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Hccneoosano énuanue cOOMHOUEHUA KOMROHEHMOG, 6K1AObIEACMOT MOUHOCIU U 0A6-
JIeHUs 2a3a Ha IAeKmpouznyuecKkue napamempsl HaaA3mol, CIAYUOHAPHbIE KOHYEHMPAYUU aK-
MUBHBIX UACMUY U KUHEMUKY PeaKMUBHO-UOHHO020 mpasiaenus Si0; ¢ cmecax CFs + Ar u Cl + Ar.
Ilpu coemecmnom ucnonv3oeanuu Memoo08 30H006801 OUAZHOCHUKYU U MOOETUPOBAHUA NIA3MbI
YCMAHOBIEHO, YMO 6aAPLUPOCAHUE GHEUWIHUX NAPDAMEMPOE NPUBOOUM K 0OHOMUNHLIM U3MeHe-
HUAM UHMEHCUBHOCMEIl PUUUECKO020 U XUMUYECKOZ0 (aKmOopos, ORpedensioujux cKoOpocmsy pe-
akmueHo-uonnoz2o mpaesienus (PHT) SiO: ¢ kasxcooii uz cucmem. EOuncmeennvIM uckiioueHuem
AGIAEMCA NPOMUBCONONOICHOE GTIUAHUE 0AGIEHUA 2430 HA NIOMHOCHb NOMOKA AMOMOE pmopa
u xnopa. IIposeoen ananuz kunemuxu PUT c ucnonvzosanuem pacuemnpix OaHHBIX NO HIOMHO-
CMAM NOMOKOE UOHO8 U XUMUYECKU AKMUGHBIX YACMUY. YCManoeneno, Ymo 00OMUHUPYIOUUM
MEXAHUIMOM MPABIECHUA 8 00eUX CMecAX AGIAEMCA 2eMmePOZEHHAA XUMUUECKAsA PeaKyus, cKo-
Ppocmb KOmMopoil Koppeaupyem ¢ U3MeHeHUeM NI0OMHOCHU NOMOKA AMOMOo8 hmopa unu xaiopa.
Ippexmusnasn sepoamuocme peaxyuu Si + nF — SiF, cnudicaemcesa ¢ pocmom uHmeHCUGHOCHU
UOHHOU ODombapouposku nosepxuocmu. Takaa cumyayus xXapaxmepHa 0131 OMCYMmCmeus UOHHO-
JAUMUMUDPYEMBIX CIAOUTI MPAGTIEHUA, HPU IMOM OMPUUAMETbHBLIL IPhekm uonHOl Hombapou-
DPOBKU Modcem Ovimb 00ycio61en decopoyuell amomos pmopa 6 ycioeusax 6blCOKUX cHieneneil
3aNn0JHEeHUA NOGEPXHOCIU AOCOPOUPOSAHHBIMU YACMULAMU U NPEUMYU{ECHIEEHHO CHOHMAHH 020
xapaxkmepa é3aumooeiicmeusn. IPpphexmuenan eepoamnocme peaxkyuu Si + nCl — SiCl, xapax-
mepuzyemcs 3HAUUMENbHO 001ee HUIKUMU AOCOIIOMHLIMU 3HAYEHUAMU U CUMOAMHBIM UIMEHe-
HUEM N0 OMHOWEHUIO K UHIMEHCUGHOCIU UOHHOU 60MOapouposKu. Imo yKa3vieaem Ha UOHHO-
CMUMYTTUPOBAHHBLIL MEXAHUIM XUMUYUECKO20 83AUMO0CIICIEU, RPOACAIOWLIICA, 86POANHO, Ye-
pe3 ouucmky u/unu o6pazoeanue yeHmpos adcopoyuy 014 amomos Xaopa.
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This work investigated the influence of component ratio, input power and gas pressure on
electro-physical plasma parameters, steady-state densities of active species and reactive-ion etching
kinetics for SiO; in CF4 + Ar and Cl, + Ar plasmas. The combination of plasma diagnostics by
Langmuir probes and plasma modeling indicated that the variation of processing conditions causes
similar changes in physical and chemical factors influencing the reactive-ion etching (RIE) rate
for SiO,. The only one exception is the opposite effect of gas pressure on densities of fluorine and
chlorine atoms. The analysis of RIE kinetics was carried out using model-predicted data on fluxes
of ions and chemically active species. It was found that the dominant etching mechanism in both
gas mixtures is the heterogeneous chemical reaction while the reaction rate correlates with fluxes
of fluorine or chlorine atoms. The effective probability for the Si + nF — SiF, reaction decreases
with an increase in the ion bombardment intensity. Such situation reveals no ion-driven limiting
stages while the negative effect of ion bombardment may result from desorption of F atoms under
conditions of high adsorption degree and spontaneous interaction mechanism. The effective prob-
ability for the Si + nCl — SiCl, reaction exhibits much lower absolute values as well as always
traces the change in the ion bombardment intensity. This allows one to assume the ion-assisted
reaction regime which is activated by the formation and/or cleaning of adsorption sites for chlo-

