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Ilposeoeno uccneooeanue enuanua coomuouienus Ar/0; Ha XapaKmepucmuKku 2a3zoeoil
¢aszvt u kunemuxy mpaenenusn SiO; ¢ naazme cmeceit CF, + Ar + O, u C,Fg + Ar + O, 6 ycrosusx
unoykyuonnozo B4 13,56 MI'y paspsaoa. B kauecmee nocCmoAHHbIX 6HEUWIHUX RAPDAMEMPOE 6bICHLY-
nanu 00as Gmopyznepoonozo Komnonenma 6 naamooopasywuien cmecu (50%), oouiee dasnenue
2aza (6 mmop), exnaovieaemans mowocmsy (700 Bm) u mowgnocmo cmewenusn (200 Bm). Bvino
Hali0eHo, YUMo NOJIHOE 3aMeujeHue ap2oHa HA KUCTIOPOO 8 00eux cmecax XapaKkmepusyemcsa Hemo-
HOMOHHBIM UIMeHeHUueMm (¢ makcumymom npu ~ 25% Ar + 25% 0,) ckopocmu mpasnenusn SiO, u
MOHOMOHHBIM POCHIOM CKOPOCIMU MPABieHUsA homopezucma npu 060.1ee 8blCOKUX ADCOTIOMHBIX
3HaueHusax ckopocmeil ¢ naaime Ha ocnoge CF, Cmayuonapuvie KOHUeHmMpPayuyu AKMUGHBIX Ya-
cmuy Onpeoenanuch nPU CO6MECHHOM UCNOIb306AHUN OUAZHOCIMUKY NAa3Mbl 30H0amu Jlanemiopa
u 0-mepnom (2100a1bHOM) MOOETUPOCAHUN KUHEMUKU NAAIMOXUmMu4eckux npoyeccos. Coomeem-
cmeyrujue pe3yibmamsl NOKA3a1U, Ymo 0be 2a306ble CUCHEMbl XAPAKMEPUIYIOMCA OIUKUMU Ra-
pamempamu INeKMPOHHOU U WOHHOU KOMNOHEHM N1A3Mbl, HO CYU{€CIM8EHHO PA3NUYAIONCA NO KU~
Hemuke HellmpanbHuIX Yacmuy, ocooenno ¢ npucymcmeuu O, Ilocneonasn ocobennocms 00ycnas-
Jueaem npomuUBONnoI0IHCHbIE USMEHEHUA KAK KoHUyenmpayuu amomoe F, mak u rghpghexmuenoii ge-
POAMHOCIMU UOHHO-CHIUMYJIUPOGAHHON XUMUUECKON peaKkuyuu 6 3asUCUMOCU Oml napamvempa
Ar/O,. Bzaumoceazu mexcoy euoom (pmopyziepoonozo KOMHOHEHMA U KUHEMUKOU 2emepPozZeHHbIX
npoueccos aHAIUZUPOBATUCH C HOMOWbIO HADOPA RAPDAMEMPO8, XAPAKMEPUYIOWUX 2A308YI0 a3y
(niomuocmeit nomokoe uacmuy u ux omuowenuit). Ha ocnoeanuu smozo ananuza npeonosodyce-
HO, umo pocm cooepycanusn O, ¢ cmecu CF, + Ar + O, co craboii nonumepusauuonnoi Hazpy3Koii
Ha oOpadamvleaemylo noeepxnocms cHuxdcaem eepoamnocmy peakyuu Si0O, + F uepe3 cnuicenue
Ihpekmuenocmu decmpykyuu OKCUOHBIX C6A3€l U 0ecopOyuU nPoOYKmMoe mpaeieHus u3-3a cHu-
JHCeHUs NAOMHOCMU NOMOKA IHepeuu uonos. Hanpomue, pocm cooepicanusn O, 6 cmecu C,Fg + Ar
+ O, ¢ 6bicoKoll nonumepu3aUUORHOI HAZPY3KOIL cnocodcmeyem pocmy Ihexmusnoii eeposmno-
cmu 63aUMO0€eICEUA 3a CHYEM CHUINICCHUA MONWUHDL (MOPY2nepoOHOll ROTUMEPHOU NIAEHKU U
oonezyenusn oocmyna amomoe F k oopadamuieaemoii nogepxnocmu.

