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Ilposedeno cpasnumenvhoe ucciedosanue 31eKmpogu3uieckux napamempos nida3mbl,
KOHUEHMPayuil aKmueHbIX Yacmuy u Kunemuxu amomoe ¢pmopa ¢ cmecax CFs+ Oz u CiFg + O;
HpU 6APLUPOGAHUN UX HAUATILHO20 COCMABA 8 YCA0GUAX NOCHOAHCIEA 0A6ICHUA 2aA3a U 8K1A0bl-
eaemoit mowiHocmu. Ilpu coemecmnom ucnoib308anuu Memoo08 30H0080U OUACHOCHIUKU U MO-
0enupoeanus naamovl HOOMEEPHCOEHbl U36ECHIHBIE 0COOEHHOCMU COCMABA NAA3Mbl 8 UHOUBUOY-
QIbHBIX (YMOPy21epoOHbIX 2a3aX, @ MAKIHCE 8blAGICHbL KITI0Yesble NIIA3MOXUMUYECKUE NPOUECChI,
onpeoensaouiue napamempsl U COCMae 2azo60il hazvl 8 NPUCYMCHEUU KUCI0POOAd. YCMAHOBIEHO,
Ymo yeenuueHue cCoOOePHCaniusa Kucjiopooa npu nPOnOPYUOHAIbHOM CHUMCEHUU 00U (hmopyaie-
POOHO20 KOMHOHEHMA 8 00eUX CMeCAX @) CONPOBOIHCOACHCA OMHOCUMETbHO C1ADLIMU UIMEHEHU-
AMU RAPAMEMPOE IJIEKMPOHHOU U UOHHOU KOMROHEHM niazmul; 6) évizvieaem Honee dvicmpoe
(no cpasnenuto c Ihghexmom pazéasnenus) cHuIicenue KOHUESHMPAUUIL hmopyznepoonsix paou-
Ka106 u3-3a ux okucienus ¢ coeounenus euoa CF\O, FO u COx: u 8) oka3vieaem cyujecmeeHHoe
67UAHNUE HA KUHEMUKY 00pa3zosanus u zubeau amomos pmopa. Hemonomonnoe (c maxcumymom
npu ~ 40-50% Oy) noseoenue oannoi senuuunsvt ¢ cmecu CFs + Oy 00ycnoeneno ananozuunvim
U3MEHEHUEM CYMMAPHOIl CKOPOCHU 00pA306AHU AMOMO8 U3-34 6K1A0A RPOUECCO8 C YUaACUEM
CFxO u FO. Mouomonnstii pocm (¢ yuacmkom nocmosrcmea 0o ~ 40-50% O,) konuenmpayuu
amomoe pmopa 6 cmecu CiFg + Oz ne coznacyemces ¢ usmenenuem cKopocmu ux o0pazoeanus, Ho
AGNACMCA C1E0CMEUEM CHUNCCHUA YACHOMbL 2UOETU AMOMOE8 8 00bEMHBIX AMOMHO-MOJIEKYAD-
Hbix npoyeccax. IIposeden npeduKkmueHblil aHAIU3 KUHEMUKU 2eMePOZEHHBIX NPOUECcCO8 C UC-
nONb306aAHUEM PACUEMHBIX OAHHBIX NO NJIOMHOCMAM HOMOK08 akmusHvlx yacmuy. Ilokazano,
umo a) 000aéKa KUCI0POOA CHUIICAEN NOTUMEPUAUUOHHYIO CROCOOHOCMb NAAZMbL U §) cucmema
CsFs + O, omauuaemcsa 60nee 6bicOKOIU NONUMEPUIAUUOHHO CROCOOHOCMbIO RPU TH000M PuK-
CUPOBAHHOM COCIABE CMECH.

Karouessle ciioBa: CF4, C4Fs, O2, mazma, mapaMeTphl, aKTHBHBIE YaCTHIIBI, MOHU3AIINS, JUCCOIHAIINS, TPAB-
JICHHE, TIOJIUMEPHU3aITUs
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In this work, we performed the comparative study of electro-physical plasma parameters,
densities of active species and fluorine atom kinetics in CF4 + O, and CsFg + O, gas mixtures with
variable initial compositions at constant gas pressure and input power. The combination of plasma
diagnostics by Langmuir probes and plasma modeling confirmed known features of plasma prop-
erties in individual fluorocarbon gases as well as allowed one to figure out key chemical processes
determining plasma parameters in the presence of oxygen. It was shown that an increase in O
content with a proportional decrease in the fraction of any fluorocarbon component a) causes rel-
atively weak changes in electrons- and ions-related plasma parameters; b) results in more drastic
(compared with the dilution effect) decrease in densities of fluorocarbon radicals due to their oxi-
dation into CF«O, FO and COx compounds; and c) sufficiently influences both formation and decay
kinetics of fluorine atoms. The non-monotonic (with a maximum at ~ 40-50% O-) change in the F
atom density in the CF4 + O, plasma repeats behavior of their formation rate after the contribution
of processes involving CF.O u FO species. The monotonic increase (with a constancy region up to
~ 40-50% O) in the F atom density in the CsFs + O plasma contradicts with the change in their
formation rate, but results from decreasing decay frequency in gas-phase atom-molecular pro-
cesses. The predictive analysis of heterogeneous process Kinetics was carried out using model-
yielded data on fluxes of plasma active species. It was found that a) the addition of oxygen always
lowers the plasma polymerizing ability; and b) the C4Fs + O, plasma keeps the higher polymerizing

ability at any feed gas composition.

