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Ilpoeedeno uccnedosanue Inekmpoguzuueckux napamempos nia3mol, COCMaea 2a3o6oii
daszvl u Kunemuku peaKkmueHo-uoHH020 mpasienus Kpemuus ¢ cmecax CFs + Ar/He u CiFg +
Ar/He ¢ nepemennsim cooeprcanuem unepmusvix komnonenmos. Ilpu coemecmuom ucnonvzosa-
Huu Oouaznocmuku naazmol (30HO0bl Jlanzmwopa, onmuyeckas IMUCCUOHHAA CREKMPOCKORUS) U
MOOENUPoanun KUHeMmuKu naasMoOXumMu4ecKux npoyecco8 a) 6blA61eHbl MEXAHUIMbL 6IUAHUSA
coomnoutenusn Ar/He na konyenmpayuu aKmugHvlX yacmuy (amomos gpmopa, nonumepoopasy-
0WUX pacuKanos u noJa0HCUMEIbHbIX UOHO08), hopmupyrouwux opymmo-pe3yiavmam 63aumooell-
CMeUsA NIA3MbL C 00padamvleaemoil HOGEPXHOCMbIO; 0) pazoenensl 6K1a0bl PU3UUECKOU U XUMU-
YeCcKOoUl COCMAagaAIOUWUX CKOPOCHU MPAGIEHUA; U 8) NPOBEOEH AHAU3 MEXAHUIMA MPAGICHUA 6
npubaudcenuu IPPexkmuenoit eepoamnocmu e3aumooeiicmeus. lloxazano, umo odouwumu men-
OCHUUAMU NPU 3AMeW|eHUU AP2OHA HA 2eIUll 8 00eUX cMecaX AGIAIMCA CHUNCCHUE memnepa-
mypel U KOHYEHMPAYUU ITIEKMPOHO8, YMEHbUIEHUE CIeNneHell OUCCOUUAY LU MHOZ0AMOMHbBIX Ya-
cmuuy, npuodAUIee K AHA02UYHOMY UZMEHEHUI0 KOHUCHMPAUUIl MeHee HACbIUEeHHbIX (pmopye-
J1ePOOHBIX PAOUKATI08 U AMOMOE (hmopa, a makice CHUMCEHUEe CKOPOCMU MPAGIeHUs KDeMHUs,
00ycnoenenHoe usmMeHeHuem Kunemuku cemepozennoii peaxkuyuu Si + xF — SiF,. U3zmenenue i ¢h-
thexmuenoii gepoamuocmu IMoil peakyuu ¢ poCHom 001U 2eus 8 CMECU CO2NACYemcs CO CHU-
Jcenuem noaumepuzayuonnou cnocoonocmu ¢ cmecu CFy + Ar/He, no npomueopeuum pocmy
nonumepusayuonnoii cnocoonocmu 6 nnazme CiFg + Ar/He. Coenano npeononosicenue, unmo npu-
YUHOIl nocneonezo IPdhexma cayxcum yseauuenue (R0 CPAGHEHUIO C 8eIUUUHOI, ONPeOeaAeMOll
KOHUeHmpauueil amomos (hmopa 6 niazme) nomMoKa amomos hmopa Ha zpanuye noauMep/Kpem-
Huil. Ilpuuunoii 9mozo caysycum zenepayus amomoes hmopa 6 cjioe noaumepa yseauiusarouieics
mMoNWUHbL 3a ciem 0epmopupoeanus noo oelicmeuem UOHHOU 6OMOapoOupoeKu.
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The investigation of plasma electro-physical parameters, gas phase composition and reac-

tive-ion etching kinetics of silicon in CF4 + Ar/He and C4Fs + Ar/He mixtures with variable ratio
of inert components was carried out. The combination of plasma diagnostics tools (Langmuir
probes, optical emission spectroscopy) with modeling of plasma chemistry allowed one a) to figure
out how the Ar/He ratio influences densities of active species (fluorine atoms, polymerizing radicals
and positive ions) determining the overall plasma-surface interaction result; b) to divide contribu-
tions of physical and chemical etching pathways; and c) to analyze the etching mechanism in terms
of effective reaction probability. It was shown that the substitution of argon by helium produces
several common features, such as a decrease in both electron temperature and electron density, a
transition toward lower dissociation degrees for multi-atomic species that results in decreasing den-
sities of less saturated fluorocarbon radicals and fluorine atoms as well as a fall of Si etching rate
that follows the kinetics of heterogeneous reaction Si + xF — SiFx. The growth of corresponding
reaction probabilities demonstrate an agreement with decreasing amount of deposited polymer in
the case of CF4 + Ar/He plasma, but contradicts with increasing polymerizing impact in CsFs +
Ar/He plasma. The last phenomenon probably reflects an enforcement of F atom flux (compared
with that determined by F atom density in plasma) at the polymer/Si interface. The reason is the
formation of F atoms in polymer layer of increasing thickness due to its de-fluorination by the ion

bombardment.