rine atoms.

Key words: CF4, Cl,, plasma, parameters, active species, ionization, dissociation, etching, kinetics, mechanism

INTRODUCTION

In our days, silicon-based electronics still oc-
cupy the dominant position in the worldwide produc-
tion of integrated electronic circuits. One of key mate-
rials in such devices is the silicon dioxide, SiO,, which
is used as gate dielectric for field-effect structures, in-
ter-layer insulator in multi-layer structures, final pas-
sivation coating and hard mask in some photolithogra-
phy procedures [1-3]. Since all these applications as-
sume the precision patterning (dimensional etching) of
the preliminary deposited permanent SiO, layer, the
development of corresponding dry etching processes is
an essential problem to be solved for obtaining the de-
sirable device structure and performance. From Refs.
[3-5], it can be understood that the most effective tool
to obtain nano-scale patterns on SiO is the reactive-
ion etching (RIE) technique. This process combines
physical and chemical etching pathways which are
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closely matched one with each other: the ion bombard-
ment accelerates chemical reactions through breaking
bonds between surface atoms and/or desorption of low
volatile reaction products while chemical reactions
lower the sputter threshold and increase the sputter
yield. Accordingly, the adjustment of neutral flux, ion
flux and ion bombardment energy provides the effec-
tive optimization of etching rate, etching selectivity
in respect to the mask material and shapes of etching
profiles.

Until now, there were many studies dealt with
RIE characteristics of SiO; in fluorine- and chlorine-
based gas chemistries [2, 4, 6-10]. Principal results of
these works related to the process chemistry may
briefly be summarized as follows:

- The spontaneous SiO(s.) + F/CI reaction at
typical substrate temperatures (below 80 °C in order to
provide the stability for the photoresist mask) is ther-
modynamically forbidden. The reason is that the Si-O
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bond (~ 800 kJ/mol) is noticeably stronger compared
with Si-F (~ 553 kJ/mol) and Si-Cl (~ 308 kJ/mol) ones
[11]. That is why the chemical etching pathway always
appears as the ion-assisted process and is initiated by
the ion-induces destruction of oxide bonds SiOx(s.) —
— Si(s.) + xO, where index (s.) denotes the surface-
bonded state of corresponding particle.

- The probability of chemical reaction Si(s.) +
+ xCI — SiClx(s.) is lower compared with Si(s.) + xF —
— SiFx(s.). This phenomenon is normally attributed to
bigger size of Cl atoms that retard its penetration inside
the lattice of etched material. As a result, the etching in
chlorine-containing plasmas leads to the formation of
non-saturated SiClx(s.) (x = 1, 2) compounds where
each silicon atoms keeps one or even several original
bonds with its neighborhood. Therefore, the gasifica-
tion of reaction products SiCly(s.) — SiCly also needs
the ion bombardment and represents, in fact, the chem-
ically activated sputtering process. Oppositely, the
etching in fluorine-containing plasmas causes the for-
mation of volatile SiF4, and the reaction SiFs(s.) — SiF4
occurs spontaneously at nearly room temperatures.

