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Ilpogedeno cpasnumensroe ucciedosanue 31eKmpoduzuyecKux napamempos niamol u
CHAayUOHAPHO20 COCMAsa 2a3060ii (hazvl 6 niazme uHOyKyuonnozo B 13656 MI'y paspsaoa é cmecax
CF4+ Oz + Ar, CHF3z + Oz + Ar u C4Fg + O, + Ar. B kauecmee nocmosaHHbIX 6HEWIHUX NAPDAMEMPO8
evicmynanu 001 pmopyznepoonozo komnonenma (50%), oouwiee daenenue zaza (6 mmop), 6K1a0vi-
saemasn mownocmo (700 Bm) u mownocms cmewenusn (200 Bm). Cxema uccneooganus exirouana
ouaznocmuky naazmsl 30n0amu Jlanemiopa u 0-mepnoe (2nobanvnoe) moodeauposanue KUHEmMUKU
naazmoxumuueckux npoueccos. Haitoeno, umo nonumepuszayuoHnas cnocooHocms 6ecKuciopoo-
notx (50% Ar) u kucnopoocooepycaugux (50% O3) cmeceit coenacyemcesn ¢ omnowenuem /X 6 ucxoo-
Hoti monekyne CxHyF,. 3amewenue apzona na xuciopoo npueodoum Kk 0OHOMUNHBIM U3MEHEHUAM
napamempoe I1eKmpoOHHOI U UOHHOI KOMHOHEHM NAa3Mbl (memnepamypul INeKmpoHo8, KOHUEH-
mpayuil 3apANCeHHbIX YACMUY U IHEPZUU UOHHOU D0MOAPOUPOBKU), 6cez0a CHUICAem KOHUEeHmpPa-
YUU NOAUMEPOOPAZYIOUUX PAOUKATIO8 U MOJIUUHY HOJTUMEDHOI NIEHKU, HO OKA3bleaem Pa3iudHoe
6nUAHUE HA KUHEMUKY amomMoe pmopa. Yeenuuenue oonu kucaopooda é cmecax 50% CF4 + Oz + Ar
u 50% CHF; + Oz + Ar npugooum xk MOHOMOHHOMY POCHY KOHUEHmMPauuu amomos ¢pmopa. Mexa-
HU3MbL IMUX AGJICHUIL C6AZAHBL C YEeAUUEHUEM CKOPOCHU 2eHEPAUUU AMOMO8 U CHUMICEHUEeM Yda-
cmombol ux zubenu, coomeemcmeenno. /looasnenue kucnopooa ¢ cucmeme 50% CiFg + O2 + Ar cru-
JHcaem cKopocms 2eHepauyuu amomos pmopa, Ho He NPUBOOUM K 3AMENHbIM U3MEHEHUAM YACMOMm
ux zubenu. Imo coomeemcmayem MOHOMOHHOMY CHUMNCEHUIO KOHUCHMPAUUU AmoMoe hmopa npu
yeenuueHuu cooepicanus Kucaopooa 6 cmecu. B pesynomame, cmayuonapnas Konyenmpayus amo-
Mo pmopa ¢ ycrosusax 50% O3 yeenuuusaemcs 6 paody CsFs - CHF3 - CF4.
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The comparative study of plasma electro-physical parameters and steady-state gas phase
compositions in CF4 + O, + Ar, CHF3; + O, + Ar and CsFs + Oz + Ar gas mixtures was carried out
under the condition of 13.56 MHz inductive RF discharge. Constant processing parameters were
fluorocarbon component fraction in a feed gas (50%), total gas pressure (6 mTorr), input power
(700 W) and bias power (200 W). The investigation scheme included plasma diagnostics by Lang-
muir probes and 0-dimensional (global) modeling of plasma chemistry. It was found that polymer-
izing ability in both non-oxygenated (50% Ar) and oxygenated (50% O;) gas systems correlates with
the x/z ratio in the original CxHyF, molecule. The substitution of Ar for O, causes similar changes
in electrons- and ions-related plasma parameters (electron temperature, plasma density, ion bom-
bardment energy), always suppresses densities of polymerizing radicals and polymer film thickness,
but has the different impact on the F atom kinetics. An increase in O, fraction in 50% CF4 + O, + Ar
and 50% CHF; + O, + Ar gas mixtures results in monotonically increasing F atom densities. Mech-
anisms of these phenomena are increasing F atom formation rate and decreasing the F atom decay
frequency, respectively. The addition of oxygen to 50% C.Fs + O, + Ar gas mixture lowers the F
atom formation rate, but does not result in sufficient changes in their decay frequency. This corre-
sponds to monotonically decreasing F atom density toward Oz-rich plasmas. As a result, the steady-
state density of F atoms in gas systems with 50% O, increases in the sequence of C4Fs - CHF3 - CF..

