important require-  correlations between the 8i, etch rate and the amount of
ments for etch processes to be commercially viable in manyyorocarbon material present on the surface during etching
facturing. Etch processes employing fluorocarbon d'SCharge§Uggest a Sigto-SiN, selectivity mechanism that is analo-
are typically able to meet the;e demands, as first reported b@'ous to the Si@to-Si etching mechanism. A detailed com-
Hem_eck_é;z and an extensive number of SUbsequen[parison between the two mechanisms, however, is lacking.
StUd'?SZ‘ . . . . This work summarizes results obtained in a study where
lt. IS bglleved 'that t.he primary mechanism for hlghly Se'SiOZ, SN, and Si were processed in an inductively coupled
lective SiQr-to-Si etching using fluorocarbon plasmas is theplasma source fed with various fluorocarbon feedgas chem-

selective formation of a relatively thick passivating film on . tries (CHR, C,F/CaFs and GF4/H,). Etch rates of Sig,

the Si surface during steady-state etching conditions. The & . o
. A . . SigN4, and poly-Si samples and surface modifications of
etch rate in that situation is limited by the arrival of atomic . ! . .
crystalline Si samples were measured usimgitu ellipsom-

fluorine that needs to diffuse through the film to the Si sur- ) . .

face, where it chemically reactd:*® For the same process Y- The surface chemistry of processed Sihd SiN,

conditions SiQ surfaces stay clean of fluorocarbon material,sarnples was examined using postplasu_ msitu x-ray photo-
qlectron spectroscopXPS). The experimental results allow

and are etched directly through a mechanism of chemical™ : A . .
sputtering17:18 a direct comparison of SiQ Si;N,, and Si etch mechanisms

The ability to achieve selective etching of Si@ver 2and therefore a comparison of the $i0-SiN, and
SisN, is becoming an increasingly important requirement.SiO2-t0-Si etch selectivity mechanisms. From this compari-
son it can be understood why certain feedgas chemistries that

30n leave from Eindhoven University of Technology. gi_Ve SiOZ'tOTS.i selectivity d(_) not necessarily give Sl"@"
YElectronic mail: oehrlein@csc.albany.edu SigN, selectivity. However, it has been found that SiO-
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27 Schaepkens et al.: Study of the SiO ,-to-Si3N, etch selectivity mechanism 27

= A variable frequency rf power suppl$00 kHz—40 MHz,

‘1/\/:\ RF power 0-300 W is used to bias the wafer for etching experiments.

- Supply The experiments reported in this work were all performed at

Matching Network l 3.4 MHz. In the process regime investigated, no significant

induction \ quartz in_ﬂuence of rf bigsing on the ion current den_sity measured
coil o picide. ., ‘ coupling W|th_ the Langmuir probe was observed. The ion energy and
ellipsometer /| N Y o ,,\“"'“d_°“" the ion flux to the surfaces can thus be varied independently.
laser b/ 7\ elfipsometer The process chamber is pumped using a 450 I/s turbomo-

%(”detector
\

P lecular pump backed by a roughing pumpstack, consisting of

TRy TN U / a roots blower and a mechanical pump. The process gases
confinement —7 —_— ‘ ga:r“"'et are admitted into the reactor through a gas inlet ring located
ring L | o just under the quartz window. The pressure is measured with
RF bias :,/L\ cooled a capacitance manometer. Pressure control is achieved by an
power supply \_I_/ elez:zzt;tic automatic throttle valve in the pump line.

In order to remove deposited fluorocarbon films from the

Fic. 1. Schematic outline of the experimental setup of the used ICP sourcé’.\’a”S of the process Chamber_' the chamber is C_Ieaned with a_‘n
O, plasma after each experiment. The cleaning process is
monitored by taking real time OES data. The absence of

Si;N, selectivity in an etching process also providesoptical emission of quorqcarbon related gas phase species is
SiO,-to-Si selectivity. More importantly, a trend in the etch @ measure for the cleanliness of the chamber. _
rate behavior of the different materials has been identified The ICP apparatus is connected to a wafer handling clus-

allowing a general description of fluorocarbon plasma etchfer system. Processed samples were transported under UHV
ing to be formulated. conditions to a Vacuum Generators ESCA Mk Il surface

analysis chamber for x-ray photoelectron spectroscopy
(XPS) analysis using a polychromatic Mga x-ray source
Il. EXPERIMENTAL SETUP (1253.6 eV). Photoelectron spectra were obtained at photo-
The high-density plasma source used in this work is a&mission angles of 90° and 15° with respect to the sample
radio-frequency inductively coupled plasri€P) source of  surface.
planar coil design. This plasma source has also been referred
to in the literature as transformer coupled plas@&P?®  |II. EXPERIMENTAL RESULTS
and radio frequency inductiofRFI)?® source. A schematic
outline of the used ICP reactor is shown in Fig. 1. It is
similar to the one described by Kellet al?’ In fluorocarbon plasma processing, deposition and etching
The apparatus consists of an ultrahigh vacu(iV) occur simultaneously. Deposition and etching processes have
compatible processing chamber in which the plasma sourcdifferent dependencies on the energy of the ions that bom-
and a wafer holding electrostatic chuck are located. The cerbard the surface on which they occur. By varying the ion
ter part of the ICP source is a planar, 160-mm-diam inducbombardment energy one can therefore switch from fluoro-
tion coil that is separated from the process chamber by aarbon deposition to etching of earlier deposited fluorocar-
19.6-mm-thick, 230-mm-diam quartz window. The coil is bon material or other substrate materials, such as, SiO
powered through a matching network by a 13.56 MHz, 0-SigN,, or Si.
2000 W power supply. At low self-bias voltages, i.e., low ion bombardment en-
Wafers with a diameter of 125 mm can be placed on argy, these processes produce net fluorocarbon deposition.
bipolar electrostatic chuck during processing. The chuck iSThe deposition characteristics are strongly dependent on the
located at a distance of 7 cm downstream from the ICHeedgas chemistry. Figurdd& shows the fluorocarbon depo-
source and allows the wafer to be rf biased and cooled duringition rates obtained as a function of feedgas (§HKRKF,
processing. A helium pressure of 5 Torr is applied to theCsFg, and GFg/H,) in discharges at 6 mTorr operating pres-
backside of the wafer during the experiment to achieve goodure, 1400 W inductive power, and no rf bias power applied
thermal conduction between the wafer and the cHfickhe  to the surface. The deposition rate in GH#hd GFy is sig-
chuck is cooled by circulation of a cooling liquid. nificantly lower than in GFg or C3Fg/H,. The highly poly-
Samples placed at the center of a wafer can be monitoreaherizing character of £ or C;F¢/H, discharges may be
by anin situ He—Ne(632.8 nm rotating compensator ellip- related to the size and chemical structure of the fluorocarbon
someter(RCE) in a polarizer-compensator-sample-analyzerparent molecule$?*
(PCSA configuration. Plasma diagnostics like a retractable Figure 2Zb) shows the refractive index of the deposited
Langmuir probe and optical emission spectroscoPfES  fluorocarbon films using the different gases. The refractive
can be used for plasma gas-phase characterization. With tiedex of the fluorocarbon deposited usingFgand GFg are
retractable Langmuir probe it is possible to make a scan ofound to be lower than if CHf-or C;F¢/H, is used. Crystal-
the ion current density over 70% of the wafer at a distance ofine Si samples on which 150 nm fluorocarbon material was
2 cm above the wafer surface. deposited were analyzed by XPS. It was found that the