KuaroueBbie cioBa: SiO,, TpaieHue, MOJMMEpU3aIns, MOTOK aTOMOB (hTOpa, MOTOK SHEPTrHHA HOHOB,
s eKkTUBHAS BEPOSTHOCTH B3aUMOJICHCTBHS
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The effect of Ar/O, mixing ratio on gas-phase characteristics and SiO, etching kinetics in
CF4 + Ar + O, and C4Fg + Ar + O, plasmas was studied under conditions of 13.56 MHz inductive
RF discharge. The constant processing parameters were fraction of fluorocarbon component in a
feed gas (50%) total gas pressure (6 mTorr), input power (700 W) and bias power (200 W). It was
found that the full substitution of Ar for O2 in both gas systems results in non-monotonic (with a
maximum at ~ 25% Ar + 25% O,) SiO, etching rates as well as in monotonically increasing pho-
toresist etching rate with higher absolute values for CF4-containing mixture. The steady-state
densities of active species were determined using a combination of plasma diagnostics by Lang-
muir probes and O-dimensional (global) plasma modeling. Corresponding results indicated that
both gas systems are characterized by quite close parameters of electron and ion components
while exhibit sufficient differences in the kinetics of neutral species, especially in the presence of
0,. The latter produces opposite changes in F atom density as well as in effective probability of
ion-assisted chemical reaction vs. Ar/O, mixing ratio. Relationships between type of fluorocarbon
component and heterogeneous process kinetics were analyzed through the set of gas-phase-
related parameters (fluxes, flux-to-flux ratios) characterizing chemical etching pathways for SiO,
and formation/destruction balance for the fluorocarbon polymer film. It was suggested that the
transition toward O,-rich plasma in the low-polymerizing CF, + Ar + O, plasma suppresses the
effective probability for SiO, + F reaction through decreasing efficiency for oxide bond breaking
and desorption of etching products due to decreasing ion energy flux. Oppositely, an increase in
0O, content in the high-polymerizing C4;Fg + Ar + O, mixture lifts up the effective reaction proba-
bility by decreasing fluorocarbon film thickness and providing better access of F atoms to the

etched surface.

Key words: SiO,, etching, polymerization, fluorine atom flux, ion energy flux, effective reaction prob-

ability

Jast nuTupoBaHus:

Edpemor A.M., Cobosiee A.M., Kwon K.-H. OcobeHHOCTH KMHETHKH pEeaKkTHBHO-WOHHOTO TpamieHus SiO; B cMecsx
CF4 + Ar + Oy m CyFg + Ar + O,. H38. 8y306. Xumus u xum. mexuonoeus. 2020. T. 63. Bem. 9. C. 21-27

For citation:

Efremov A.M., Sobolev A.M., Kwon K.-H. Features of SiO, reactive-ion etching kinetics in CF, + Ar + O, and C,Fg + Ar + O,
gas mixtures. Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. [Russ. J. Chem. & Chem. Tech.]. 2020. V. 63. N 9. P. 21-27

INTRODUCTION

Recently, silicon and silicon-based materials
(SiOy, SizNg4, SiC) still keep the leading position in
modern electronic device technology. Particularly,
SiO, is widely used as the gate dielectric in field-
effect structures as well as frequently plays the roles
of inter-element insulation or final passivation [1-3].
Since most of these applications assume the precise
patterning of SiO, layers in fluorocarbon (C,F,) gas
plasmas [3, 4], the optimization of corresponding dry
etching processes is a key problem for achieving ad-
vanced device characteristics. For this purpose, one
must clearly understood the interconnections between
processing conditions, plasma chemistry and heteroge-
neous Kinetics.