Key words: fluorocarbon gases, plasma, parameters, active species, ionization, dissociation, etching,
polymerization

(for example, CHF3 and C4Fs) allow one to obtain the

INTRODUCTION . S X ) .
anisotropic high aspect ratio etching of Si (due to the

Fluorocarbon gases with a general formula of
CxHyF; are frequently used for the reactive-ion etching
(RIE) of silicon and silicon-based materials [1-3]. This
process represents the critical part of the photolithog-
raphy circle because it determines patterning quality
and thus, whole device dimension and performance.
Among the fluorocarbon gas family, the CF, is charac-
terized by the highest z/x ratio and provides the domi-
nation of etching over the surface polymerization pro-
cess under the typical RIE conditions [4]. This allows
one to obtain high absolute etching rates, but results in
both nearly isotropic etching profiles for Si (due to the
spontaneous chemical reaction between silicon and flu-
orine atoms) and low SiO/Si selectivity [3, 4]. Oppo-
sitely, more polymerizing fluorocarbons with z/x < 3

ChemChemTech. 2021. V. 64. N 7

passivation of side walls by the fluorocarbon polymer
film [2, 4]) as well as provide the much higher etching
selectivity over the SiO2 (due to the much lower poly-
mer film thickness on the oxygen-containing surface
[4]). At the same time, the negative issues are the de-
crease in absolute Si and SiO; etching rates and an in-
crease in etching residues. It is known also that all flu-
orocarbons are frequently combined with Ar or O, with
the aims of accelerating the physical etching pathway,
increasing the F atoms yield and suppressing surface
polymerization [2, 3]. Therefore, the choice of an ap-
propriate fluorocarbon gas, additive components and
their mixing ratios is a powerful tool to adjust output
characteristics of RIE process for a given type of
etched material. The mandatory condition for the use
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of this tool is the understanding of relationships be-
tween processing conditions, internal plasma parame-
ters and steady-state densities of plasma active species.

Until now, there were many works dealt with
investigations of plasma parameters and gas-phase
compositions in CF4 + Ar/O, [5-8, 10], CHFs + Ar/O;
[9-11] and C4Fs + Ar/O; [7, 12-15] plasmas. In fact,
results of these researches allowed one a) to figure out
key gas-phase processes determining kinetics of fluo-
rine atoms and polymerizing radicals; b) to compose
Kinetic schemes (sets of reactions with corresponding
rate coefficients) for the adequate description of
plasma chemistry in the presence of oxygen; and c) to
understand basic responses of both etching and
polymerization Kkinetics to changes in processing pa-
rameters (input power, pressure and gas mixing ratios).
In addition, our previous studies [8, 11, 14-16] sug-
gested an advanced research scheme as a combination
of etching experiments, plasma diagnostics by Lang-
muir probes and plasma modeling. Such a method
clearly demonstrates how processing parameters do ef-
fect on gas-phase plasma characteristics as well as al-
lows one to analyze etching mechanisms with model-
predicted fluxes of plasma active species. The problem
is that the most of existing data for various gas chem-
istries were obtained at different processing conditions
and/or in different types of plasma reactors. As such,
in many cases it is impossible to compare directly the
features of gas-phase plasma characteristics even for
widely used fluorocarbon-based gas mixtures and
thus, to evaluate their etching performances in respect
to the given treated material. Such situation retards
both optimization of reactive-ion etching technolo-
gies and the overall progress in the electronic device
fabrication field.