A. Fluorocarbon deposition and etch rates
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3 26 36 36 2 Fic. 3. Fluorocarbon etch rates as a function of self-bias voltage, measured
with respect to ground, at 6 mTorr operating pressure in discharges fed with

Fic. 2. (a) Deposition rates(b) refractive index, andc) fluorine-to-carbon 40 scem of CHE, C,Fs, CaFs, Of CiFg/H, (27%. The fluorocarbon sub-
ratio determined from XPS analysis of fluorocarbon material deposited at &rate was deposited & W rf bias power at the same process condition

mTorr operating pres(;sure in discharges fed with 40 sccm of CHEF, where the etch rates were determined. The plasma potential at these condi-
C4Fs, or GFg/H, (27%. The fluorine-to-carbon ratios determined under jons typically varies between 20 and 30 V. This potential needs to be added

15° electron escape angle are slightly higher than the ratio determined undgj he self-bias voltage in order to estimate the actual average ion bombard-
90°. The values ir(c) are averages of the two values. ment energy.

fluorine-to-carbon ratio of the fluorocarbon material, see Figrine depleted fluorocarbon substrdtae fluorine-to-carbon
2(c), is inversely proportional to the refractive index. Fur- ratio of fluorocarbon is reduced, see Fig. & second obser-
ther, the fluorine-to-carbon ratio of the deposited fluorocarvation is that the higher the fluorocarbon deposition rate at 0
bon material is lower if hydrogen is present in the feedgasy bias power, the lower the fluorocarbon etch rate under
chemistry. This trend can be explained by the fluorine scavbiased conditions, e.g., comparegFgto C;F5 processing and
enging effect of hydrogen in the gas ph&se,more likely at CHF; to CjF¢/H, processing. Net fluorocarbon etching ap-
these operating pressures fluorine reduction as a result gfarently benefits from a reduction in fluorocarbon deposi-
hydrogen—fluorine recombination at the reactor walls. Alsotion.

fluorine abstraction by hydrogen from a fluorocarbon surface The position of the threshold voltage for net etching is
could explain the observatiofis. consistent with the above observations. If hydrogen is

The fluorocarbon films that deposit if no bias is applied topresent in the feedgas chemistry or if the fluorocarbon depo-
the substrate, can be etched off the thin film substrate afition rate &0 W bias power is high, the threshold voltage is
self-bias voltages above a certain threshold value. The etofelatively high, and vice versa.
rates of the fluorocarbon films deposited at unbiased condi-
tions have been measured as a function of self-bias volta . . .
by in situ ellipsometry in discharges of CHFC,Fgs, CsFg, € Si02, SigN,, and Si etch rates
and GF¢/H, at 6 mTorr operating pressure and 1400 W in- At conditions where net fluorocarbon etching takes place,
ductive power. The fluorocarbon etch rates are plotted aether substrate materials, such as SiGi;N,, and Si, can
positive values in Fig. 3. Also included in Fig. 3 are the also be etched. Figure 4 shows the §iGi;N,, and Si etch
fluorocarbon deposition rat€eegative valugsmeasured by rates measured on blanket samplesrbgitu ellipsometry as
in situ ellipsometry at self-bias voltages below the thresholda function of self-bias voltage in discharges of GHE,F;,
for etching. It shows that the fluorocarbon deposition rateCs;F5, and GF¢/H, at 6 mTorr operating pressure and 1400
decreases as the self-bias voltage increases. W inductive power.

The fluorocarbon etch rates are found to be strongly de- At sufficiently high self-bias voltage, SiGetching of the
pendent on the feedgas chemistry. First, the fluorocarbohlanket samples occurs at a relatively high rate, which is
etch rate is relatively low at conditions where hydrogen isroughly independent of the feedgas chemistry. This is con-
present in the feedgas mixture, e.g., compare CIdFC,F;  sistent with Langmuir probe measurements performed for the
processing and {4 to C;Fg¢/H, processing. This observation different discharges. The Langmuir probe data showed that
can be attributed to the fact that fluorine is a precursor fothe ion current density does not vary significantly with
etching of fluorocarbon materidiThe presence of hydrogen feedgas chemistry. Since Si@tching has been suggested to
in the feedgas chemistry namely resultdana reduction of  occur through a chemical sputtering mechanism in which the
fluorine in the plasma gas phagebserved when comparing ion flux is the limiting factor'® the SiQ, etch rate is expected
optical emission spectra from 40 sccm Cénd 40 sccm  to be relatively independent of the feedgas chemigiipte:
CHF; plasmas at identical conditionsand(b) a more fluo-  this is the case if the average composition of the fluorocar-

J. Vac. Sci. Technol. A, Vol. 17, No. 1, Jan/Feb 1999
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Fic. 4. Etch rates of Si®, SkN,, and Si substrates as a function of self-bias i — J
voltage at 6 mTorr operating pressure in discharges fed with 40 sccm of 284 288 292 29 284 288 292 296
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Fic. 5. O1s) spectra obtained by XPS surface analysis under 90° emission

bon ion flux that bombards the Sj@urface does not change Z‘Egr's 0& FSi?4%”25%3‘4asrf‘(;"ggznfro(czzszeégr:]’)lgHsffmzcig?ﬁa?{g (:?6
signjficantly Wit.h the various conditions. If the average Corn'mTor} andaa self-bias ’voltage ef1020 V. The C(1s) intensity is agmeasure
position of the ion flux changes, e.g., from ;E’) CF', the for the amount of fluorocarbon material present on the surfaces during
average SiQsputter yield possibly changes as well. steady-state etching conditions.