Until now, there were enough works reported
on etching characteristics and mechanisms for SiO; in
fluorocarbon gas plasmas [3-13]. Results of these
works allow one to conclude that:

22

1) In all fluorocarbon-based gas chemistries,
the dominant contribution to the chemical etching of
SiO, is provided by F atoms [5-7]. The much weaker
chemical effect from CF, radicals due to the ion-
induced dissociation of their adsorbed states has no
principal influence on the overall etching kinetics
[13].

2) The patterning of SiO, is possible under
the conditions of reactive-ion etching process and re-
quires the ion bombardment energy of ~ 200-300 eV.
The reason is that the spontaneous reaction SiO, + F
is thermodynamically prohibited, as follows from the
comparison of Si-O (~ 799 kJ/mol) and Si-F (~ 552
kJ/mol) bond dissociation energies [14]. Therefore,
the role of ion bombardment includes a) the destruc-
tion of Si-O bonds to produce the chemisorption sites
for F atoms; and b) the desorption heterogeneous re-
action products which appear in a form of the non-
saturated low volatile SiFy layer [5, 6, 8].
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3) In high-polymerizing fluorocarbon gases
(y/x < 3 in the C4Fy molecule), the SiO, etching pro-
cess is affected by the fluorocarbon (FC) polymer
film grown at the plasma/etched surface interface [5-
7]. Since the thick (> 10 nm) FC film limits the
transport of F atoms to the target material as well as
reduces the effective ion bombardment energy, the
SiO, etching kinetics strongly depends on the film
thickness and thus, on the polymer deposition/decom-
position dynamics [6-8].

The problem is that the most of existing
works have the pure experimental nature and thus, did
not analyze the relationships between heterogeneous
effects and gas-phase plasma characteristics. That is
why the basic principles to control the SiO, etching
process by plasma-related operating parameters are
still not clear enough. Another negative issue is that
studies of different gas systems were performed for
different processing conditions and reactor types.
Such situation limits the possibility to compare corre-
sponding results and thus, to select the gas mixture
for achieving the desirable combination of etching
rate, anisotropy and selectivity in the given etching
process.

In our previous work, we have performed the
comparative study of plasma chemistry in CF, + Ar +
+0, and C4Fg + Ar + O, gas systems [15]. Thought
some reasonable data on steady-state plasma parame-
ters and gas-phase composition were obtained, these
were not applied for the analysis of Si and/or SiO,
etching process. Therefore, since interconnections
between gas-phase plasma parameters and heteroge-
neous kinetics in given gas systems are not still clear,
differences in Si and SiO, etching mechanisms are not
completely understood. Such situation retards the op-
timization of plasma etching technology for silicon-
based materials. From the others side, results of Refs.
[10, 15, 16] clearly indicated that Ar/O, mixing ratio
at constant fraction of fluorocarbon component is a
powerful tool to adjust densities of F atoms and pol-
ymerizing radicals. Accordingly, the idea of current
work was to perform the comparative study of SiO,
etching kinetics in CF4 + Ar + O, and C4Fg + Ar + O,
plasmas with various Ar/O, mixing ratios as well as
to analyze the relationships between gas-phase plasma
parameters and heterogeneous reaction pathways de-
termining the features of SiO, etching mechanisms.