Though above data explain in general why
chlorine-containing plasmas provides lower SiO; etch-
ing rates together with more anisotropic etching pro-
file, there are several important issues which require
additional attention and research efforts. First, the most
of mentioned works had the experimental nature and
thus, did not analyze the relationships between gas-
phase plasma characteristic and heterogeneous process
kinetics. Obviously, such situation does not provide the
complete understanding of SiO, etching mechanisms,
especially in respect to contributions physical and
chemical etching pathways as swell as side factors in-
fluencing the ion-assisted chemical reaction. And sec-
ondly, previous studies related to fluorine- and con-
taining plasmas were made at different processing con-
ditions and in different types of plasma etching reac-
tors. Since corresponding results cannot be compared
directly, it is hard to select an appropriate active gas for
the given process requirements.

In our previous work [12], we have performed
the comparative study of SiO, etching kinetics in
CF4 + Ar and Cl, + Ar plasmas under identical pro-
cessing conditions. Though some reasonable results in
respect to both gas-phase and heterogeneous chemis-
tries were obtained, corresponding conclusions have
the somewhat limited value for both theoretical and
practical aspects. The reasons are that a) only the gas
mixing ratio was used as the variable parameter; and b)
both experimental and plasma modeling conditions
corresponded the negative dc bias voltage of ~ 400 V.
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The latter is rather typical for RIE of SiO; as a hard
mask, but not as the insulating layer. In the last case,
the high-energy ion bombardment is strongly undesir-
able due to the surface damage leading to the degrada-
tion of dielectric properties [3, 4].

The main idea of this work was to compare the
SiO;, etching kinetics as well as to analyze correspond-
ing etching mechanisms in CF4 + Ar and Cl, + Ar plas-
mas using the extended set of variable inputs (gas mix-
ing ratio, gas pressure and input power) and at lower
ion bombardment energies. Accordingly, questions of
primary interest were 1) the influence of processing
conditions on plasma parameters and densities of ac-
tive species; 2) the relationships between fluxes of ac-
tive species and SiO; etching rate; and 3) the analysis
of SiO; etching mechanisms in terms of the effective
reaction probability. The last parameter directly
demonstrates what kinds of side factors influence the
kinetic of ion-assisted chemical reaction on the
treated surface.

EXPERIMENTAL AND MODELING DETAILS

Experimental setup and procedures

Both plasma diagnostics and etching experi-
ments were carried out in the inductively coupled
plasma (ICP) reactor described in our previous works
[10, 12]. Plasma was excited using the 13.56 MHz
power supply matched with the planar copper coil on
the top side of the cylindrical reactor chamber. Another
13.56 MHz rf generator powered the bottom electrode
to control the negative bias potential, -Ug.. The latter
was measured using the high-voltage probe (AMN-
CTR, Youngsin Eng.). Constant processing conditions
were only the total gas flow rate (q = 40 sccm) and bias
power (Wgc = 100 W). Accordingly, variable input pa-
rameters were represented by Ar fraction in a feed gas
(Yar = 0-75%), input power (W = 400-700 W that
corresponded to ~ 0.4-0.7 W/cm?®) and gas pressure
(p = 4-10 mtor).