The blanket Si etch rates for the above conditions are
significantly lower than the Sifetch rates. The etch rates of
silicon show a strong dependence on feedgas chemistry. Tbscharges fed with CHf CoFs, C3Fg, and GFg /H,. The
dependence is similar to that observed for fluorocarbon etctRinding energies were corrected for charging of the dielectric
ing, suggesting that the effects due to hydrogen addition angubstrate materials. The integrated intensity of the¢1§)
fluorocarbon deposition rate ultimately are also responsibléPectrum, plotted in the upper left corner of each graph in
for the etch rate behavior of Si. Fig. 5, is a measure for the amount of fluorocarbon material

Etching of SiN, is intermediate between SjGand Si, Presenton the sample surface. It shows that ttigsCinten-
both in etch rate and dependence on the feedgas chemist§jty from processed SiCsurfaces is typically lower than the
For chemistries that result in a low fluorocarbon depositionntensities measured ong8i, samples processed under the
rate, the SN, etch rate is relatively independent of the Same process conditions, and compared to processhid Si
feedgas, similar to SiQetching. For chemistries resulting in Samples relatively independent of the feedgas chemistry. The
a high fluorocarbon deposition rate, thelsj etch rate de- intensity of the C(1s) spectrum from processed8j, de-
pendence is similar to that observed for Si and fluorocarboR€nds significantly on the feedgas chemistry. It clearly shows
etching. In other words, hydrogen addition only helps to supthat the amount of fluorocarbon material on thg\gisurface

press SiN, etching at conditions where the fluorocarbon Shown in Fig. 5, is inversely proportional to the correspond-
deposition rate is sufficiently high. ing etch rate at-100 V self-bias from Fig. 4.

The C(19) intensity measured on the processed surfaces
can be expressed as a fluorocarbon film thickness. This
thickness can be calculated from photoemission intensities,

The surface chemistry of processed gi@nd SiN,  due to the exponential decay of the XPS signal with depth. A
samples was investigated by XPS as a function feedgamethod that uses angular resolved intensities from substrate
chemistry in discharges at 6 and 20 mTorr operating preselements is described by Ruegetrall® Standaertet all®
sure. The feedgas chemistries used were GHEF, CsF;, describe a method of quantifying the fluorocarbon film thick-
and mixtures of GF{/CsF; and GF¢/H,. At the same condi- ness by comparing the Cls) intensity from a processed
tions the surface modifications of crystalline Si samples wersample to the ¢1s) intensity of a semi-infinitely thick fluo-
measured byn situ ellipsometry*° rocarbon film(e.g., a fluorocarbon film deposited at 0 Vi

Figure 5 shows high-resolution @ls) photoemission comparison of the two methods showed that at lov1€)
spectra obtained from SjOand SN, surfaces etched at intensities, both methods give very similar values for the
—100 V self-bias voltage at 6 mTorr operating pressure irfluorocarbon thickness. At high Cls) intensities, slightly

C. Surface analysis: Steady-state fluorocarbon films
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500 T - T T - T to be limited by the arrival of atomic fluorine at the Si sur-
face. Since the fluorine needs to be transported through the
400 m  Oxide i relatively thick fluorocarbon film by a diffusion
E . ©  Nitride mechanisnt>~2 the Si etch rates are suppressed. The fluo-
E 300 Silicon | | rocarbon films on $N, are of intermediate thickness com-
@ pared to SiQ and Si(1.25-3.75 nm For certain conditions
o 200 | a thick fluorocarbon film is present and thelgj etch rate is
5 ’ suppressed, similarly to the Si etch rate. For other conditions
i the fluorocarbon films are relatively thin, and thghNgj etch
100+ ] behavior is similar to that of SiQ
From Fig. 6 it is clear that Sigto-SiN, selectivity can
0 — e —— be achieved only if a thick enough fluorocarbon film forms
o 1+ 2 3 4 5 6 7 8 on the SiN, surface, while keeping the SjGurface clean.