EXPERIMENTAL AND MODELING DETAILS

Experiments with both CF, + Ar + O, and
C4Fs + Ar + O, gas mixtures were performed in the
planar inductively coupled plasma (ICP) reactor de-
scribed in our previous works [15, 16]. Plasma was
excited using a 13.56 MHz radio-frequency (RF)
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power supply. Another RF power supply was con-
nected to the chuck electrode in order to control the
ion bombardment energy (;) through the negative DC
bias voltage (-Ug). The chuck electrode was equipped
by the water-flow cooling system that allowed one to
maintain its temperature at ~17 °C. In all experi-
mental series, the constant parameters were gas pres-
sure (p = 6 mTorr), total gas flow rate (q = 40 sccm),
input power (W =900 W) and bias power (Wq= 200 W).
The variable parameter was the Ar/O, mixing ratio.
The initial composition of each gas mixture was set
by adjusting partial flow rates for corresponding gas-
es. Particularly, content of CF, or C,;Fg was always
50% while the remaining half was represented by var-
ious fractions of Ar and O,. Accordingly, an increase
in O, fraction y(O,) from 0-50% corresponded to the
full substitution of Ar for O,.

Etched samples (parts of Si wafer with the
500 nm-thick SiO, layer) had the size of about
2x2 c¢cm and was partially masked by the photoresist
AZ1512 (positive). The etching rates for SiO, and
photoresist (PR) were determines as R = Ah/t, where
Ah is the etched depth determined using surface pro-
filer Alpha-Step 500 (Tencor), and t = 2 min is the
processing time. In preliminary experiments, it was
found that, under the given set of processing condi-
tions, both etching processes are featured by the
steady-state kinetic regime with the negligible influ-
ence of reaction products on gas-phase plasma pa-
rameters.

Plasma diagnostic was performed by double
Langmuir probe (DLP2000, Plasmart Inc.). The probe
setup had the built-in tip cleaning system for meas-
urements in polymerizing plasmas. The treatment of
voltage-current curves with using the well-known
statements of probe theory [5, 17] provided infor-
mation on electron temperature (T.) and ion current
density (J.). In order to minimize the effect of fluoro-
carbon polymer film on diagnostics results, the probe
tip was additionally cleaned in 50% Ar + 50% O,
plasma for 1 min before and after each measurement.
As a result, there were no sufficient differences be-
tween data points recorded under one and the same
experimental conditions.

Plasma modeling was represented by O0-di-
mensional (global) kinetic model operated with vol-
ume-averaged plasma characteristics. Kinetic sche-
mes (reaction sets with corresponding rate coeffi-
cients), modeling approaches and algorithm were tak-
en from our previous works [15, 16, 18]. Input model
parameters were experimental data on T, and J.. As
output parameters, the model yielded steady-state
densities of plasma active species and their fluxes on
the etched surface.
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Basic assumptions for the analysis of hetero-
geneous kinetics were also the same with those used
in our previous works [15, 16, 19-21]:

1) Any chemical etching pathway (interac-
tions of F atoms with the SiO, surface as well as O
atoms with the fluorocarbon polymer film) has the
rate of yr xI'x [5, 20-23], where I'x (X = F or O) is the
flux of corresponding atomic species with the gas-
phase density [X], and yrx is the effective reaction
probability. Generally, the constant surface tempera-
ture allows one to assume ygr x = const [5] as well as
to associate changes in the chemical etching pathway
with changes in T'x only.

2) Any physical etching pathway (the break-
ing of Si-O bonds, the destruction of the fluorocarbon
polymer film as well as the ion-stimulated desorption
of reaction products) has the rate of YsI'. [21-24],
where Ys is the ion-type-averaged sputtering yield,
and I'y ~ J./e is the ion flux. According to Refs. [15,
16], one can suggest Ys ~ (Mig)*?, where M; is the
effective ion molar mass, g = e(-Us - Uy) is the ion
bombardment energy, and Us is the floating potential.
As such, the change in the physical etching pathway
may be traced by the parameter (Me;)"/T",, character-
izing the ion energy flux.

3) The formation of the fluorocarbon polymer
film is provided by CF, (x = 1, 2) radicals as well as
appears to be slower in fluorine-rich plasmas [6-9].
As such, the polymer deposition rate is characterized
by the I',o/T'r ratio, where Iy, is the total flux of pol-
ymerizing radicals. Accordingly, the change in fluo-
rocarbon polymer film thickness due to destruction by
ion bombardment and etching by oxygen atoms may
be traced by the parameters [o/(Mig)"*I.I's and
ool Tol, respectively.