Electrons- and ions-related plasma parameters
were measured using the double Langmuir probe tool
(DLP2000, Plasmart Inc.). The treatment of raw I-V
curves was based on well-known statements of Lang-
muir probe theory in low pressure plasmas [4, 13]. Fi-
nally, we obtained data on electron temperature (Te)
and ion current density (J+), and the latter is connected
with the total positive ion density as J+ ~ 0.61en.vg[4],
where vg = (eTe/m;)¥? is the ion Bohm velocity. The
effective ion mass m; was estimated assuming that the
fraction of each ion inside m; is proportional to yiKiz,;
where yiis the fraction of corresponding neutral com-
ponent with the ionization rate coefficient of ki =f(Te)
[14-16].
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Etching kinetics of SiO, was studied using
thermally oxidized Si (111) wafer divided by frag-
ments with an average size of ~ 2x2 ¢m. The small
sample size was chosen to exclude the loading effect
and thus, to obtain etching rates which adequately re-
flects heterogeneous process kinetics. Samples were
placed in the middle part of the bottom electrode while
the temperature of electrode was stabilized at ~ 17 °C
using the built-in water-flow cooling system. In order
to determine SiO; etching rates, a part of sample sur-
face was covered by the photoresist mask (AZ1512,
positive) with a thickness of ~ 1.5 um. Accordingly,
after each experiment we measured the step Ah be-
tween masked and non-masked areas using the surface
profiler Alpha-Step 500 (Tencor) and then, calculated
the etching rate as R = Ah/t, where t is the processing
time. Preliminary experiments indicated nearly linear
shapes for all kinetic curves Ah = f(t) within T <5 min
while longer processing times were found to be unde-
sirable due to the mask damage. Therefore, our exper-
imental conditions surely corresponded to the steady-
state etching regime.

Plasma modeling

In order to obtain densities and fluxes of
plasma active species, we applied O-dimensional
(global) plasma model operated with volume-averaged
plasma parameters. The model content, approaches
and kinetic schemes (sets of chemical reactions with
corresponding rate coefficients) were the same as have
been used in our previous studies of CF4 + Ar [16-18]
and Cl, + Ar [16, 19, 20] plasmas under typical RIE
conditions. These are gas pressures below 20 mTorr
and input power densities ~ 0.1 W/cm? that corre-
sponds to n. > 10'° cm3[4, 5]. Basic assumptions were
as follows:

- The electron energy distribution function
(EEDF) has the nearly Maxwellian shape [14, 21]. The
reason is the high ionization degree for gas species
(n+/N > 10, where N = p/kgTy is the total gas density
at the gas temperature of T,) that provides the essential
contribution of equilibrium energy losses in electron-
electron collisions. Accordingly, electron-impact rate
coefficients were determined using fitting expressions
k = f(Te) [16].

- The gas temperature may be characterized by
the nearly constant value at p, yar = const as well as
exhibits the linear growth with input power. Since di-
rect measurements of T, were not available in this
study, our estimation was based on both experimental
data provided by Donnelly et al. [17] and the fitting
expression Ty = f(p, W) suggested by Thorsteinsson et
al. [18]. The latter yields 500-650 K for W = 400-700 W
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that looks quite typical for given processing condi-
tions, reactor type and geometry [4].

- The heterogeneous recombination of atoms
and radicals appears as the first-order chemical reac-
tion with the rate coefficient of k ~ (r+l)yvr/2rl [15],
where r and | are inner sizes of the cylindrical reactor
chamber, v is the thermal velocity, and y is the recom-
bination probability [15, 16].

Thought the electronegativity of CF4 is nor-
mally assumed to be low enough for equalizing densi-
ties of electrons (ne) and positive ions (n+), we applied
the identical approach to both gas systems and deter-
mined the electron density from measured n. using the
kinetic equation for negative ions [16]. This allows one to
obtain ne = Kin.%/( Kin. + Kaa[X]), where ki~ 107 cm®/s
[14, 16] and kqa = f(Te) [14-16] are rate coefficients for
ion-ion recombination and dissociative attachment, re-
spectively. Densities of dominant electronegative
components [X] (X = CF4 for the CF4 + Ar plasma
and X = Cl; for the Cl, + Ar plasma) were obtained
from the solution of chemical kinetic equation for
neutral species.