Keywords: fluorocarbon gases, argon, helium, plasma, parameters, active species, ionization, dissocia-

tion, etching, reaction probability

INTRODUCTION

Gaseous or vaporized liquid fluorocarbon com-
pounds have found numerous applications in plasma
chemical processes used for cleaning and/or patterning
(dimensional etching within a standard photolithogra-
phy cycle) of many materials involved in the microe-
lectronic technology. Among those, one can manda-
tory mention the silicon itself, silicon dioxide, silicon
nitride and some metals featured by volatile fluorides
[1-3]. The most comprehensive tool for such purposes
is the reactive-ion etching (RIE) that combines physi-
cal (ions-induced sputtering) and chemical (spontane-
ous of ion-assisted chemical reaction) etching path-
ways. The relatively independent adjustment of corre-
sponding process rates in inductively coupled plasma
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(ICP) reactors provides the effective optimization of
output RIE characteristics (etching rate, etching selec-
tivity in respect to mask material, degree of anisotropy
and radial uniformity) according to given process re-
quirements [3, 4]. That is why many technological pro-
cesses using various fluorocarbon gas plasmas under
the condition of low-pressure inductive rf (13.56 MHz)
discharges have been developed.

When summarizing existing data on plasma
chemistry of fluorocarbons [4, 5-8], one can conclude
that a) the typical feature of any fluorocarbon gas is the
deposition of polymer-like film at surfaces contacted
with plasma; b) the polymerizing ability of given gas
(in fact, both deposition rate and steady-state thickness
of polymer film) depends on the carbon-to-fluorine
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atom, C/F, ratio in original fluorocarbon molecule; and
c) one of evident ways to adjust the polymerizing abil-
ity for given process requirements is to use binary gas
mixtures with argon. In particular, the addition of ar-
gon lowers the polymer deposition rate through de-
creasing densities of polymerizing CFy (x < 3) radicals
as well as increases the gasification of deposited film
due to an increase in ion bombardment intensity. That
is why there were many experimental and theoretical
(model-based) works dealt with binary gas mixtures
combining fluorocarbon component with argon. Re-
sults of these works related to widely used fluorocar-
bon compounds, such as CF4, CHF3 and C4Fs [8-15],
allowed one to figure out internal mechanism deter-
mining the influence of fluorocarbon/argon mixing ra-
tio on steady-state densities of plasma active species as
well as to understand relationships between mixture com-
position and RIE kinetics through etching/polymeriza-
tion balance. On this background, the almost negligible
attention was attracted to binary mixtures of fluorocar-
bons with helium. At the same time, the interest to he-
lium is caused by, at least, two reasons. First, helium
is featured by the extremely high heat conductivity
(~0.152 W/mK compared with ~ 0.0164 W/mK for Ar
at 300 K [16]) that provides the effective heat transfer
from bulk plasma to chamber walls. Probably, this flat-
tens radial gas temperature profiles and thus, provides
favorable conditions for obtaining more uniform etch-
ing for big-size wafers. And secondly, three are several
experimental evidences that the use of He instead of Ar
as a third component in CF, + C4Fgas mixture provides
the decent etching anisotropy for SiO; in a combination
with the amorphous carbon layer mask [17, 18]. Obvi-
ously, understanding the nature of this effect is the
mandatory condition for the optimization of existing
RIE technologies.

The general idea of this work was to compare
electro-physical parameters, plasma composition and
silicon etching kinetics in CF4 + Ar/He and C4Fs +
+ Ar/He gas mixtures with variable inert gas ratios.
The main attention was focused on a) plasma diagnos-
tics to obtain electrons- and ions-related characteris-
tics; b) plasma modeling to determine densities and
fluxes of plasma active species; and c) to analyze RIE
kinetics of silicon in the approximation of effective re-
action probability. The choice of fluorocarbon gases
was mainly caused by their sufficient differences in re-
spects to both polymerizing ability [5-7] and F atom
kinetics [7, 8]. The choice of silicon as the etched ma-
terial was due to its well-studied etching mechanism in
the fluorine-containing environments. In our opinion,
such situation provides the better understanding of side
factors influencing the etching kinetics.
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EXPERIMENTAL AND MODELING DETAILS

Experimental setup and plasma diagnostics
methods

Both plasma diagnostics and etching experi-
ments were performed in the planar (equipped by the
top-side flat coil) inductively coupled plasma (ICP) re-
actor known from our previous works [8, 13-15].
Plasma was excited using the 13.56 MHz rf power sup-
ply while another similar rf generator was matched
with the chuck electrode to adjust the negative dc bias
voltage (-Uqc) and thus, to control the ion bombardment
energy (ei). Constant processing parameters were total
gas pressure (p = 6 mtor), input power (Win, =700 W, or
~ 0.07 W/cm?®) and bias power (Wq = 200 W). Initial
compositions of CFs + Ar/He and CiFs + Ar/He gas
mixture was set by adjusting partial flow rate for indi-
vidual within the constant total flow rate g = 40 sccm.
Particularly, the fixed flow rate of 20 sccm for CF40r
C4Fsprovided their constant fractions of 50% while the
second half in each case was composed by different
fraction of Ar (yar) and He (ywe). Accordingly, and in-
crease in gue from 0-18 sccm corresponded yre = 0-
45% He with the proportional decrease in yardown to
5%. The remaining amount of Ar was necessary to pro-
vide the actinometry experiments.