RESULTS AND DISCUSSION

From Fig. 1(a), it can be seen that SiO, etch-
ing rates in oxygen-free CF, + Ar and C,F3 + Ar
plasmas are quite close with typical values ~
100 nm/min. An increase in O, fraction in both gas
systems (i.e. the substitution of Ar for O,) results in
similar non-monotonic R = f(y(O,)) functions which
exhibit maximums at ~ 25% O,. The main differences
between two gas systems are only in quantitative
scale and may be summarized as follows. First, under
the condition of y(O,) > 0 the CF,-based gas system
provides the systematically higher SiO, etching rates
compared with the C4Fg-based one. And secondly, the
substitution of Ar with O, has the noticeably stronger
effect on the SiO, etching process in CF; + Ar + O,
plasma. Particularly, the change in y(O,) from 0-25%
causes the almost twofold (102-200 nm/min) increase
in SiO, etching rate in CF, + Ar + O, plasma while
the corresponding effect in C,Fg + Ar + O, plasma is
only 1.3 times (97-124 nm/min). As such, the principal

24

questions for understanding of SiO, etching mecha-
nism in given gas systems are: 1) what mechanism
does produce the maximum on SiO, etching rate as
function of y(O,) and 2) what are the reasons provid-
ing the quantitative differences in SiO, etching rates
for CF4- and C,Fg-based gas chemistries under one
and the same operating conditions?
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Fig. 1. Parameters characterizing the SiO, etching kinetics in CF,
+Ar + O, (solid lines) and C4Fg + Ar + O, (dashed lines) plasmas.
In Fig. a): 1 — SiO, etching rate; 2 — etching selectivity over the
photoresist. In Fig. b): effective reaction probability (yg )
Puc. 1. [TapameTpbl, XapakTepU3yIOIIHe KHHETUKY TPABICHHS
SiO, B mmasme CF4 + Ar + O, (crutorunas uaus) u C4Fg + Ar +
O, (mynkrup). Ha puc. a): 1 — ckopoctsb Tpasierus SiOy; 2 —
CEJIEKTUBHOCTh TPABJICHHUS MO OTHOLIEHHMIO K oTopesucty. Ha
puc. 0): 3 dexTrBHAS BEPOSTHOCTH B3aUMOACHCTBUSA (YR F)

From previously published works, it can be
understood that SiO, etching rates shown in Fig. 1(a)
may be expressed as Rpnys + Rehem [21-23], where Rppnys
is the rate of physical sputtering and Rem is the rate
of ion-assisted chemical reaction between SiO, and F
atoms. The experiments showed that, under condi-
tions of given study, the SiO, etching rate in Ar
plasma is ~ 5 nm/min. As such, the condition
Rpnys << Recrem = R takes place for both gas mixtures.
Then, taking in mind that Rcpem = yr e[ F, ONE can sug-
gest that the quantitative differences in SiO, etching
rates for CF;- and C4Fg-based gas mixtures mentioned
in Fig. 1(a) may be connected with differences in both
gas-phase plasma characteristics (through [F] and I'f)
and the heterogeneous kinetics (through ygr ). Accord-
ingly, the reasons which may cause the non-mono-
tonic changes of SiO, etching rate vs. the O, fraction
in a feed gas are: 1) the maximum on the T =
f(y(O,)) curve due to the change in formation/decay
balance for F atoms in the presence of oxygen; and 2)
monotonic, but opposite tendencies for both T'= and
vrr. Particularly, even at constant surface tempera-
ture, yrr may be dependent on the fraction of “active”
surface which provides the chemisorption of F atoms.
Obviously, the latter is sensitive to the intensity of ion
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bombardment (through the Si-O bong breaking, de-
sorption of reaction products and physical destruction
of fluorocarbon polymer film) and O atom flux
(through the chemical destruction of fluorocarbon
polymer film). Therefore, the adequate interpretation
of SiO, etching mechanism in CF4 + Ar + O, and
C4Fg + Ar + O, plasmas requires the study of plasma
parameters and gas phase composition.