The idea of this work was to carry out the com-
parative study of plasma electro-physical parameters
and steady-state gas phase compositions in CF4+ O, + Ar,
CHFs+ O, + Arand CsFs + O, + Ar gas mixtures under
one and the same operating conditions. Corresponding
fluorocarbon gases provide a continuous decrease of
z/x ratio in the sequence of CFs — CHF3; — C4Fg that
causes sufficient differences in their polymerizing abil-
ities and fluorine atom densities [16]. Accordingly, the
main goals were 1) to compare how the change in
O./Ar mixing ratio does influence electrons- and ions
related plasma parameters; 2) to analyze differences in
densities of fluorine atoms and polymerizing radicals
in the presence of oxygen; and 3) to suggest features of
etching and polymerization kinetics based on gas-
phase plasma characteristics.
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EXPERIMENTAL AND MODELING DETAILS

Experiments were performed in the planar
(with top-side flat coil) inductively coupled plasma
(ICP) reactor described in our previous works [14-16].
Plasma was excited using the 13.56 MHz power supply
while another 12.56 MHz rf generator biased the bot-
tom electrode. The latter allowed one to adjust the ion
bombardment energy through the negative dc bias volt-
age (-Uqc). An actual -Ugc value was measured by high-
voltage probe (AMN-CTR, Youngsin Eng.). Constant pro-
cessing parameters were total gas flow rate (q = 40 sccm),
gas pressure (p = 6 mTorr), input power (Win, = 700 W)
and bias power (Wgc = 200 W). The variable parameter
was the O,/Ar mixing ratio in CFs+ O+ Ar, CHF; +
+ O2+ Ar and C4Fg+ Oz + Ar gas mixtures with fixed
50% fraction of fluorocarbon component. Accord-
ingly, an increase in O fraction in a feed gas, y(O.),
from 0-50% corresponded to the full substitution of
Ar for O.

In order to obtain the data on electro-physical
plasma parameters, such as electron temperature (Te)
and ion current density (J+), we used plasma diagnos-
tics by the double Langmuir probe (DLP2000,
Plasmart Inc.). The probe installation and measure-
ment details have been described in Refs. [8, 11]. The
treatment of raw |-V curves was based on well-known
statements of the double probe theory for low pressure
plasmas [17].

In order to analyze the influence of O/Ar mix-
ing ratio on kinetics and densities of plasma active spe-
cies, we used a simplified O-dimensional (global)
model. Detailed information on model assumptions
and algorithm may be found in Refs. [7, 8, 15, 18]. Ki-
netic schemes (sets of chemical reactions with corre-
sponding rate coefficients) were taken from published
works that dealt with the modeling of CF, + Ar/O; [7, 8],
CHFs + Ar/O; [11] and C4Fs + Ar/O- [7, 15] plasmas.
As input parameters, the model used experimental data
on Teand J+. The latter yielded the total density of pos-
itive ions n+ as well as the electron density n. assuming
Ne = n+. The low electronegativity of low pressure CF,
CHF3;, C4Fg and O plasmas has been confirmed in ear-
lier works [5, 6, 9, 13, 19]. The neutral gas temperature
(Tgas) was approximated by the typical (for given set of
processing conditions, reactor type and geometry)
value of ~ 600 K, as have been done in Refs. [10, 11,
14]. The output model parameters were volume-aver-
aged steady-state densities of plasma active species
and their fluxes to the etched surface.

RESULTS AND DISCUSSION

Features of electrons- and ions-related plasma
parameters for CFs + Ar, CHF; + Ar and C4Fs + Ar
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plasmas were subjects of detailed analysis in our pre-
vious studies [10, 14, 16, 18]. That is why the below
discussion deals only with effects obtained during the
substitution of argon for oxygen. Experiments indi-
cated that the substitution of Ar for O in all three gas
mixtures causes similar changes in electron tempera-
ture, plasma density and negative dc bias voltage on
the lower electrode (Table). Corresponding results may
be briefly explained as follows:

- A decrease in Te toward O.-rich plasmas is
caused by an increase in the electron energy loss due
to increasing fraction of molecular components in a gas
phase (Fig. 1). The reason is that the first excitation po-
tential for Ar atom of ~ 11.6 eV (in fact, the starting
point in the corresponding electron energy loss spec-
trum) is much higher than that for O, (~ 0.16 eV for the
vibration excitation R1: Ox(V=0) + e — 02(V>0) + e).
In addition, O provides the low-threshold excitation of
metastable states in R2: Oz + ¢ — O2(a'A) + e (e2=
0.98 eV) and R3: Oz + ¢ — O2(b'X) + e (e3=1.64 eV).
As aresult, the almost continuous energy loss spectrum
from ~ 0.2 eV takes place.