Plasma diagnostics by double Langmuir probe
(DLP2000, Plasmart Inc.) delivered information on
electrons- and ions-related plasma parameters. The
probe head was installed through the viewport on the
chamber wall, was located at ~ 5 cm above the chuck
electrode as well as was centered in its radial position.
The treatment of current-voltage (I-V) curves accord-
ing to Langmuir probe theory for low-pressure high-
density plasmas [4, 19] yielded electron temperature
(Te) and ion current density (J+). In order to reduce in-
accuracies due to the polymerization on probe tips, we
periodically performed the probe conditioning proce-
dure in 50% Ar + 50% O, plasma for ~ 5 min. As a
result, we obtained the decent similarity in plasma pa-
rameters obtained in a series of consequent measure-
ments under one and the same plasma excitation con-
ditions.

Plasma diagnostics by optical emission spec-
troscopy (AvaSpec-3648, JinYoung Tech) provided
the information on F atom densities. For this purpose,
we applied the standard actinometry procedure with F
703.8 nm (e = 14.75 eV) and Ar 750.4 nm (e =
=13.48 eV) emission maxima. The final equation was as

[FI = YaNCy(IF/1ar), 1)

where Irand |arare measured emission intensities for F
and Ar atoms, respectively, N = p/kgTgss iS the total gas
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density at the gas temperature of Tgs while C, is the
actinometrical coefficient that depends on correspond-
ing wavelengths (1), excitation rate coefficients (Kex)
and optical transition probabilities (A) [20, 21]. Param-
eters Kexrand Kexar Were obtained through the integra-
tion of known excitation cross-sections [21] with Max-
wellian electron energy distribution function (EEDF).
Similarly to Ref. [21], we also obtained C,~ const at
Te = 3-6 eV. The parameter Tgs Was assumed to be in-
dependent on both type of fluorocarbon gas (as it was
done in our previous work related to CF4 + C4Fg + Ar
plasma [7] where the fairly good agreement between
model and experiment was obtained) and Ar/He mix-
ing ratio. The last assumption was based on the work
of Hofmann et al. [22] that reported the comparison be-
tween gas temperatures in atmospheric pressure Ar and
He plasmas. Though He plasma was found to be a bit
“hotter”, authors mentioned this result as somewhat
overestimated due to features of experimental tech-
nique. That is why, when determining N value we used
Tgs = 600 K, as was evaluated from direct measure-
ments in Ar and CF4 plasmas in similar ICP reactor at
corresponding to our case gas pressure and input power
density [23, 24].

Etching experiments were performed with
fragments of standard Si (111) wafer. Etched samples
with an average size of ~ 2x2 cm were located in the
center chuck electrode, and the latter was thermally
stabilized at ~ 20 °C. The small sample size allowed
one to exclude the loading effect as well as to minimize
the disturbance of gas-phase plasma parameters by
etching products. In fact, we obtained no differences in

plasma diagnostics data obtained without and with
sample loading, and even with simultaneous loading of
several samples. After the processing, etched depths,
Ah, were measured using the surface profiler (Alpha-
Step 500, Tencor). For this purpose, samples were par-
tially masked by the photoresist (AZ1512, positive)
with a thickness of ~ 1.5 um. In preliminary experi-
ments, it was found that the dependence of Ah on pro-
cessing time, t, demonstrates the nearly linear shape up
to 5 min. Accordingly, for any t < 5 min the steady-
state etching regime surely take place while Si etching
rate may simply be calculated as R = Ah/z.

Plasma modeling

To obtain the information on densities and
fluxes of plasma active species, we applied a simplified
0-dimensional (global) model described in our previ-
ous works [8, 13-15]. The input parameters were ex-
perimental data on T. and J. obtained at different
Ar/He mixing ratios. The kinetic scheme (the set of re-
actions with corresponding rate coefficients) was taken
from previous studies dealt with the modeling of CF,4
+ Arand CsFs + Ar [9, 12] plasmas. As several authors
have mentioned the adequate agreement between
model-predicted and measured plasma parameters, the
discussion about the content of kinetic scheme seems
to be not an actual task, at least for the purpose of given
study. In Tab. 1, we represented the reduced version of
kinetic scheme aimed at supporting the discussion in
Section 3. Accordingly, it includes only reactions with
the principal influence of particle balance and/or
needed to trace important reaction mechanisms.