Fluorocarbon Film Thickness (nm) This is completely analogous to the Si®-Si selectivity
o ) ) mechanism. However, Fig. 6 also shows that for conditions
Fic. 6. Etch rates of Si®, SiN,, and Si samples plotted vs the thickness of .. . . .
the fluorocarbon film present on the surface during steady-state etching cor‘f\-’here Siis already covered with a relatively thick fluorocar-
ditions. The varying parameters are feedgas chem[&@HF, (40 sccm, bon and the etch rate is suppressed, the fluorocarbon film on
C.Fg (40 sccm, CyFg (40 sccm, and GFy/H, (20 sccm/15 sceip and  SigN, can be still thin enough for direct chemical sputtering
operating pressur(iﬁ and 20 mTorx. The rf bias power level _corresponded to occur. This explains why a process condition that enables
toa self-b[as voltage of-100 V. It clearly shows that the thicker the fluo- SiO,-to-Si selectivity does not necessarily allow for $id-
rocarbon film, the lower the etch rate.
SizN, selectivity, while all process conditions enabling
SiO,-to-SiN, etch selectivity, automatically also provide
higher values for the fluorocarbon film thickness are foundSiO,-to-Si selectivity.
with the latter method. The discrepancy between the two
methods results from the fact that the error in the determinab
tion of the thickness in both methods increases as the amount
of fluorocarbon material on the surface increases. In this In the previous section it was suggested that in the case
work the average of the thicknesses determined by the twthat a substrate is covered with a relatively thick steady-state
methods is used to quantify the fluorocarbon film thicknessfluorocarbon film, the etch rate is limited by the arrival of
In Fig. 6 the etch rates of SiCand SiN, are plotted as a atomic fluorine which needs to diffuse towards the substrate
function of the fluorocarbon film thickness for all investi- surface. This suggestion is based on the observations by
gated chemistries (CHFF C,F¢/CsFs, and GF¢/H,) and pres-  Oehrleinet al! who found that in the case of Si etching the
sures(6 and 20 mTorr obtained at—100 V self-bias. Data thickness of a fluorinated silicon reaction layer located under
for silicon etched at the same conditions asS@d SiN,is  the steady-state fluorocarbon film decreases if the thickness
also included. The film thicknesses on silicon were deterof the fluorocarbon overlayer increases. This observation
mined in real time byin situ He—Ne ellipsometry. In the rules in favor of the fluorocarbon film protecting the Si from
conversion from ellipsometric anglé and A to fluorocar-  fluorine attack, rather than that diffusion of etch products out
bon film thickness, it is assumed that the steady-state fluorghrough the fluorocarbon film would be the rate limiting step
carbon film has the same refractive index as fluorocarboiwhich is also consistent with the etch rate being inversely
deposited at the same process conditions without rf bias agroportional to the fluorocarbon film thickness
plied. This assumption is supported by XPS anal¥sis, Based on the observations in Fig. 6, which suggest a gen-
which indicates that the composition of the steady-state fluoeral etch mechanism for S§QSi;N,, and Si in fluorocarbon
rocarbon films and passively deposited fluorocarbon materigdlasmas, the presence of a fluorinated oxide or nitride reac-
does not vary significantly. tion layer is to be expected. To verify the presence of these
Figure 6 clearly shows a general trend for the investigatedeaction layers, a detailed analysis of high resolutiofLs],
process regime; i.e., the etch rate of a thin film materialF (1s), Si (2p), and N1s) or O(1s), was performed.
decreases with increasing thickness of the steady-state fluo- The C (1s) spectra from Fig. 5 can typically be decon-
rocarbon film on its surface. It can be seen that independemolved into four different Gaussian peaks corresponding to
of the process conditions the SiGQurfaces stay relatively different chemical carbon bond€-CF,, C-F, C-k, and
clean of fluorocarbon materiaffluorocarbon film thick- C-F;), using a least-squares fitting routine and linear back-
ness<1.5 nm. The ion penetration depth in the investigatedground subtraction. In certain cases where the fluorocarbon
energy range is around 1 nthThe SiG, surfaces can thus be films are relatively thin and the fluorocarbon—substrate inter-
etched directly by a mechanism of chemical sputtefilgt®  face is visible to XPS analysis, a C—C/C—Si peak needs to be
which explains the relatively high etch rate. The Si surfacesncluded for obtaining a proper fit of the (1s) spectrum.
are covered with a fluorocarbon film that is strongly depen-The binding energies corresponding to the different carbon
dent on the process conditions but typically relatively thickbonds are given in Table I. From the deconvolving of the C
(2—7 nm). It is therefore unlikely that direct ion impact con- (1s) spectra fluorine-to-carbon ratios Rgwere calculated
tributes to the Si etch rate. Instead, the etch rate is suggested follows:

Surface analysis: Reaction layers

J. Vac. Sci. Technol. A, Vol. 17, No. 1, Jan/Feb 1999
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TasLE |. Listing of photoelectron binding energies. fluorocarbon film on the surface using the 90° take off angle
primarily originate from fluorine bonded to carbon in the

Element BE Specification Reference . ) . .
fluorocarbon film. If the fluorocarbon film thickness is small,
C(1y 283.4 eV C-C/C-Si 16 however, the ELs)/C(1s) ratio is found to be higher than the
ggg:g 2& g:gﬁ F/Cyec ratio, resulting in a value foAF/C that is larger than
290.3 eV C-§ zero. This means that a significant part of th¢lB) photo-
292.6 eV C-§ electrons detected from samples with a relatively thin fluo-
F (s 687.1 eV 32 rocarbon film on the surface at 90° take off angle must origi-
Si(2p) 103.4 eV SiIQ 32 nate from fluorine species that are not bonded to carbon.
Si (2p) 101.7 eV SiN, 33 . .
0 (19 532.6 oV Sig 33 The above data suggest that the fluorine that is not bonded
N (19 3975 eV SiN, 33 to carbon is located underneath the steady-state fluorocarbon
film, since it can be detected only if the path of the photo-
electrons from the underlayer through the fluorocarbon film
is significantly smaller than the electron escape dépty.,
lc.rt2-lc g, +31c 90° escape angle and thin fluorocarbon overlgyerie
F/Cdeczlc-uc—suc_cg s e 1) ﬁl)ez;t;(t');rsescape depth is typically in the order of a few na-

wherel ,,,qthe photoemission intensity.e., area under each The fluorine that is not bonded to carbon and that is lo-
Gaussiah originating from a specific bond. The fluorine-to- cated underneath the fluorocarbon film can be expected to
carbon ratio can also be calculated by dividing the intensityform fluorinated Si@ and SgN, reaction layers. In the case
of the F(1s) spectrum(BE=687.1 eV*? by the total C(1s)  of Si etching, the films could be observed in the high reso-
intensity, after correcting for differences in photoemissionlution Si (2p) XPS spectra. In the case of Si@nd SiN,
crossections. In the rest of this work we will indicate the etching, it is possible to obtain information on the reaction
fluorine-to-carbon ratio calculated in the latter fashion bylayers from substrate elements,(3p) and N(1s) or O (1s).
F(1s)/C(1s). Figure 7 shows the differencd=/C between the Indeed, the S{2p) spectra at 15° electron escape angles
fluorine-to-carbon ratios determined by the two methods, i.e.ebtained from processed s8i, samples were found to be
AF/C=F(18)/C(1S) — F/Cyec, 2) antisymmetric andl hav_e been deconvo-lve.d into two Gaussian
peaks, as shown in Fig(®. The low binding energy peak
for both processed Siand SN, surfaces as a function of corresponds to Si2p) in bulk SkN, [BE=101.7 eV; full
fluorocarbon film thickness. The XPS analysis was peryigth at half maximun{FWHM)=2.3 e\).% The high bind-
formed at both 15° and 90° photoelectron take off angle. FO[ng energy peak is found to be shifted by 2.0.2 eV and
XPS spectra obtained under 15° photoelectron take off anglg,as 4 FWHM of 2.70.1 eV. The shift towards a higher
which is a surface sensitive conditiohF/C is close to zero. binding energy with respect to bulk 8, can be explained
At 90° photoelectron take off anglaF/C is also close t0 1y gjlicon bonding to electronegative fluorine. Similarly, the
zero at conditions where a relatively thick fluorocarbon film (1s) spectrum taken at glazing angles on processed nitride