- A decrease in plasma density with increasing
O, content in a feed gas is provided by the simultane-
ous action of two mechanisms. These are a) decreasing
ionization rate coefficients, according to the behavior
of Te (since &i; ~ 12-15 eV > (3/2)T. where ¢, is the
threshold energy for ionization, and (3/2)Te is the mean
electron energy); and b) increasing densities of electro-
negative species due to both O, itself and oxygen-con-
taining reaction products. The latter accelerates losses
of positive ions and electrons through the ion-ion re-
combination and dissociative attachment, respectively.
lon current densities and ion fluxes follow the behavior
of n.and also exhibit decreasing tendencies toward O,-
rich plasmas.

- An increase in negative dc bias is evidently
connected with the decreasing ion flux. This is because
the lower ion flux provides the weaker compensation
for the excess negative charge produced by corresponding
power supply under the condition of W = const.

When analyzing kinetics of neutral species, it
was found that all three gas mixtures exhibit sufficient
dissimilarities in respect to fluorine atom Kinetics.
Such situation is provided by specific electron-impact
dissociation mechanisms for original fluorocarbon
molecules that pre-determine different first-step disso-
ciation products and their interaction pathways with
other species, including oxygen atoms and molecules.

In the CF4 + Ar plasma, dominant fluorine-
containing components are original CFs molecules,
CF5 radicals and F itself [5, 6, 18]. The formation of F at-
oms is mainly provided by R4: CFs+ ¢ — CFs" + F + 2¢
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and R5: CFx +e — CFxq + F + e for x = 3, 4. The decay
of atomic species is due to their heterogeneous recom-
bination in R6: F + F(s.) — F2 and R7: F + CFx(s.) —
— CFx+1, where index “(S.)” points out on the surface-
bonded particle. The substitution of Ar for O rapidly
reduces densities of CFx radicals (due to the decomposition
of these species in R8: CF, + O/O(*D) — CFx10 + F, R9:
CF3;+ CFO — CF4+ CO and R10: CF; + CFO — CF.0+
+ CF»), but introduces new formation pathways for F
atoms. Among latters, most important are electron-im-
pactreactions R11: CFO+e— CO +F +¢,R12: CF,0+
+e—>CFO+F+eand R13: FO+e —>F+ 0O +e.
High rate of R11 is provided by the fast formation of
CFO species in R12 and R14: CO + F — CFO while
the same effect for R12 is due to R10, R15: 2CFO —
CF,0 + CO and R16: CFO + F — CF-0. In addition,
formation kinetics of fluorine atom in Oz-rich plasmas
is noticeably affected by atom-molecular reactions
R17: FO + O/O(*D) — F + O, R18: 2FO — 2F + O;
and R19: CFO + O — CO2 + F. As a result, the substi-
tution of Ar for O leads to a continuous increase in the
F atom formation rate and thus, the F atom density

(Fig. 1(a)).

Table
Electrons- and ions-related plasma parameters in 50%
CF4+ O2 + Ar, 50% CHFs + Oz + Ar and 50% CsFs +
+ O2 + Ar plasmas
Tabauya. IlapameTpbl 3JIEKTPOHHONH U MOHHOI KOMIIO-
HEeHTBI II1a3Mbl B cmecsax 50% CFs + Oz + Ar, 50%
CHF3 + O2 + Ar u 50% C4Fs + O2 + Ar

CF4+ O+ Ar |CHF3+ O+ Ar| C4Fg+ O+ Ar
0)), N, N+, N+,
y(%Z) Te7 1010 'Udc7 Te, 1010 'Udc7 Te, 1010 'Udc,
eV em® V | eV cm-® V | eV em? \Y
0 3.6| 49 |215|48| 6.2 |190|4.8| 4.4 | 212
50 [3.4] 32 |250|{3.0| 3.0 |254|3.1| 3.7 | 269