Tablel

Reduced reaction scheme in CF4 + Ar/He and CsFs + Ar/He plasmas
Tabauya 1. Cokpauennas cxema npoiueccos B miasme CFs + Ar/He u C4Fs + Ar/He

Process k Process k
1. CiFg+e > 2CF +e f(Te) 12. Ar+e— Art + 2e f(Te)
2. CiFs+e —>CsFg+CFa+e f(Te) 13. He + e —» He* + 2¢e f(Te)
3. CsFe+e > CoFs+CFRo +e f(Te) 14. Fo+CFy —> CFu1 + F f(TgaS)
4, CoFs+e > 2CF +e f(Te) 15. CFx + F —> CFxs1 f(TgaS)
5. CoF +€ - CoF,' + 26 f(Ts) | 16. CaFs + F — CFp + CFs (T ge)
6. CFy+e—> CF +F+e f(Te) 17. CFx — CFx(s) f(y)
7. CFx+e—> CFy1t+F+2e f(Te) CFx(s) + F > CFxn1
8. CFx+e — CF + 2e f(Te) 18. F—F(@s) f(v)
9. Fr+e—>2F+e f(Te) F(s) + CFx - CFx41
10. Fo+e—>Ftr+e f(Te) F(s) + CoFx > CFxn
11. F+e—>Ft+2e f(Te) FS)+F—o>F

Similarly to our previous works [7, 8], model-
ing algorithm accounted for known features of low-
pressure high-density inductive discharges. In particu-
lar, it was assumed that
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—  The electron energy distribution function
is sufficiently contributed by equilibrium electron-
electron collisions due to high ionization degree of gas
species (n+/N > 10, where n. is the total density of
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positive ions). Such situation allows one to use Max-
wellian EEDF for electron-impact kinetics as well as
to determine corresponding rate coefficients as func-
tions of electron temperature: k = AT.Bexp(-C/T¢). The
parameters A, B and C for all electron-impact reactions
included in the kinetic scheme are known from Refs.
[9, 12].

—  Thelow electronegativity of CF; and C4Fs
plasmas half-diluted by inert has allows one to assume
n+ = Ne and n./ne << 1, where n. and n. are densities of
negative ions and electrons [7-9, 12]. The reasons are,
again, the high ionization degree of gas species as well
as the low efficiency of dissociative attachment pro-
cesses, as sources of negative ions, at low pressures.
Such situation reveals

3. ~ 0.61en.(eTo/m;)? @)

where 0.61n. is the density of positive ions at the inter-
face between bulk plasma and double electric layer sur-
rounding the probe while mj is the effective (ion-type-
averaged) ion mass [7].

— The loss of F atoms and CFy radicals on
chamber walls follows the first-order recombination
kinetics. Corresponding recombination probabilities, v,
were assumed to be independent on Ar/He ratio due to
the nearly constant temperature of internal chamber
wall. The last fact was indirectly confirmed by the
monitoring of external wall temperature.

RESULTS AND DISCUSSION

Previously, we have compared plasma param-
eters and gas-phase compositions in CF4+ Ar and CaFs
+ Ar gas mixtures under identical processing condi-
tions [7, 8, 10]. Results of these works demonstrated
that the addition of Ar always a) disturbs electrons- and
ions-related plasma parameters through the influence
on both EEDF and formation/decay balance for
charged species; b) increases the ion bombardment in-
tensity, according to the change in &I"s, where &; is
the ion bombardment energy, and T+ is the ion flux;
and c) non-proportionally reduces the F atom density.
The non-linear dependencies [F] = f(yar) are due to in-
creasing F atom formation frequencies in R6 and R7
(mostly in CF4+ Ar plasma) and changes in their loss
kinetics through R16 (mostly in CsFg+ Ar plasma).

From Tables 1 and 2, it can be seen that the
substitution of Ar by He results in the similar influence
on electrons- and ions-related parameters in CF4 + Ar/He
and CsFs + Ar/He plasmas. Corresponding effects are
a) a weak decrease in ion current density that means
same behaviors of electron and positive ion densities;
and b) a reduction of electron temperature that provides
same changes in rate coefficients for inelastic electron-
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impact processes with en > 3/2Te, where en is the
threshold energy. The common reason is the sufficient
difference in ionization rate coefficients for Ar (ki ~
~ 2510 cm¥s at T = 3 eV) and He (kiz ~
~2.7-10*2 cm®/s at T. = 3 eV) atoms caused by corre-
sponding dissimilarities in corresponding cross-sec-
tions (~ 1.3-10°* cm? for R12 vs. ~ 4.5-10%¢ cm? for
R13 at electron energy of 10 eV) and threshold ener-
gies (~ 15.8 eV for R12 vs. ~ 24.6 eV for R13) [25].
That is why the appearance of much harder-ionizing
species reduces overall formation rates for positive ion
and electrons. The related phenomenon is that the ad-
dition of He lowers dissociation degrees for multi-
atomic species and thus, leads to growth of their frac-
tions in a gas phase (Fig. 1). Accordingly, as prevailing
electron energy loss channels are provided by colli-
sions with various fluorocarbon components, an in-
crease in the effective particle size escalates the energy
loss and results in decreasing Te.