The basic properties of CF, + Ar + O, and
C4Fg + Ar + O, plasmas have been discussed in detail
in Refs. [15, 16]. As such, it seems to be reasonable
just to summarize their principal features which are
important for the purpose of given study at given pro-
cess conditions. Particularly, one must underline several
effects taking place during the substitution of Ar with O,
at constant fraction of fluorocarbon component:

1) Both gas mixtures demonstrate similar ef-
fect of y(O,) on electron temperature and ion current
density (Tab. 1). A decrease in T, (3.6-3.4 eV for
CF, + O, + Ar and 4.8-3.1 eV for C,Fg + O, + Ar at
0-50% O,) is connected with increasing electron en-
ergy loss in low-threshold excitations (vibrational,
electronic) for O, itself and molecular products of
plasma chemical reactions. The decreasing tendency
for J, is produced by corresponding changes in ion
densities n, (4.2-:10"°-3.2-10" cm™ for CF, + O, + Ar
and 4.2:10"°-3.7-10" cm® for C,/Fg + O, + Ar at
0-50% O,). The reasons are that a) decreasing T, low-
ers ionization rate coefficients for all types of neutral
species; and b) an increase in y(O,) enriches the gas
phase by oxygen-containing electronegative species
that accelerate decay for both positive ions and elec-
trons through the ion-ion recombination and dissocia-
tive attachment, respectively.

Table
Electro-physical plasma parameters
Tabnuya. dnexkrpodusuyeckre napamMeTpbl MJIaA3Mbl

CF,+ Ar+0, Ci/Fg+ Ar+ 0O,
Y. T, _[-U ., _[-U
% | Te €V ajom? \76' Te €V 1 ajem? \;k’
0 3.60 1.10 137 | 4.81 1.21 145
25 3.53 1.01 149 | 4.01 1.08 167
50 3.40 0.95 153 | 3.12 0.91 177

2) Both gas mixtures exhibit quite similar
changes in ion flux and ion bombardment energy (Fig.
2a). A weak increase in negative dc bias at constant
Wy (-Uge = 137-153 V for CF, + O, + Ar and 145-
177 V for C4Fg + O, + Ar at 0-50% 0O,) and thus, in
ion bombardment energy (g = 159-173 eV and 175-
196 eV for CF,- and C4Fg-based gas mixtures, respec-
tively) does not compensate the decrease in T'.. Ac-
cordingly, the monotonic decrease in the parameter
(Mig)""I", (6.1-10Y-4.9-10" eV¥cm?s™* for CF, +
+ 0, + Arand 7.3-107-5.4-10"" eV"’cms™ for C,F, +
+ O, + Ar at 0-50% O,) suggests that the substitution
of Ar for O, suppresses the physical etching pathway.

3) Both gas mixtures are characterized by
similar decreasing trends for densities and fluxes of
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polymerizing radicals CF, (x = 1, 2), but by opposite
changes in corresponding values for F atoms (Fig.
2b). The monotonic increase in F atom density in CF,4
+ 0, + Ar plasma ([F] = 5.6-10'%-5.4-10"* cm™ at
0-50% O,) is provided by the effective formation of
these species in R1: CF, + O — CF,,0 + F, R2: CF, +
+ O(D) — CF4O0 + Fand R3: F, + O — FO + F
(with a consequent electron-impact dissociation of
fluorine-containing reaction products) that overcom-
pensate the decreasing rate of R4: CF, + e — CFy; +
+ F + e. The monotonic decrease in F atom densit
in C,Fg + O, + Ar plasma ([F] = 8.0-10"%-8.6-10™
cmat 0-50% O,) results from the same change in the
rate of R4 with the almost negligible contribution
from the side of R1-R3. The reason is that the for-
mation rates for both O and O(*D) in R5: O, + ¢ —
—20+e,R6:0,+¢—O0+0('D)+eandR7: O+ ¢ —
— O('D) + e are sufficiently limited by the decay of
O, molecules through R8: C + O, — CO + O. In addi-
tion, the low efficiency of R1-R3 provides also the
much weaker fall in the density of polymerizing radi-
cals compared with CF,-based gas system.