In the CHF; + Ar plasma, main fluorine-con-
taining species are HF, CHF; and CFy (x = 1-3) [9-11, 20].
The high density of HF [20, 21] is provided by two
mechanisms, such as a) the direct formation of these
species in R20: CHF; + e — HF + CF; + ¢; and 2) the
high efficiency of gas-phase reactions R21: CHFx + F—
— CFx+ HF, R22: CHF« + H — CHFx1 + HF and R23:
CFx + H — CFx1+ HF. Accordingly, main formation
channels for F atoms are R24: HF + e —» H+ F + e and
R5 for x = 2, 3. Another important feature is that the
contribution of R21 to the total decay rate for F atoms
exceeds those for R6 and R7. The substitution of Ar for
O, retards the electron-impact dissociation kinetics
(because of sufficient falls in both Te and ne) as well as
strongly suppresses all F atom formation pathways
which do work in the CHF3 + Ar plasma. The last effect
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is caused by a) fast losses of CFx and CHFy radicals
due to their effective conversion into CFxO species in
R8, R25: CHFx + O — CF,O + H and R26: CHFx+ O —
— CFx10 + HF; and b) the decreasing rate of R24 due
to the tenfold fall in kasne (88.5-8.3 st at 0-50% O,).
Another remarkable differences in respect to previous
gas system are the lower production rates for O and
O(D) in R27: O, + ¢ — 20 + e and R28: 02+ ¢ —
—0O + O(*D) + e as well as the faster decay of oxygen
atoms R8, R25 and R26. In fact, this limits the for-
mation of CFcO and FO species in both gas-phase and

1014 - 1014 -

a)CF,+ 0, + Ar

1013 L 1013 L

Density [cm‘3]

1012 1012

b) CHF, + O, + Ar

heterogeneous reactions and thus, lowers contributions
of R11-R13 and R17-R19 to the F atom formation ki-
netics. All these result in a monotonic decrease in the
total F atom formation rate toward O-rich plasmas (by
~ 2.3 times at 0-50% O). At the same time, rapidly
decreasing densities of CHFy and CFy radicals reduce
the effective decay frequency for F atoms in both het-
erogeneous (R6, R7) and gas-phase (R21) reactions.
Since the last tendency appears to be faster compared
with a change in the fluorine atom formation rate, the
monotonic increase in [F] takes place (Fig. 1(b)).

1014 -
¢) C,Fg+ 0O, + Ar

1012

20

30 40 50 0 10 20 30 40 50

O, fraction in a feed gas [%]
Fig. 1. Steady-state densities of neutral species in CF4 + Oz + Ar (a), CHFs + O2 + Ar (b) and CsFs + Oz + Ar (c) plasmas. Dashed lines
indicate the oxygen-containing components
Puc. 1. CranpoHapHble KOHIEHTPALMH HeliTpanbHbIX YacTull B masme CF4 + Oz + Ar (a), CHFs + Oz + Ar (b) and CasFs + Oz + Ar (c).
HyHKTHprIMPI JIMHUAMMU BBIACIICHBI KUCJIOPOACOACPKAIINUE KOMIIOHCHTBI

In the C4Fs + Ar plasma, the gas phase is
mostly composed by fluorocarbon components CFy
(x =1, 2, 3) and CoFx (x = 3, 4) (Fig. 1(c)) [12-14].
These particles appear as the first-step dissociation
products of original C4Fs molecules in R29: C4Fs + e—
— 2CsF4+ e and R30: C4Fs+ e — C3Fg + CF2+ € as
well as result from the further decomposition of corre-
sponding reaction products through R5 for x = 2, R31.:
CsFs+e — CoF4+ CFo+e,R32: CoFs +e — 2CF, + €
and R33: CyF4 + ¢ — CoF3 + F + e. The main source of
F atoms is given by R5 for x = 1-3 while their decay
in addition to R6 and R7 is noticeably contributed by
R34: C,;F4 + F — CF; + CF3. The substitution of Ar
for Ozalso reduces the efficiency of R5 (due to the sim-
ultaneous decrease in T, and ne) as well as introduces
new pathways for the decomposition of CFy radicals in

50

a form of R8-R10. At the same time, a decrease in
[CF+] appears to be much slower compared with CF4-
and CHFs-based plasmas. The reason is the effective
loss of Oz molecules in R35: CF + O, — CFO + O and
R36: C + O, — CO + O that limits formation rates for
O and O(*D) atoms through R27 and R28. The lack of
oxygen atoms reduces the significance of R8, R11-R13
and R17-R19 in respect to production of F atoms while
the total F atom formation rate exhibit the monotonic
decrease toward O.-rich plasmas. Accordingly, the
same behavior is also for the F atoms density, as shown
in Fig. 1(c).