is present on the substrates. This data thus shovys that thes':f\mples can also be deconvolved in two Gaussians, see Fig.
(1s) photoelectrons detected from all samples using the 15?3(b). The low binding energy peak corresponds td1N§) in

take off angle as well as from samples with a relatively thickbulk SN, (BE=397.5 eV; FWHM=2.2 e\).® The high

binding energy peak is found to be shifted by 2:2¥.35 eV
and has a FWHM of 3.060.25 eV, and can be attributed to

1.2 T T T substrate nitrogen bonded to more electronegative elements,
] ® 90°Oxide&mTorr 1 such as fluorine or carbon with fluorine neighbors. The ob-
1.04 O 150 Oxide 6 mTorr e s . . . . .
] ] served shift is consistent with this, sinéiso)cyanides are
0.8 : ?228*?362‘;“‘?" i reported to have binding energies in the range of 397.5—
] . xeestmion 400.2 eV3* The above results are consistent with the exis-
0.6 A 900 Nitride 6 mTorr -} tence of a fluorinated §V, reaction layer. In the following
O E A 150 Nitride 6 mTorr 4 . . . . . . .
T 04l ] we will associate the high binding energy peaks with either
< o o 900 Nitride 20 mTorr | reacted silicon or nitrogen.
0.2- T 157 Niride 20 mTorr | The reacted intensit§Gaussian peak corresponding to re-
1 i‘;o action with B divided by the unreactedGaussian corre-
0.01 R 7 sponding to bulk materialintensity is higher under grazing
02' 00 © ] angles than under 90° electron take off angle in bott2g)
‘0 1 2 3 4 5 and N (1s) spectra. This indicates that the fluorinategN\gi
Fluorocarbon Film Thickness (nm) layer is on top of the bulk g\, owing to the fact that the

sampling depthimeasured perpendicular to the surfaee

Fic. 7. Difference between the fluorine to carbon ratios determined from9° IS @ factor of si(‘i]_5°.) smaller tha_‘n at 900 Both the
F(19)/C(1s) and C(1s) only, as a function of fluorocarbon film thickness.  reacted and unreacted @p) and N(1s) intensities decrease
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Fic. 9. Ratio of reacted intensity to unreacted intensity as a function of
fluorocarbon film thickness for both $2p) and N (1s) signals under 15°
photoemission angle.

A similar detailed surface analysis was performed in at-
tempt to obtain information on fluorinated Si@action lay-
ers. However, it was not possible in either thg18) or the
Si (2p) spectra to distinguish between intensities origination
from a reaction layer or from the bulk SjOThis is due to
the fact that the binding energies of silicon bonded to fluo-
rine and silicon in bulk Si@ are too close to be resolved.
Further, it is rather unlikely that fluorine will bond to oxy-
gen. Next to the data in Fig. 7, from which one can expect
that part of the Si(2p) photoelectrons originate from a
— fluorinated SiQ reaction layer in which fluorine is bonded to
394 396 398 400 402 404 substrate silicon, we do not have additional experimental evi-

(b) Binding Energy (eV) dence for the existence of such a layer. The formation of

a fluorinated Si@ has however been observed by various
Fic. 8. (a) Typical Si(2p) and (b) typical N (19 spectra obtained from a investigators  using  additional ~ surface  analytical
processed §N, sample under 15° photoemission angles. techniquesQ’_z’36

The results presented in this section are consistent with
the results in Fig. 6, which suggest a general etch mechanism
for Si0,, SiN,, and Si in fluorocarbon plasmas: the thick-

with increasing fluorocarbon film thickness. This indicates )
) ness of the steady-state fluorocarbon film controls the forma-
that both the reacted and unreactegNgiare located under- . ) .
. .tion of a fluorinated reaction layer and thus the etch rate of
neath the fluorocarbon material. In other words, the fluori-

nated SiN, reaction layer is, again analogous to Si etching,the various substrates.
located at the interface between theNgi sample and the
fluorocarbon film. IV. DISCUSSION
The intensity ratio \eacted | buik Of reacted to unreacted Si The experimental results presented in the previous section
(2p) or N (1s) is related to the thickness of the fluorinated suggest that a general mechanism exists for,SiSiN,,
SisN, reaction layerd, e 24° and Si etching in fluorocarbon plasmas. The formation of the
etch rate controlling steady-state fluorocarbon film is there-
fore key in etch selectivity control. The mechanism for the
’ ) formation of a steady-state fluorocarbon film and the depen-
dence on substrate chemical composition and feedgas chem-
where\ the photoelectron escape depth atdhe ratio of  istry conditions will be discussed below.
the atomic density of reacted atoms in the reaction layer tcA Mechanism of fluorocarbon film formation
the atomic density of unreacted atoms in the bulkNgi '
Since the intensity rati,eacted! pu decreases with fluorocar- Initially, after ignition of the plasma, fluorocarbon depo-
bon film thickness, see Fig. 9, it can be concluded that theition takes place on the substrate material. The deposited
thickness of the fluorinated $Bi, reaction layer decreases as fluorocarbon film will be exposed to ion bombardment when
the fluorocarbon film thickness increases, similar to whatan rf bias is applied. lon bombardment will result in breaking
Oehrleinet al* observed for Si etching. bonds in the fluorocarbon material and thus in the release of