4) The oxygen-free C,Fg + Ar gas system
provides the much thicker FC polymer film compared
with CF, + Ar one [6, 7]. Such situation results from
the sufficient difference in polymer deposition rates
(TpoT'e = 6.4 for C4Fg + Ar vs. 0.1 for CF, + Ar) at
quite close polymer destruction rates by ion bom-
bardment ((Mig))"T, = 7.2:10" eV*?cm™s™ for C,Fg
+ Ar vs. 6.1-10" eV¥%cm™?s™). An increase in y(O,)
reduces the thickness of the FC polymer film in both
gas mixtures, as follows from the rapidly decreasing
[pol/Tol e ratios (2.8-:10™° cm’s for C,Fs + Ar and
1.9-10" cm? at 5-50% O,). The latter implies also
that the 50% C4Fg + 50% O, plasma keeps the much
higher polymerization ability compared with corre-
sponding CF4-based gas mixture.

The comparison of Figs. 1(a) and 2 allows
one to formulate two principal features of the SiO,
etching mechanisms in CF4+ Ar + O, and C,Fg+ Ar + O,
plasmas. First, in both gas mixtures, the non-
monotonic etching rates contradict with monotonic
changes of both T and (Mie;)"“I".. And secondly, the
similar changes in etching rates correspond to oppo-
site behaviors of T'r. Obviously, the last fact also pro-
vides the opposite changes in effective reaction prob-
abilities yrr = R/T'f, as shown in Fig. 1(b). Particular-
ly, it can be seen that the substitution of Ar for O, in
CF4 + Ar + O, gas mixture results in monotonically
decreasing yge in the range of (3.9-0.52)-10? for
0-50% O,. When neglecting the influence of FC pol-
ymer film on the SiO, etching kinetics in the low-
polymerizing CF,-based gas system (that assumes, in
fact, the case of non-continuous of very thin continu-
ous FC film), the behavior of ygr may be associated
with the decrease in ion energy flux (Fig. 3). Obvi-
ously, this effect appears through decreasing rates of
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both oxide bonds breaking and ion-stimulated desorp-
tion of reaction products that lowers the fraction of
free adsorption sites for F atoms. At the same time,
the substitution of Ar with O, in C4;Fg + Ar + O, gas
mixture causes monotonically increasing yge in the
range of (2.0-20)-10 for 0-50% O,. This contradicts
with the change in ion energy flux, but shows an
agreement with the behavior of I'y/T'ol¢ ratio (Fig. 3)
which traces the change in the FC film thickness. As
the polymer layer retards the access of F atoms to the
etched surface, one should reasonably assume that the
decreasing FC film thickness accelerates the etching
process through increasing effective F atom flux on
the FC film/etched surface interface. In addition, it is
important to mention that the shape of the ygg =
= f(Ipo/T'oI'¢) curve shown in Fig. 3 as well as the ten-
dency itself are very close to those obtained for reac-
tion probabilities and etching yields of Si and SiO; in
high-polymerizing fluorocarbon gas plasmas [6, 8].
Therefore, based on above data, one can conclude that
1) the SiO, etching mechanism in both gas systems is
represented by ion-assisted chemical reaction in the
neutral-flux-limited regime; and 2) in both cases, the
non-monotonic SiO, etching rate as a function of O,
fraction in a feed gas results from opposite changes in
fluorine atom flux and the effective probability of
their reaction with the SiO, surface. However, the
mechanisms influencing the effective reaction proba-
bilities are different and depend, in general, on the
polymerizing ability of the fluorocarbon component.