In order to understand how above differences
in gas-phase plasma characteristics do influence the re-
active-ion etching kinetics, one can use the phenome-
nological approach developed in earlier works [7, 8,

W3B. By30B. XumMus u xuM. TexHonorus. 2021. T. 64. Beim. 7



10, 11]. The latter is based on several experimental
studies [22—-26] and may be formulated as follows:

- The rate of physical sputtering Rpnys for both
target surface and fluorocarbon polymer film may be
expressed as YsI'+, where Ysis the process yield, and
I's = J+/e is the ion flux. When taking in mind that Ys~
(Migi)Y2 for the given ion mass, the efficiency of the
physical etching pathway in different gas systems with
M; ~ const may be compared using the the parameter
&l ..

- The rate of chemical reaction Rchem between F
atoms and target surface may be expressed as yrI',
where I'r is the flux of F atoms with the gas-phase den-
sity [F], and yr is the effective reaction probability. The
similar formula works also for the chemical interaction
of O atoms with polymer surface. The sufficient differ-
ence between these two cases is that the reaction of F
atoms appears on the polymer/etched surfaced inter-
face and may have the ion-assisted nature. That is why
the corresponding yr may depend not only on surface
temperature, but be also sensitive to any factor influ-
encing the access of etchant species to desorption sites.
In general, these are the ion bombardment intensity and
the polymer film thickness.

- The growth of polymer film is provided by
CHyFy (X +y < 2) radicals as well as appears to be
slower in fluorine-rich plasmas. As such, the polymer
deposition rate is characterized by the T'po/T'F ratio,
where Tpa is the total flux of polymerizing radicals,
while the change in fluorocarbon polymer film thick-
ness due to physical and chemical decomposition path-
ways may be traced by parameters I'po/eit?I.I'r and
oo/ T'ol 'k, respectively.

Data of Figs. 1, 2 and 3 allow one to summa-
rize features which may influence heterogeneous pro-
cess kinetics in given gas systems. First, the substitu-
tion of Ar for O; in all there gas mixtures introduces
identical gas-phase reaction mechanisms to reduce
densities of polymerizing radicals, but has specific im-
pacts on the formation-decay balance for F atoms. As
aresult, an increase in y(O2) up to 50% does not change
the basic rule concerning the correlation between the
polymerizing ability and the z/x ratio in original
CxHyF, molecules, but disturbs the difference in F atom
densities compared with non-oxygenated binary mix-
tures with Ar [16]. Particularly, the rapid fall of both
[F] and It in the CsFs + O, + Ar plasma produces the
more than 10 times gap compared with the CF, - based
gas system as well as leads to lowest values of these
parameters among other O-rich mixtures. Another
principal effect is that even the formally similar
changes of F atom density in CFs + O2 + Ar and
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CHF; + O, + Ar plasmas are caused by different rea-
sons. These are changes in F atom formation or decay
kinetics, respectively. Second, the substitution of Ar
for O always suppresses the polymer deposition rate
through increasing gap between densities of F atoms
and polymerizing radicals. The stronger effect for CF4+
O, + Ar and CHFs + O, + Ar plasmas (see Fig. 2(b)) is
because of increasing density of F atoms and opposite
changes in T'porand I'ypol toward higher y(O,) values.

\

2

18

16

12}

- 10} 1 3

1” 18 2.1
&’r, 10™°, ev¥2ems

0’8 1 1 1 1 1 1
0 10 20 30 40 50

O, fraction in a feed gas, %
a

1018 N 3

0 100 20 30 40 50
0O, fraction in a feed gas, %

b
Fig. 2. Gas-phase-related parameters characterizing the ion bom-
bardment intensity (a) and the polymer deposition rate (b) in CF4
+ 02+ Ar (1), CHF3 + O2 + Ar (2) and CsFs + Oz + Ar (3) plasmas
Puc. 2. [TapameTphl Ta30BOH (a3bl, XapaKTEPU3YIOIIIe HHTEHCHUB-
HOCTh HOHHOU O0MOapANPOBKY MOBEPXHOCTH (@) H CKOPOCTH Oca-
sxaenus nonumepa (b) B mnasme CFa + Oz2 + Ar (1), CHF3 + O2 +
Ar (2) n C4Fs + Oz2 + Ar (3)