RESULTS AND DISCUSSION

The influence of CF4/Ar and Cly/Ar mixing ra-
tios on electrons- and ions-related plasma parameters
as well as on steady-state densities of neutral species
have been studied in our previous works [14, 16]. Since
most of phenomena have received reasonable explana-
tions, and present data demonstrate the principal agree-
ment with previous ones, we will just briefly summa-
rize the features of these systems with accounting for
newly studied effects of gas pressure and input power.

An increase in Ar fraction in a feed gas at p,
W = const causes similar changes in both electron
temperature (Fig. 1(a)) and plasma density (Fig. 1(b)).
The growth of T, toward higher yar values reflects the
increasing fraction of high-energy electrons in EEDF
due to a decrease in electron energy losses in inelastic
collisions with gas-phase species. The reason is that
both CF4 and Cl, molecules (as well as CFy radicals
and Cl atoms as their dissociation products) are char-
acterized by higher cross-sections and lower threshold
energies for excitation and ionization processes com-
pared with Ar atoms [24, 25]. Similar increasing
tendencies of n. = f(yar) curves are due to similar
changes in ionization reaction kinetics for dominant
neutral species, such as R1: CF4 + e — CF3" + F + 2¢,
R2: Cl, + e — Cl* + 2, Cl + ¢ — CI* + 2e and R4:
Ar + e — Ar" + 2e. The reasons are a) an increase in
corresponding rate coefficients together with T, that re-
sults in increasing total ionization frequencies (ki[CF4] +
+ ka[Ar] = 2.8:10*9.0-10* s and k;[Cl] + k3[CI] +
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+ K4[Ar] =5.7-109.9-10*s at 0-75% Ar at p= 6 mTorr
and W = 600 W); and b) the growth of electron density
due to decreasing their loss rates in R5: CFs + e — CF3 +
+ F and R6: Cl; + e — Cl + CI. Since the last process
has the threshold-less nature [25], the condition ks >> ks
provides systematically lower ne values in chlorine-
based plasmas. An increase in ion fluxes I'+ under the
condition of Wgc = const partially compensates for the
negative charge on the lower electrode and results in
decreasing negative bias voltage (-Ugc = 249-171 V in
CF4 + Ar and 190-144 V in Cl, + Ar at 0-75% Ar, p =
=6 mTorr and W = 600 W). At the same time, corre-
sponding changes in ion bombardment energies &; be-
ing taken under the square root appear to be weaker
compared with T'+. That is why the transition toward
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Ar-rich plasmas always increases the parameter
(Migi)Y2I'. characterizing the ion bombardment inten-
sity (Fig. 1(c)). Decreasing densities (and thus, fluxes)
of halogen atoms (Fig. 1(d)) follow changes of their
formation rates in R1, R7: CF4+ e — CFs; + F + e; R8:
CF3+e—CF3+F+eandR9: Cl, +e — 2Cl +e. The
slower-than-proportional decrease in both [F] and [CI]
(only by ~ 1.2 times for 0-50% Avr) is due to increasing
kaisne values, where kgis are rate coefficients for above
reactions. The condition [CI] >> [F] mainly follows
from differences in dissociation rate coefficients, such
as ko >> ki + k7. The reason is that R9 exhibits the
much lower threshold energy (~ 3 eV compared with
15.9 eV for R1 and 5.6 eV for R7 [14]) and has the
higher cross-section for electron energies up to 10 eV.
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Fig. 1. Plasma parameters, species densities and SiO2 etching kinetics as functions of Ar fraction in CF4 + Ar (1) and Clz + Ar (2) mix-
tures at p = 6 mtor and W = 600 W: a) electron temperature; b) total positive ion (solid line + symbols) and electron (dashed line) densi-
ties; c) parameter (Miei)Y/?I'+ characterizing the ion bombardment intensity; d) densities of halogen atoms; e) measured SiO2 etching rate