Table 2
Electrons- and ions-related plasma parameters
Tabnuya 2. IlapaMeTpshl 31eKTPOHHOI 1 HOHHOM KOM-
IMOHEHT IlJ1Ia3Mbl

Yhe, %0| Te, €V 3+, mA/cm? n::;_r;e, -Uge, V| &

CF4 + Ar/He

0 3.2 1.30 5.1.10%° 315 1.23.10%8

25 2.9 1.21 4.9.10%° 349 1.21.10%8

45 2.5 1.04 4.7-10%1° 394 1.09-10%8
C4Fs + Ar/He

0 3.7 1.42 5.6-10%° 291 1.12.10'8

25 3.3 1.31 5.4-10%0 337 1.10.10'8

45 2.9 1.12 5.2.10%° | 383 1.00-10%8

Fig. 1 represents model-predicted data on par-
tial fractions of various positive ions inside n. value.
The common feature is that dominant ionic species at
yre = 0 are always CFx" and Ar* while the condition of
ki2 >> ki prevents the proportional substitution of Ar*
by He*. In particular, the addition of helium to CF, +
+ Ar/He plasma lowers the density of originally pre-
vailing Ar* (as is pre-determined by ki, > ks under the
equivalent CF4 and Ar mixing condition), but causes
an increase in [CF3*] which finally takes the leading
position at ~ 35% He (Fig. 1(a)). The last effect is pro-
vided by increasing rate of R7 (x = 4) due to increasing
CF4 density (Fig. 2(a)). Though the CFs*ion is charac-
terized by higher mass compared with argon, the situ-
ation is compensated by the appearance of much lighter
He™*. As such, the effective ion molar mass, Mi = miNa,
demonstrates even the weak fall toward He-rich plas-
mas (44-38 for 0-45% He). In the case of C4Fs + Ar/He
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mixture, densities of originally prevailing CF,* and Ar*
also exhibit opposite tendencies with increasing ye, SO
that the domination of CF,* takes place at any Ar/He
ratio (Fig. 1(b)). When comparing Figs. 1(b) and 2(b),
it can be understood that the growth of [C,F5*] and
[CF2*] as well as the condition of [CF*] ~ const contra-
dict with changes in densities of corresponding neutral
species. The reason is the multi-channel ionization pro-
cess for C,F4 molecules, where the dominant reaction
pathway in a form of R5 (ks ~ 2.0-101° cm®/s for x = 4
at T, = 3 eV) is accompanied by several parallel re-
actions schemes, such as CoF4 + e — CF:* + F + 2e
(~3.8-10 " cm¥/sat T. =3 eV), Co.Fs +e — CF* + CF
+ 2¢ (~ 3.6-10 cm®s) and C,Fs + e — CF* + CF3 +
+ 2e (~ 2.2-10" c¢cm?/s). Such situation provides the
nearly constant effective ion molar mass, about 45-48
at 0-45% He. Therefore, the intensity of ion bombard-
ment vs. yre in both gas mixtures is definitely not af-
fected by M;, but is determined by opposite behaviors
of ion bombardment energy &; (as follows from the
change in —Uqc, see Tab. 1) and ion flux "+ ~ J+/e within
the parameter &I".. As the latter demonstrates the
weak decrease (in CF4 + Ar/He plasma) or keeps a
nearly constant value (in C4Fs + Ar/He plasma), one
can surely assume no principal influence of Ar/He ratio
on Kkinetics of ion-induced heterogeneous processes.

10°¢ 10°¢

)

10" 10" F

nin,

+
107} CFp 107 F

L
Yhe %0 Yher %
Fig. 1. Model-predicted fractions of positive ions inside n+
in CF4 + Ar/He (a) and C4Fs + Ar/He (b) plasmas
Puc. ] PacueTHbIe JOJIN ITOJIOXKHUTCIIBHBIX NOHOB B COCTABEC N+ B
mnasme CF4 + Ar/He (a) u CaFs + Ar/He (b)

10°

When analyzing kinetics of neutral species, we
surely confirmed earlier reported features of non-oxygen-
ated CFs- and C4Fs-based plasmas [8-10, 12, 14, 26]. In
first case, dominant fluorine-containing species in a
gas phase are original CF4 molecules, CF3 radicals and
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F atoms (Fig. 2(a)). Accordingly, the main F atom for-
mation channels compiling ~ 80% of total F atom for-
mation rate are represented by R6 (x = 3, 4) and R7
(x = 4). As both processes with a participation of CF4
also produce CF; radicals, the condition of [F] = [CF3]
reasonably takes place. In addition, the mostly step-
wise (from higher- to lower-saturated species) for-
mation of CF trough R6 results in [CFy] > [CFx.1]. The
last fact has been reported by many authors dealt with
experimental and theoretical (model-based) studies of
CF4-based plasmas (see, for example, Refs. [9, 12]).
The loss of both CFy (x < 4) and F species appears
through heterogeneous processes R17 and R18. As the
latter produces F, molecules featured by high dissoci-
ation rate coefficient (~ 1.8-10"° cm?®/s for ko compared
with ~ 1.0-102% sm?/s for ks with x = 4 at T. = 3 eV),
the contribution of R9 to the total F atom formation rate
reaches ~ 10%. The feature of C4Fs-based plasma is the
complete decomposition of original C4Fs molecules
through the sequence of R1-R5 into CFx (x = 1, 2) and
CaoFx (x = 3, 4) products (Fig. 2(b)). Accordingly, the
main source of F atoms is R6 for x = 1-3 while their
loss in R16 has the comparable rate with that for a sum
of R16 and R17. That is why 50% C.Fs + 50% Ar
plasma exhibits higher F atom formation rate together
with a bit lower F atoms density compared with the
corresponding CFs-based mixture.