N(1s) Intensity

( I reacte({ I bulk)
K

dreacted: A |n( 1+
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fluorine, which is an etchant for both fluorocarbon and the
investigated substrate materials. It is also possible that free
atomic fluorine radicals are produced at the surface due to <= Fluorocarbon

impact dissociation of fluorocarbon ions. Additionally, the Si
flux of gas phase species to the surface is a possible source (@) “— Substrate

for fluorine radicals.
LTy Lor Lo T To,

In addition to the production of the etchant fluorine, ion
bombardment provides the fluorocarbon/substrate system NI N
with energy, which is the a second necessary component for — e <= Fluorocarbon
etching of the investigated substrate materials as was shown SiaN A
by Ding et al®” The energy dissipated in the fluorocarbon (b) “— Substrate
material will be attenuated as the ions penetrate deeper into
the fluorocarbon film. The energy dissipation combined with

Ie
v

. . . ; . I: T, I¢
the presence of atomic fluorine will result in chemical reac- 1} f f l;éF* %‘Fv E‘F Qor.
tions between atomic fluorine and the fluorocarbon film, i.e., <= Fluorocarbon
etching of the fluorocarbon material. SiO
When the fluorocarbon film is thin enough, some of the (C) “— gSubstrate

ion bombardment energy will also be dissipated in the sub-
strate material. This energy dissipation in the substrate pro-
motes chemical reactions of fluorine atoms and substrate mé&ts. 10. Schematic view of fluxes incident on and outgoing from(&eSi,
terial, i.e., substrate etching. The total amount of(P) SiNs, and(c) SiO, substrates. In the case of Si, no volatile product
fuorocarbon etched per unt ime wil b feduced in this casdeloe? e St et s saver o4, o8 ke vk
since the available fluorine and energy has to be shared Witlyyhon is consumed in reactions with substrate oxygen, and a relatively thin
the substrate etching process. At the point that the fluorocasteady-state fluorocarbon film forms. Thesi substrate has a moderate
bon etch and deposition rates balance, steady-state Con@pility to react with carbon, and a steady-state fluorocarbon film of interme-
tions are reached and a steady-state fluorocarbon film {§at thickness results.
formed on the substrate. The substrate is then being etched
with that part of the energy and fluorine that is not required
for balancing of the fluorocarbon deposition. The details offluorocarbon consumption by the substrate is different for
how a substrate is etched through a steady-state fluorocarb&O., SiN,, and Si, resulting in different balances between
film are described by Standaest al® for the case of Si. etch and deposition for the various substrates. This is sche-
In the above mechanism, the etch rate of the substrat@atically depicted in Fig. 10. The ability of SjQo react
material will be reduced if the fluorocarbon deposition rate iswith carbon species in the fluorocarbon material is greater
increased, since more energy and etch precursors are réan for SiN, or Si?**°In other words, reactions between
quired for fluorocarbon removal. Similarly, if the fluorocar- fluorocarbon and SiQwith typical volatile reaction products
bon material that is deposited is hard to remove, e.g., due tike CO, CQ,, or COF,, are more effective than reactions
a reduction in the fluorine content in the deposited materialpetween fluorocarbon andg8i,, resulting in the formation
less energy and etch precursors will be available for net sutsf volatile products such as CRE*and FCN!° The differ-
strate etching. This mechanism, therefore, successfully exence in fluorocarbon consumption ability between S®
plains the feedgas chemistry dependence of silicon etchingisN, is possibly due to differences in bond strengths, sub-
and of SiN, etching at highly polymerizing conditions. strate stoichiometry, volatility of the reaction products, etc.
Etching of SiQ and SiN, at low polymerizing conditions, In Si etching there is no volatile carbon containing com-
however, was found to be independent of feedgas chemistrpound at all that can be formed in reactions of fluorocarbon
In the following section, the substrate dependence of thépecies and the substrate.
etching is explained by the differences in carbon consump- The reactions between fluorocarbon and the ,Ss0b-
tion ability of SiO,, SkN,, and Si substrates. The above strate results in consumption of the majority of the deposited
mechanism is extended such that it successfully explains thiuorocarbon material during etching reactidfiszluorocar-
substrate chemistry dependence. bon removal by the plasma is therefore not a limiting factor
for net substrate etching. Provided that there is enough en-
ergy for chemical sputtering, the SjiGurfaces will stay rela-
tively clean for any deposition rate or fluorocarbon etch rate.
The SiG etch rates will therefore be relatively independent
In the above mechanism, fluorocarbon removal is perof the feedgas chemistigprovided that the ion current den-
formed only by the plasma. In order to explain the depensity and the average ion flux composition in the various dis-
dence of the steady-state fluorocarbon film thickness on sulzharges are comparapléOn the other hand in Si etching,
strate type and the corresponding etch rates of, SExN,, where the substrate cannot assist in the carbon removal dur-
and Si, also reactions between the substrate material andg etching, fluorocarbon can only be removed by the
fluorocarbon species need to be taken in account. The rate pfasma. The fluorocarbon etch rate is therefore the limiting

B. Substrate dependence of fluorocarbon film
formation
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as a function of corresponding fluorocarbon film thickness on the silicon X X

surface.

Fic. 12. (a) Silicon etch rates measured inFg plasma for a variety of
conditions(6—20 mTorr operating pressure, 10—40 sccm gas flow, and 600—
1400 W inductive powerat —100 V self-bias as a function corresponding
steady-state fluorocarbon film thicknegs) Etch yields for the same con-

) ) ditions as a function of corresponding fluorocarbon film thickness.
factor, and the Si etch rate will follow the fluorocarbon etch

and deposition rate trends as a function of process condi-
tions. SiN, is intermediate in its ability to consume carbon C. Further validation of the mechanism
species during etching. At low fluorocarbon deposition rates,

the nitrogen—carbon interaction for &S} substrate is suf- where no fluorocarbon deposition occurs, there should not be

ficjent to maint.ain a clean surface. Thef¥j etch ratg will in a significant substrate chemistry dependence of the etch char-
this case be independent of the feedgas chemistry. If thg eristics. It is already observed that for low deposition