(solid line + symbols) and the rate of heterogeneous chemical reaction (dashed line); and f) effective reaction probability
Puc. 1. TTapaMeTps! miia3Mbl, KOHIICHTPAIMH aKTHBHBIX YaCTHIl U KMHETHKA Tpasienus SiO2 B 3aBucuMocTH OT goiu Ar B cmecsix CFg +
Ar (1) u Clz2 + Ar (2) npu p = 6 mrop 1 W = 600 Bt: a) Temneparypa 31eKTpoHOB; b) cyMMapHasi KOHIIEHTPALHS TOJI0KUTEIBHBIX
HOHOB (CIUTIOIIHAS TUHUS + TOYKH) U KOHIIEHTPAIHSA dIEKTPOHOB (ITyHKTHpHAS THHHA); C) mapameTp (Migi) Y2+ XapakTepu3yomuii nH-
TEHCUBHOCTh HOHHON 60MbGapaupoBky; 0) KOHIIEHTPAIIMH aTOMOB IaJIOTEHOB; €) H3MepeHHast CKOpocTh TpasieHus SiO2 (crutonrHast
JIMHUS + TOYKH) U CKOPOCTh TETEPOreHHOM XUMHUYECKOW peakiin (MyHKTupHast tunust); u ) 3 dexruBHas BepOSITHOCTH peakiuu
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An increase in input power at yar, p = const
causes similar increasing tendencies for both electron
temperatures (3.0-3.6 eV in CFs + Ar and 2.7-3.2 eV
in Cl, + Ar at 25% Ar and p = 6 mtor, see Fig. 2(a))
and plasma densities (n: = 3.1-10%-5.7-10'° ¢cm= in
CF4+ Arand 4.1-10'°-7.3-10%° cm® in Cl, + Ar at 25%
Ar and p = 6 mtor, see Fig. 2(b)). The first phenomenon
is surely associated with increasing fractions of less
saturated radicals and/or atomic species which are
characterized by lower electron energy losses com-
pared with original CF4 or Cl, molecules. The second
effect in respect to n. reflects both increases in total
ionization frequencies and the limitations of electron
loss rates in attachment processes R5 and R6 due to
decreasing fractions of multi-atomic electronegative
species. Accordingly, the growth of n. vs. input power
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always follows behaviors of total ionization rates
(R1+R4inCFs+ Arand R2 + R3+ R4 in Cl, + Ar).
Similarly to the previous case, increasing ion flux
overlaps the opposite tendencies for -Uqgc and thus,
enforces the ion bombardment, as shown in Fig. 2(c).
From Fig. 2(d), it can be seen also that both F and ClI
atoms densities exhibit the monotonic growth toward
higher input powers. The evident reason is the acceler-
ation of electron-impact reactions leading to the for-
mation of atomic species. The much weaker change of
[CI] (by ~ 1.5 times for 400-700 W) compared with [F]
(by ~ 8 times for 400-700 W) is caused by two reasons,
such as 1) the higher dissociation degree of Cl, mole-
cules that provides [CI] > [Cl.]; and 2) the stronger sen-
sitivity of k; and kr to an increase in Te due to higher
threshold energies compared with R9.
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Fig. 2. Plasma parameters, densities of active species and SiOz2 etching kinetics as functions of input power in CF4 + Ar (1) and Cl2 + Ar
(2) mixtures at yar = 25% and p = 6 mtor. Sections a) — f) are identical to fig. 1
Puc. 2. HapaMeTpLI IJ1a3Mbl, KOHIICHTPAIIUU aKTUBHBIX YaCTUIl U KUHETHUKA TPABJICHUSA SIOZ B 3aBUCUMOCTH OT BKHaZ[LIBaeMOﬁ MOIIIHO-
ctu B cMecsax CFa + Ar (1) u Clz + Ar (2) ipu yar = 25% u p = 6 mrop. Cekunn a) — f) unentnunst puc. 1
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An increase in gas pressure at yar, W = const
lowers electron temperatures (3.4-3.0 eV in CF4 + Ar
and 3.1-2.8 eV in Cl; + Ar at 25% Ar and W = 600 W,
see Fig. 3(a)) as well as results in the same effect in
respect to plasma densities (n: = 4.5-101°-3.1-10%° cm?3
in CF4 + Ar and 5.5-10%-4.3-10'° cm® in Cl, + Ar at
25% Ar and W = 600 W, see Fig. 3(b)). Evidently, a
decrease in Te toward higher pressures reflects increas-
ing overall electron energy losses due to increasing
electron-neutral collision frequency. Such phenome-
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non represents a kind of fundamental rule that takes
place in any gas-discharge plasma system [4]. It can be
understood also that the growth of gas pressure sup-
presses the ionization (due to a decrease in ionization
rate coefficient for all neutral species) as well as accel-
erated loss rates for electron in and positive ions in R5,
R6 and R10: F/CI + X* — F/CI + X, where X*is any
positive ions. Accordingly, the combination of these
factors provides monotonically decreasing n. and ne.
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Fig. 3. Plasma parameters, densities of active species and SiOz2 etching kinetics as functions of gas pressure in CF4 + Ar (1) and Cl2 + Ar
(2) mixtures at yar = 25% and W = 600 W. Sections a) — f) are identical to fig. 1
Puc. 3. HapaMeTpm TU1a3Mbl, KOHIEHTPAllU aKTUBHBIX YaCTUI] U KUHETHUKA TPABJICHUA SIOZ B 3aBUCHMOCTH OT JABJICHHUA ra3a B CMECAX
CFs+ Ar (1) u Clz2 + Ar (2) ipu yar = 25% u W = 600 Br. Cekuun a) — f) npentnunst puc. 1