10" ¢ 10%
a)

10}

Density, em’®

107 10"}

10" L s s s , 101 L s s s ,
0 10 20 30 40 50 0 10 20 30 40 50

Yher %0 Yer %
Fig. 2. Model-predicted densities of neutral species
in CF4 + Ar/He (a) and C4Fs + Ar/He (b) plasmas
Puc. 2. PacueTHble KOHLIEHTpALMN HEUTPaIbHBIX YaCTHUIl B
wiasme CFa + Ar/He (a) u CaFg + Ar/He (b)

The substitution of Ar by He does not modify
and/or bring new processes in above reaction schemes,
but retards the electron-impact dissociation of multi-
atomic species due to the simultaneous decrease in Te
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and ne. Accordingly, both gas mixtures exhibit increas-
ing densities of original molecules (or their first-step
decomposition product, in the case of CiFg) and de-
creasing density of F atoms toward He-rich plasmas.
As for F atom kinetics, a decrease in (Ke+k7)n. for CF4
molecules in CF, + Ar/He appears as 13.6-2.1 s, or by
~ 6.5 times for 0-45% He while the corresponding
change in kene for CF2 in C4Fg + Ar/He is only by
~ 2 times, from 68.8-31.9 s%. Therefore, the deeper fall
in corresponding dissociation frequencies in the case
of CF, + Ar/He plasma produces the stronger response
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from the side of [F] value, as can be seen from Fig. 2.
Another remarkable fact is that model-predicted densi-
ties of F atom are in the satisfactory agreement with
those obtained by actinometry experiments in both CF,4
+ Ar/He and C4Fs + Ar/He plasmas (Fig. 3(a, b)). Tak-
ing into account that F atoms Kinetics is closely
matched with all kinds of fluorocarbon species, one
can assume correct model-based description of plasma
chemistry in given gas systems. The latter means that
model-predicted data on plasma composition may
surely be used for etching kinetics analysis.

b),
0 10 20 30 40 50

40

30

rpoI/rF

e 9
0 10 20 30 40 50
Yer %

d

10

Fig. 3. Gas-phase plasma characteristics influencing Si etching kinetics in CF4 + Ar/He (a, ¢) and CsFs + Ar/He (b, d) plasmas. In Figs.
a, b): F atoms densities determined form actinometry experiments (1) and plasma modeling. In Figs. c, d): the parameter T'pol/T'F tracing
plasma polymerization ability determined using measured (1) and model-predicted (2) densities of F atoms
Puc. 3. XapakTepHCTHKH Ta30BO# (a3pl, BIUSAIONINE Ha KHHETHKY TpaBiieHus kpemHus B ruiazme CFs + Ar/He (a, ¢) u CaFs + Ar/He
(b, d). Ha puc. a, b): koHIieHTpaimu aToMOB (Topa, onpeaeseHHbIe METOI0M akTHHOMEeTpuH (1) 1 pu MoenmupoBanun miasmsl (2). Ha
puc. ¢, d): mapamerp ['po/I'F, OTCIICKUBAIOIINI TOTUMEPU3AIIMOHHYIO CIIOCOOHOCTD TIa3MBbl, OTIPECICHHBIN C UCTIOJIb30BAHUEM JKCIIC-
puMeHTanbHOH (1) 1 pacueTHOM (2) KOHIEHTPAIMK aTOMOB (TOpa

From Refs. [4-7], it can be understood that out-
put RIE characteristics (etching rate, etching selectiv-
ity in respect to mask material and etching anisotropy)
in fluorocarbon-based plasmas sufficiently depend on
both plasma polymerizing ability and etching/polymer-
ization balance. Numerous studies of polymerization
kinetics allowed one to conclude that a) main polymer-
izing species are CFy (x = 1, 2) radicals; and b) the
polymerization is retarded in fluorine-rich plasmas.
The latter is because F atoms saturate free bonds on the
film surface and thus, break the growth of polymer
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chains [5, 6]. That is why the polymer deposition rate
and polymer film thickness may adequately be traced
by I'pol/Tr ratio, where 'yl is the total flux of polymer-
izing radicals, and I'ris the flux of F atoms [7, 8]. From
Figs. 3(c, d), one can conclude that C4Fs-bases plasma
is originally much more polymerizing gas system (as it
predicted by higher C/F ratio and has been confirmed
in many experiments) while the substitution of Ar by
He exhibits an opposite effect on the parameter I'pol/ Tk
The latter means that a transition toward He-rich plas-
mas lowers the polymer deposition rate in CF4 + Ar/He
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plasma (due to the stronger fall of I'yo compared that
for I'r) while causes an increase of polymerizing ability
in C4Fs + Ar/He plasma (due to much weaker decreas-
ing I'por ON the background of I'f). The last phenome-
non is because of [CF,] ~ const, as produced by the
nearly constant rate of R4 due to opposite changes in
neand CzF4 density.