fluorocarbon deposition is too high, fluorocarbon removal byrates, sjN, and SiQ etching are relatively close. In the case
the plasma becomes a limiting factor in theNyi etching  of no fluorocarbon deposition at all, Si should follow the
process. The g\, etch rate will then follow the fluorocar- SisN, in its behavior to etch similarly to oxide.
bon etch and deposition trends. In order to validate this implication of the suggested
The suggested role of substrate oxygen and nitrogen ifechanism, a set of Si etch experiments ifFgdischarges
carbon consumption is supported by the results from an exwyas performed. The operating pressure was varied from 6 to
periment in which small amounts of,@r N, are added to a 20 mTorr, the total gas flow ranged from 10 to 40 sccm, and
CHF; (40 sccm discharge, see Fig. 11. The Si etch rates andhe inductive power level was adjusted from 600 to 1400 W.
corresponding fluorocarbon film thicknesses were measuretihe rf bias power was varied such that the self-bias voltage
by in situ ellipsometry as a function of Qand N, flow at ~ was kept at-100 V for all conditions. At high pressures and
—100 V self-bias voltage, at 1400 W inductive power and 7low inductive power the plasma conditions were such that no
mTorr operating pressure. First, Fig.(&lshows that when net fluorocarbon deposition occurs@W rf bias power.
0, or N, are added to the discharge, the etch rate of the Si Figure 12a) shows the measured Si etch rates for this set
substrate increases. Second, i i© added to the discharge, of data as a function of fluorocarbon film thickness. The
the etch rate of silicon increases more than if the sam@€neral trend of decreasing etch rate with increasing fluoro-
amount of N is added. Figure 1b) shows again that the carbon film thickness.is still observed, but there _is a great
etch rate decreases with increasing steady-state fluorocarbgf@! Of scatter, especially for small fluorocarbon film thick-

film thickness. These results are consistent with the mechéless' .However, the ion density varies significantly across th?
nism in which fluorocarbon deposition, fluorocarbon etching'nves’t'g"ﬂGd parameter space. To correct for the changes in

and substrate etching need to be balanced. The fluorocarbon’ density it is more useful to plot the experimental results

" . . . —in terms of etch yield, i.e., number of substrate atoms re-
deposition rate is found to be relatively constant for the in- y

tinated diti d 1o the | h , %noved per incident ion. Figure {19 shows the etch yields,
vestigated conditions compared 1o ne farge changes In alyiqjated by using values for the ion current densities mea-

and fluorocarbon etch rates. The fluorocarbon etch rate iNsured with a Langmuir probe, as a function of the fluorocar-
creases significantly both with,Gand N, addition and the 5 fim thickness. For a clean Si substrate it is found that
increase is larger if a given amount of @ther than Mis  the etch yield is around 1.5 atoms per ion, and the etch yield
added. The increase in fluorocarbon etch rate is consistegecreases exponentially with fluorocarbon film thickness.
with the suggested role for substrate oxygen and nitrogen tQyhen converting the oxide etch rates in Fig. 6 to etch yields
assist in the carbon consumption. The result that the increasge find values in the range of 0.67—0.86. These values are
in fluorocarbon etch rate is larger for a certain amount ofclose to the values measured on Si covered with a fluorocar-
added Q@ than N,, however, does not necessarily mean thatbon film that has a thickness in the range of 0.5—1 nm. Small
atomic oxygen is more reactive than nitrogen, singeidN discrepancies between Si and $i€ch yields of fluorocar-
more difficult to dissociate than 0" bon ions are to be expected. The results shown here clearly

The above suggested mechanism implies that in a case
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support the above suggested general fluorocarbon etdhickness. If it is assumed that the exponential dependence
mechanism in which the key step is to control the steadyholds for the fluorocarbon material, the fluorocarbon etch
state fluorocarbon film thickness. The fact that the etch yieldate can be written as

rather than the rate is controlled by the fluorocarbon film _ _ _

thickness indicates that each individual ion contributes di- ERCFX_ER‘”(l exp(—d/M)), @)

rectly to the etch process, either by dissipating its energy ofyhereER,, is a proportionality constant that symbolizes the

by providing the system with fluoringe.g., through ion im-  total fluorocarbon etch rate by the plasma when etching a

pact dissociation or fluorine liberation in the fluorocarbonSemi_inﬁnitew thick fluorocarbon film. In order to finBR,,

film). for the different process conditions, it needs to be expressed
in measurable values. This is done by writing E4) for
etching a semi-infinitely thick fluorocarbon film:

D. Mathematical description

d

The essence of the above mechanism can be captured in aad: DRer, = ER-=ERnet, ®)
simple set of equations. It was suggested that the amount of . . .
fluorocarbon material on a surface is a result from a compleggzreﬁﬁgﬁ 'i;ﬂebr;etr:g:;?één Jluc;rlﬁcggt;:g th'Cknvizss per
balance between fluorocarbon deposition, fluorocarbon etcﬁ ' y €lip BRnet

ing and substrate etching, which can aid in fluorocarbon re[_eferred to in the section experimental results as the fluoro-
moval. This balance can be written as carbon etch rate.

When solving the fluorocarbon balance for steady-state
substrate etching conditions:

DRcr —ERce, — CRcr, =0, 9

one finds an expression in which the fluorocarbon film thick-
ness depends on the fluorocarbon depositionlMtng, the

_ _ net fluorocarbon etch rateR,;and the carbon consumption
rocarbon consumption rate due to substrate etching. rate of a clean surfac€R,. Substituting the expression for
The fluorocarbon consumption ra@Rcg, will be propor- ihe steady-state fluorocarbon film thickness in &), gives
tional to the substrate etch rate and therefore be dependent gie following expression for the substrate etch rate:

the fluorocarbon film thickness on the surface. Fig. 6 showed

d
474(0=DReg ~ERce ~CR, @

whered is the fluorocarbon thicknesB Rer, is the fluoro-
carbon deposition rate during etchir’n‘g,?cpX is the total fluo-
rocarbon etch rate due to the plasma, QR!C,:X is the fluo-

that the substrate etch rate dependence decreases exponengp ERo (10)
tially with fluorocarbon film thickness, i.e., "1+ ((DRcr,— CRo)/ERye)
ERsuw=ERyexp(—d/N), 5 This expression captures the observed experimental trends

whereER, is a proportionality constant, which symbolizes well. It clearly shows that in the case of Si etching where the

the etch rate of a clean surface, anis a typical attenuation Substrate cannot aid in fluorocarbon removal, I&,=0,
length for energy dissipation and fluorine concentration andhe substrate etch rate is a function of both the fluorocarbon