The opposite effect of gas pressure on F and ClI
atom densities (Fig. 3(d)) is connected with different
changes in their formation kinetics. In the CF4 + Ar
plasma, a decrease in the dissociative collision fre-
quency for electrons ((ki + k7)ne = 10.6-3.1 572, or by
~ 3.4 times at p = 4-10 mtor) overcompensates an in-
crease in [CF4] coming with a feed gas. As a result, one
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can obtain the monotonic decrease in the F atom for-
mation rate and their density. In the Cl, + Ar plasma,
the dissociation rate coefficient for Cl, molecules kg is
much less sensitive to a decrease of T. due to lower
threshold energy. Such situation produces the weaker fall
in kene (271-162 s, or by ~ 1.6 times at p = 4-10 mtor) as
well as provides the increasing tendency for both ClI
atom formation rate and [CI].
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Above data on plasma parameters allow one to
divide contributions of physical and chemical etching
pathways as well as to suggest the SiO; etching mech-
anism by analyzing correlations between etching kinet-
ics and fluxes of plasma active species. From etching
experiments (Figs. 1-3(e)), it was found that 1) the
SiO; etching rate in both gas systems exhibit similar
changes vs. processing parameters, except the effect of
gas pressure; and 2) the absolute SiO, etching rates in
the Cl, + Ar plasma (80.2-65.3 nm/min at 0-75% Ar,
p = 6 mtor and W = 600 W) are noticeably lower than
those in CF4 + Ar (110.0-70.7 nm/min at 0-75% Ar)
under identical processing conditions. Existing experi-
mental data on SiO, sputtering yields Ys vs. the ion
bombardment energy (~ 0.13 at & = 200 eV [26, 27]),
allow one to estimate the physical sputtering rate as
Ronys = Y[+, and then to extract the chemical etching
component (in fact, the rate of ion-assisted chemical
reaction) as Rehem = R — Rpnys, Where R is the measured
etching rate recalculated to the units of particle flux
leaving the etched surface. From Figs. 1-3(f), it can be
seen that the investigated range of processing condi-
tions surely provides Rchem > Rpnys. The latter means
that the dominant etching mechanism in both gas sys-
tems is the ion-assisted chemical reaction. Another
principal finding is that the change of Rcrem VS. Operat-
ing parameters always contradicts with the behavior of
(Mig))¥I; (in fact, with the ion bombardment inten-
sity), but traces halogen atom fluxes. Formally, such
situation means no limitation from the ion-induced
process R11: SiOx(s.) — Si(s.) + xO as well as corre-
sponds to the reaction-rate-limited etching regime
which is completely controlled by R12: Si(s.) + XF —
SiFx(s.) or R13: Si(s.) + xCl — SiClx(s.) reaction kinet-
ics. At the same time, even a brief look on effective reac-
tion probabilities yrr = Rehem/Tr and yrcl = Rehem/Tci
(Figs. 1-3(f)), where Tr and I'ci are fluxes of corre-
sponding halogen atoms, allows one to suggest some
differences in above chemical mechanisms. In particu-
lar, the behavior of yg r always contradicts with the
change in (Migi)Y2T", that reveals either no or even the
negative effect of ion bombardment on the rate of R12.
The last phenomenon indirectly confirms the spontane-
ous desorption of reaction products R14: SiFx(s.) — SiFx
in a form of the high volatile SiF, and may be caused
by the ion-induced desorption of F atoms under the
condition of saturated (i.e. almost completely covered
by adsorbed fluorine atoms) surface. It is important to
note that the above result is different compared with
that obtained in Ref. [12, 28] at higher ion bombard-
ment energies. Both of these reported on the weakly
increasing yrr together with Ar fraction in a feed gas
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and ion bombardment intensity. At the same time, cor-
responding processing conditions provided the twice
higher electron densities, F atoms densities and I'r at
yar < 50%. Probably, the last feature compensates for
the ion-induced desorption of F atoms while the more
intensive ion bombardment contributes the rate of R14.
Oppositely, the parameter yrci always exhibits much
lower absolute values (for example, 6.6-102 vs. 3.0-103
in pure CF4 and Cl, plasmas, respectively) as well as
traces the change in the ion bombardment intensity.
The latter means that R13 is activated by the ion bom-
bardment, and the most realistic reason is the produc-
tion of adsorption sites for chlorine atoms under the
condition of low saturated surface. Corresponding
ions-related mechanisms are, for example 1) the for-
mation of Si atoms with free bonds through R11; and 2)
the desorption of non-saturated low volatile SiClx com-
pounds as R15: SiClx(s.) — SiClx. All these completely
confirm as well as reasonably explain the features of
SiO; etching kinetics in fluorine- and chlorine-based
plasmas known from experimental works.