Etching experiments indicated that the substi-
tution of Ar by He lowers Si etching rates, R, in the
nearly linear manner (187-151 nm/min in CF4 + Ar/He
and 125-100 nm/min in C4Fs + Ar/He at 0-45% He,
see Fig. 4(a, b)). The evaluation sputter etching com-
ponent as Rpnys = YsI+, where Ysis the sputter yield
(0.18-0.39 atom/ion at & = 200-400 eV [27]), gives
~ 31 nm/min for CF4 + Ar/He plasma and ~ 33 nm/min
for C4Fs + Ar/He plasma. Therefore, the condition of
Rphys << R evidently means the domination of chemical
etching pathway. From Figs. 4(a, b), it can be seen also
that the rate heterogeneous chemical reaction Rerem = R —
Ronys contradicts with the change in &I (and thus,
with the ion bombardment intensity), but formally fol-
lows the decreasing tendency of F atom flux, I'e. Such
situation reveals no ion-driven limiting stages in the
multi-step chemical etching process as well as assumes
the neutral-flux-limited etching regime. In fact, such
situation looks quite expectable, as the silicon sponta-
neously reacts with F atoms with a formation of vola-
tile SiF4 [4]. The analysis of reaction kinetics with
model-predicted fluxes of F atoms leads to following
conclusions:

— In CFs + Ar/He plasma, a decrease in
Rehem appears to be weaker compared with T's, that
points out on increasing effective reaction probability,
Yr = Renem/T'e (Fig. 4(c)). The given change of yr also
contradicts with the ion bombardment intensity, but
shows the reasonable agreement with decreasing poly-
mer deposition rate, as shown in Fig. 3(c). Really, even
if the low polymerizing CF, plasma does provide the
formations of thick continuous polymer film on Si sur-
face, the decreasing amount of deposited polymer in-
creases the amount of free adsorption sites for F atoms
and thus, accelerates the consequent reaction scheme F
— F(s.); XF(s.) + Si — SiFx(s.); SiFx(s.) — SiFx
through its first stage.

— In C4Fs + Ar/He plasma, one can easily
expect the formation of thick continuous film that lim-
its the access of F atoms to the etched surface. On this
background, an increase in yr (Fig. 4(d)) together with
increasing both polymer deposition rate (Fig. 3(d)) and
film thickness (that evidently causes the worse access
of etchant species to the target material) looks a bit sur-
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prisingly. As the given phenomenon cannot be ex-
plained within above heterogeneous reaction mecha-
nism, one can assume the presence of side factors in-
fluencing the chemical etching kinetics. In our opinion,
the quite realistic reason may be the so-called “de-
fluorination effect” which accounts for the formation
of additional (in respect to those coming from a gas
phase) F atoms in bulk polymer under the ion bom-
bardment [5, 6]. In particular, Ref. [5] reported that the
silicon with preliminary deposited thick polymer film
exhibits typically chemical etching rates under the Ar*
ion bombardment. Therefore, one can assume that in-
creasing polymer film thickness in a combination with
the condition of &2I"s ~ const enlarges the ion path in-
side the polymer layer, causes an increase in the
amount of newly generated F atoms and provides the
relative growth of F atom flux on the polymer/silicon
surface interface.

In order to confirm above suggestions con-
cerning etching mechanism, we conducted a series of
experiments with variable bias power. It was found that
the change in Wq. has no principal (i.e. exceeding the
standard experimental error) influence on both Lang-
muir probe diagnostics result and plasma emission
spectra. The latter surely means no disturbance of gas-
phase plasma characteristics as well as allows one to
assume I's, T'por and I'r = const, at least within the in-
vestigated range of Wy = 200-500 W. In fact, this find-
ing reflects the typical feature for ICP etching systems
to provide the independent control for ion flux and ion
bombardment energy [4]. Accordingly, the single evi-
dent effect from the growth of bias power in both gas
systems is the nearly linear increase in negative dc bias
voltage, ion energy and ion bombardment intensity
(Table 3). As a result, one can reasonably account for
increasing polymer decomposition rate by ion bombard-
ment and thus, for decreasing polymer film thickness.
The latter follows from the change in Tpoi/ei?T"+I ' ratio
(Table 3) that was previously suggested to trace the
amount of residual polymer in oxygen-free fluorocar-
bon plasmas [7, 8, 10].