Finally, we would like to comment the SiO,/PR
selectivity issue which seems to be important for etch-
ing process optimization. It was found that the etching
rate of PR in both gas systems increases monotonical-
ly toward Oy-rich plasmas (260-412 nm/min for
C4Fg+ Ar + O,and 240-520 nm/min for CF,+ Ar + O,
at 0-50% O,). All these are in good agreements with
both tendencies and quantitative differences for oxy-
gen atom fluxes, as shown in Fig. 2b. The ratios of
SiO,-to-PR etching rate have the quite close values
(0.37-0.22 for C4,Fg + Ar + O, and 0.43-0.25 for
CF4+ Ar + O, at 0-50% O,) and exhibit the only weak
decrease in the range of 0-25% O, (Fig. 1a). As such,
the obtaining of maximum SiO, etching rates in 25%
O, + 25% Ar gas mixtures is not escorted by principal
losses in SiO,/PR etching selectivity.

CONCLUSIONS

In this work, we investigated the possibility of
Ar/O, mixing ratio in CF,+ Ar + O,and C,Fg+ Ar + O,
gas mixtures to adjust steady-state plasma parameters
and SiO; etching kinetics. It was found that the CF,-
based gas system provides higher etching rates for
both SiO, and photoresist, and the substitution of
Ar with O, at constant fraction of any fluorocarbon
component results in the non-monotonic (with a max-
imum at ~ 25% Ar + 25% O,) SiO, etching rates.
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Puc. 3. DddexruBHas BeposiTHOCTH B3anmoekictsust SiO, + F B mtas-
Me CF4 + Ar + O, (crtormHast TnHYs ) Kak QYHKIHS apamerpa
(Misi)l/zr+, XapaKTEPU3YIOILETO MIIOTHOCTh ITOTOKA SHEPIMY MOHOB Ha
00pabaThIBaeMyIO MTOBEPXHOCTh. D(P(heKTHBHAST BEPOITHOCTH B3aHMO-
neiicteust SiO, + F B masme C4Fg + Ar + O, (TyHKTHP) Kak QyHKIst
OTHOIIEHUs IOTHOCTEH MTOTOKOB 5o/ T¢I 6, XapakTepusyIomero Tosi-
mHY (GTopyriIepoIHOI MoIMMepHOH TIEHKH Ha 00pabaTsIBaeMoit
MOBEPXHOCTU
The comparative study of gas-phase plasma character-
istics indicated such principal features as 1) quite
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close parameters of electron and ion components in
both gas systems; 2) the much higher polymerizing
ability for C4Fg-based plasma due to higher formation
rates and densities of CF, (x = 1, 2) radicals; and 3)
opposite behaviors of F atom density with increasing
0O, content in a feed gas. The last phenomenon is pro-
duced by differences in CF, + O — CF,O +
+ F reaction kinetics due to various loss rates and
densities of oxygen atoms. The model-based analysis
of SiO, etching mechanism in a framework of ion-
assisted chemical reaction yielded also the opposite
behaviors for effective probabilities for the heteroge-
neous SiO, + F reaction. It was suggested that the
transition toward O,-rich plasma in the low-poly-
merizing CF, + Ar + O, plasma reduces the effective
reaction through decreasing efficiency for oxide bond
breaking and desorption of etching products due to
decreasing ion energy flux. In spite of this, the sub-
stitution of Ar with O, in the high-polymerizing
C4Fg + Ar + O, mixture increases the effective reac-
tion probability by lowering the fluorocarbon film
thickness and providing better access of F atoms to
the etched surface. The last suggestion is confirmed
by the typical correlation (the shape of the curve and
the tendency itself) between effective reaction proba-
bility and the fluorocarbon film thickness traced by
the flux-to-flux ratio for polymerizing radicals, F atoms
and O atoms.

The reported study was funded by RFBR, pro-
ject number 19-07-008044.
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