CONCLUSIONS

In this work, we investigated effects of pro-
cessing conditions (gas mixing ratios, input power and
gas pressure) on plasma parameters and reactive-ion
etching kinetics for SiO; in CF4 + Ar and Cl, + Ar plas-
mas. It was shown that both gas systems are character-
ized by similar changes in electron energy and particle
balances that provide similar responses in physical and
chemical factors influencing the SiO, etching rate. The
only one exception is the opposite effect of gas pres-
sure on densities of F and Cl atoms originated from
corresponding behaviors of their formation rates. The
analysis etching kinetics using experimental data on
SiO; sputtering yields and model-predicted fluxes of
plasma active species allowed one to conclude that 1)
the dominant etching mechanism in both gas systems
is the heterogeneous chemical reaction; 2) both SiO, + F
and SiO; + Cl reaction rates exhibit no limitation by
ion-induced processes and correlate with fluxes of flu-
orine or chlorine atoms; and 3) effective reaction prob-
abilities exhibit opposite changes vs. ion bombardment
intensity. The negative effect from the ion bombard-
ment in CF4 + Ar plasma probably reflects the ion-in-
duced desorption of F atoms under conditions of high
their adsorption degree and spontaneous gasification of
reaction products. Accordingly, the positive effect in
Cl, + Ar plasma suggests the ion-induced formation of
adsorption sites for Cl atoms under the condition of
low volatile reaction products.
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