Etching experiments indicated that an increase
in Wqc accelerates the Si etching process, lowers the
gap between Rphys and Rerem, but finally did not break
the rule of Rehem > Rpnys €ven at maximum Wqc value. In
particular, the transition toward higher bias powers in
CF4 + Ar/He plasma changes the Si etching rate from
187-281 nm/min under He-free conditions as well as in
the range of 151-190 nm/min at yre = 45% (Fig. 5(a)).
As both effects are mainly provided by corresponding
changes in Rchem, the condition of I'e =~ const directly
means an increase in effective reaction probabilities,
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yr. In our opinion, the most realistic reason is exactly
same as has been suggested to explain the effect of
Ar/He ratio. Really, one can easily imagine that an in-
crease in ion bombardment intensity lowers the amount
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of residual polymer and accelerates the chemical etch-
ing pathways through increasing amount of vacant ad-
sorption sites for F atoms. That is why the change in
both yr and Rcrem appears to be weaker in He-rich plas-
mas, as it is featured by lower polymerizing ability.
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Fig. 4. Silicon etching rate (a, b) and effective probability of heterogeneous Si + xF — SiFx reaction (c, d) in CF4 + Ar/He (a, ¢) and
CaFsg + Ar/He (b, d) plasmas. In Figs. a, b): 1 — measured etching rate; 2 — rate of heterogeneous chemical reaction; and 3 — rate of physi-
cal sputtering. In Figs. c, d): 1 —yr determined using measured F atom density; 2 — yr determined using model-predicted F atoms density
Puc. 4. Ckopocts TpaBiieHust KpeMHusi (a, b) 1 a3 dexTrBHas BEpOsATHOCTD reTeporeHHoi peakmun Si+ XF — SiFx (c, d) B mna3me CF4
+ Ar/He (a, c) u C4Fs + Ar/He (b, d). Ha puc. a, b): 1 — u3smMepeHHast CKOPOCTb TPaBIEHHS; 2 — CKOPOCTh Te€TePOr€HHON XUMUIECKOH
peakmyy; 1 3 — ckopocTh (pusndaeckoro pacisuieHust. Ha puc. ¢, d): 1 — yr, onpenenenHas 1Mo S5KCIepHUMEeHTaIbHONH KOHIEHTPAIINH aTo-
MOB (ropa; 2 — yr, OIpeIeNIeHHast 10 PacueTHOI KOHI[EHTPAINH aTOMOB (Topa

Table 3
Effect of bias power on gas-phase parameters tracing
ion-driven process kinetics
Tabauya 3. Biusinue MOUIHOCTH CMeLlEHUs HA mapa-
METPbI ra3zoBoii (1)33])[, OTCJICKUBAKOIINE KUHETUKY
HOHHO-CTUMYJHUPOBAHHLIX MPOLECCOB

Yie, %] 0 | 45 0 | 45 0 | 45
Wi, W -Uge, V &I, 1018 Fpo|/8illzr+rp, 1010
CF4 + Ar/He
200 315 | 394 | 1.23 | 1.09 0.95 0.55
500 498 569 | 153 | 1.31 0.70 0.42
C4Fg + Ar/He
200 291 | 383 | 1.30 | 1.14 108 210
500 460 | 530 | 1.65 | 1.39 87 175

In C4Fs + Ar/He plasma, an increase in W
leads to much weaker growth of Si etching rate (105-
119 nm/min at 0% He and 84-95 nm/min at 45% He

ChemChemTech. 2025. V. 68. N 6

and 200-500W, see Fig. 5(b)) that is mainly provided
by increasing Rpnys. Accordingly, the condition of Rehem
~ const directly means yr~ const. The last phenomenon
probably suggests that the positive effect from decreas-
ing polymer thickness (as follows from increasing ion
bombardment intensity at T'po/T'r &~ const) is compen-
sated by the negative one that inhibits the heterogene-
ous chemical reaction. The non-contradictive explana-
tion assumes the weakening of de-fluorination effect
due to decreasing ion path inside the polymer film.
This lowers the chemically active “add-on” from the
side of “secondary” F atoms and thus, reduces the effi-
ciency of chemical reactions on the polymer/Si surface
interface. Therefore, similarly to CF4 + Ar/He plasma,
effects of Ar/He ratio and bias power also allow the
universal explanation.
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Fig. 5. Silicon etching rate as a function of bias power
in CF4 + Ar/He (a) and CsFs + Ar/He (b) plasmas at yre = 0% (1, 2)
and yre = 45% (3, 4). Dashed lines correspond to Rehem
Puc. 5. CkopocTh TpaBiIeHUs] KDEMHUS B 3aBUCHMOCTH OT MOIIHO-
ctu cmenieHus B wiasme CFs + Ar/He (a) u C4Fs + Ar/He (b) mpu
YHe = 0% (1, 2) 11 yHe = 45% (3, 4). [IyHKTHUpHBIE THHUU COOTBET-
CTBYIOT Rchem

Definitely, we understand that above explana-
tions for C4Fs + Ar/He plasma look rather speculative,
as these are not directly confirmed by experiments. At
the same time, corresponding suggestions do not con-
tradict with general regularities of plasma chemistry,
account for really existing physical effect and were
based on verified plasma modeling data. As for the last
argument, the positive sign is also that parameters
I'po/Tr and yr exhibit similar behavior being deter-
mined using model-predicted or measured F atom den-
sities. The latter means no uncertainty in the interpre-
tation of etching data as well as increases the confi-
dence that related conclusions are principally correct.
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