And thirdly, the substitution of Ar for Oz in all
three gas systems results in decreasing polymer film
thickness. Again, the stronger change of hyo for CF, +
+0, + Ar and CHF; + O, + Ar plasmas is due to the
simultaneous acceleration in physical (Fig. 3(a)) and
chemical (Fig. 3(b)) polymer decomposition pathways.
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In the C4Fs + O, + Ar plasma, the decrease in &'+
(Fig. 2(a)) has almost the same slope with the change
in ['po/TF ratio (Fig. 2(a)). Such situation causes the
nearly constant efficiency for sputter etching of poly-
mer film in the range of 0-50% O..
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Fig. 3. Gas-phase-related parameters characterizing the change
in polymer film thickness due to physical (a) and chemical (b)
etching pathways in CF4 + Oz + Ar (1), CHF3 + O2 + Ar (2) and
C4Fg + O2 + Ar (3) plasmas
Puc. 3. [TapameTpsl ra3oBoii (a3bl, XapakTepU3YIOIIIe H3MeHe-
HHEC TOJIIIUHBI HOHHMCpHOfI IIJICHKH 3a CUYCT (1)I/I3I/I‘IGCKOF0 (a) n
xuMuaeckoro (6) Mexann3MoB TpasieHus B ruazme CFs4 + Oz +
Ar (1), CHFs + O2 + Ar (2) u CaFs + O2 + Ar (3)

From above data, it can be suggested that the
C4Fs+ O2+ Ar gas system under the condition of y(O,)
> y(Ar) represents the worse source of etchant species
as well as is featured by highest polymer deposition
rate and polymer film thickness. Therefore, one can ex-
pect the lowest silicon etching rate together with an ad-
vanced etching profile. The latter is due to both weaker
spontaneous etching (because of lower T'+/T"+ ratio) and
better passivation of sidewalls.
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CONCLUSIONS

In this work, we investigated how the O2/Ar
ratio in CF4+ Oz + Ar, CHF; + O, + Ar and C4Fs+ Ot
+ Ar gas mixtures does influence plasma parameters
and steady-state gas phase compositions under the con-
dition of 13.56 MHz inductive RF discharge. It was
shown that the transition toward Oj-rich plasmas a)
causes similar changes in electrons- and ions-related
plasma parameters (electron temperature, plasma den-
sity, ion bombardment energy); b) always suppresses
densities of polymerizing radicals and reduces the pol-
ymer film thickness; and c) has the different impact on
the F atom kinetics. As a result, the presence of oxygen
does not disturb the correlation between the polymer-
izing ability and the z/x ratio in original CxHyF, mole-
cules while the increasing F atom density in the se-
guence of CsFg - CHF3 - CF4 in at 50% O; contradicts
with that for non-oxygenated plasmas.

The publication was carried out within the
framework of the state assignment of the Federal State
Institution «Scientific Research Institute for System
Analysis of the Russian Academy of Sciences» (funda-
mental research) on subject No. 0580-2021-0006
“Fundamental and applied research in the field of li-
thography limits in semiconductor technologies as well
as physical and chemical etching processes for 3D na-
nometer dielectric structures for the development of
critical technologies for the production of ECB. Inves-
tigations and developments of both models and con-
structions for microelectronic elements in the extended
temperature range (from -60C to +300C)”.
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BejieHue (yHIaMEHTAIbHBIX HAyYHBIX HCCIIEIOBAHHIA)
mo teme Ne 0580-2021-0006 «DyHmameHTanbHBIE W
MNPUKIIAAHBIC UCCICAOBAHUS B oOJactu J'II/ITOI‘pa(I)I/Iqe—
CKHX IMPEACJIOB IMOJTYINPOBOAHUKOBBIX TEXHOJIOTUH U
(U3UKO-XUMHUYECKUX TIpolieccoB TpasieHus 3D HaHo-
MCTPOBBIX JUIJICKTPUUYCCKUX CTPYKTYpP AJIA Pa3BUTUA
KpUTHYeCKHX TexHonormi mpousBoactea JKb. Uc-
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QJICMCHTOB MUKPOIJICKTPOHUKHU B paCHIMPCHHOM JUa-
nazone Temnepatyp (ot -60C mo +300C)».
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