estimated from Fig. 6 to be around 1 nm. The fluorocarborf€POSItionDRce and net fluorocarbon etch rafeRqet. On

consumption rate can thus be written as follows: the other hand, in the case of Si@tching where the sub-
_ strate consumes the majority of the deposited fluorocarbon
CRC,:X—CROexp(—d/)\), ©®) material during etching reactions, i.eC,RO%DRCFX, it is

whereCR, is a proportionality constant that in fact symbol- clear that the substrate etch rate is relatively independent of
izes the rate at which fluorocarbon material is consumed ithe fluorocarbon depositioDRcr and fluorocarbon etch
the substrate keeps itself clean during etching. rateER,¢, and thus independent of the feedgas chemistry. In
Next to the carbon removal rate due to substrate etchinghe case of SN, etching, the substrate can only consume all
the total fluorocarbon etch rate due to the pladbi&r in  deposited fluorocarbon material if the deposition rate is be-
Eq. (4) can be assumed to have a thickness dependence. Igw a certain level. In other words, for relatively low fluoro-
the etching of semi-infinitely thick fluorocarbon films, e.g., carbon deposition rat€ Ry~DRcr , until CR, reaches its
fluorocarbon films deposited 8 W rf bias power, all dissi- maximum and levels offNote: in the case of Sithere will
pated energy and atomic fluorine will be used to remove thalso be a maximum deposition rate that can be consumed.
fluorocarbon material. When the fluorocarbon film is thin This maximum deposition rate apparently lies outside the
enough, some of the ion bombardment energy will be dissiinvestigated process regime, although in the case;b§ Gr
pated in the substrate material instead of the fluorocarbof;F¢/H, processing slight increases in the fluorocarbon film
film. The etching of the fluorocarbon film will be reduced thickness on Si@surfaces were already observed.
since the available fluorine and energy has to be shared with It needs to be noted that the above rate equation describes
the substrate etching process. Figure 6 showed that thhe situation for a constant ion flux to the surface. In the
amount of energy or fluorine used for substrate etching, inprevious section it was seen, however, that the etch yield
creases exponentially with decreasing fluorocarbon filnrather than the etch rate depends on the fluorocarbon film
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F'IG. 13. Comparisqn between predicted 'etch yielqls. and calculated etcEIG_ 14. Dependence of the carbon consumption yield for, SELN,, and

yle_ldts. M sollddp;)mttﬁ arel_galiuljatedduslmg the original madel, the OPETL; on fluorocarbon sticking calculated for the data from Fig. 6 by comparing

points correspond fo the calbrated modet. the SiQ and SN, etch rates to Si. On the dotted line the consumption yield
is equal to the sticking.

thickness. Equatioril0), however, can directly be used to

calculate the etch yields at a specific condition, provided that . . . . .
all rate parameters are converted into yield parameters. T icking. Enhanced implantation of fluorocarbon ions into the

proportionality constarE R, that symbolizes the etch rate of substrate 'durlng steady-state etching or addlt!qnal creation of
a clean substrate must thus be replaced by the etch yi(_:R]urface sites for neutral fluorocarbon deposition precursors

(atoms removed per incident ipof a clean substratgY,, MY enhance the total fluorocarbon deposition.
the fluorocarbon deposition ra@Rqr is replaced by the The introduction of fit parametdrappears to be useful to
X

sticking per incident iorS, the net fluorocarbon etch rate calibrate the described model in its simplest form, i.e., for a
. . Si substrate. We applied the model in its calibrated form to
ER.et changes into the net fluorocarbon etch yi®d ., ' su bpi n! !

and finally the fluorocarbon consumption rad, is con- the data from Fig. 6, and determined the fluorocarbon con-
verted to the consumption yieldYq. sumption yieldsCY, for SiO, and SiN, at the various con-

In order to quantitatively check the suggested model thedltlons' This can be done by comparing the S&d SiN,

- etch rates to the Si etch rates, while making the assumption
fluorocarbon deposition rates and net fluorocarbon etch rate[ﬁ . . ;
: - ) at the etch yield of a clean surfaEe is similar for SiG,,
were determined for the same conditions as the Si etch e

periments in Fig. 12. Figure 13 shows how the measure isNa, and Si substrates. This assumption is supported by

. ) e fact that the Si¢Q) SiN,, and Si data in Fig. 6 line up.
etch yields correlate to_the (;alculated (_etch rdtéete: the Figure 14 shows the calculated consumption yieMd, as a
fluorocarbon consumption yiel@€Y,=0 in these calcula-

. . 0 function of atoms deposited per incident ion, i.e., stickig
tlﬁr;ﬁieilicgle tzscilézztsra}tne T:;?Qﬁ: 'S’zrﬁ ltg?g?cmthieelgs()dedanfor the various materials. The consumption vyield for Si is
qual €y . P g the YIelas, g obviously equal to zero, since the model is calibrated in that
titative discrepancies exist. When a fit paramétes intro-

: ] fashion. The carbon consumption yield for $iS found to
duced in the above model: o . .
be close to the fluorocarbon sticking for all investigated con-
EY, ditions. The consumption yield for $hi, is only close to the
SUb:1+f.((S—CYO) /EY e’ 1D fluorocarbon sticking if the fluorocarbon sticking is low. For
. higher sticking values, the consumption yield foghbij lev-
quantitative agreement between the model and the experlis off. The results in Fig. 14 nicely visualize that the fluo-

ments is found for a value ¢#9. This value could partly be  .o-4hon consumption ability of Sids such that it can keep
due to the fact that the actual fluorocarbon removal rate byg gyrface relatively clean of fluorocarbon material, while

the plasma is overestimated in EGB). and(8). Itis conceiv- g\, substrates can only consume fluorocarbon up to a cer-
able that theER,. value is lower for steady-state fluorocar- y4in |evel, resulting in the formation of relatively thick fluo-

bon films, that are deposited under conditions with highly,q.arhon films if the carbon supply is too large to be con-
energetic ion bombardment, than for fluorocarbon films deg;meq.

posited unde0 W rf bias conditions. Formation of hard and

highly cross-linked films is possible under the actual etching
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