Key words: CFs, Cs4Fs, Oz, plasma, parameters, active species, ionization, dissociation, etching,

polymerization
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INTRODUCTION

Gaseous fluorocarbons are frequently used
plasma-forming environments for the “dry” patterning
(partial removal) of silicon and silicon-based materials
during the production of the micro- and nano-elec-
tronic devices [1-3]. The most popular tool here is the
reactive-ion etching (RIE) process that combines the
chemical etching (the gasification of surface atoms in
a form of volatile fluorides) and the physical sputtering
of the treated surface. Accordingly, usual RIE condi-
tions suggest low gas pressures (p < 20 mTorr), high
input power densities (w ~ 0.1 W/cm®) in order to pro-
duce high ionization degrees for gas species as well as
high ion bombardment energies (i > 100 eV) in order
to exceed typical sputtering thresholds [4, 5].

The specific feature of all fluorocarbon gas
plasmas is the surface polymerization effect provided
by non-saturated CFx radicals. This causes the for-
mation of continuous fluorocarbon polymer film on the
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etched surface while the film thickness influences etch-
ing kinetics and output RIE characteristics, such as
etching rate, etching selectivity in respect to over- and
under-layer materials and etching profile [6-8]. From
many published works, it can be understood that a) the
polymerizing ability for any fluorocarbon gas plasma
strongly depends on the z/x ratio in the original CyH,F;
molecule; and b) being used for RIE of Si and SiO;,
CF4and C4Fg plasmas can be considered as gas systems
with a somewhat opposite properties. In particular, the
plasma in CF4(z/x = 4) provides high etching rates and
good surface clearness, but suffers from the nearly iso-
tropic etching profile for Si and low SiO./Si etching
selectivity [1, 6, 7]. The reason is the low polymerizing
ability due to the high density of F atoms and the low
density of CFx (x =1, 2) radicals. On the contrary, the
C4Fs plasma (z/x = 2) exhibits the much higher poly-
merizing ability because of [CF.]/[F] > 1 [9, 10]. That
is why the corresponding RIE process combines rela-
tively low etching rates (due to the presence of thick
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fluorocarbon polymer film on the etched surface), ani-
sotropic etching profiles (due to the protection of side
walls by the polymer film) [4, 6, 7] and high SiO>/Si
etching selectivity (due to the thinner polymer film on
the oxygen-containing surface that leads to the better
access for F atoms) [6, 8].

The effective method to adjust the etch-
ing/polymerization balance for the purpose of given
RIE process is to combine the fluorocarbon gas with
additive component which suppresses the polymeriza-
tion. From Refs. [10-13], it can be understood that the
addition of O, always lowers the density of CFy radicals
in a gas phase through the CFx + O/O(*D) — CF«.1O + F
reaction family as well as causes the oxidative destruc-
tion of deposited polymer film. At the same time, in
spite of numerous works dealt with CF4 + O plasmas,
other fluorocarbon gases received much less attention.
In particular, the C4Fs was mainly studied either in the
oxygen-less CsFg + Ar gas mixtures [9, 14-16] or as a
component of CsFs + Ar + O, plasma with variable
Ar/O; mixing ratio [12, 17, 18]. In last works, the mix-
ture always contained the constant 50% amount of
C4Fs, so that chemical reactions with a participation of
oxygen atoms occurred under an excess of the fluoro-
carbon component. Obviously, such situation does not
provide the complete understanding of all possible ox-
ygen-related effects in CsFs - based plasmas. In our
previous work [19], we have attempted the model-
based study of plasma parameters and composition in
C4Fs + O plasma as a function of component mixing
ratio. Unfortunately, the rather applied purpose of that
work did not assume the detailed analysis of plasma
chemistry as well as required densities of active species
only to explain surface modification effects. As a re-
sult, the obtained increase in F atom density at 0-80%
0, was simply attributed to an increase in their for-
mation rate due to CFx + O/O(*D) — CFx10 + F pro-
cesses. In fact, this was just postulated taking in mind
existing results for the CF, + O gas system [4, 11]. At
the same time, several recent studies [9, 10, 15, 16]
surely demonstrated that steady-state densities of F at-
oms in CF4- and C4Fs - based plasmas are controlled by
different chemical processes. Therefore, any direct
analogies between CF4 + Oz and C4Fg + O, plasmas do
not reflect adequately the situation in the last one and
thus, are not useful for the corresponding RIE process
optimization.

The main idea of this work was to perform the
comparative study of CF4 + Ozand CsFg + O plasmas
under one and the same operating conditions as well as
in a wide range of fluorocarbon/oxygen mixing ratios.
In this couple, the CF. + O, plasma also played a role
of a reference system with the well-studied chemical
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reaction mechanisms. Accordingly, main research ef-
forts were focused on such questions as 1) to compare
the influence of fluorocarbon/oxygen mixing ratios on
electrons- and ions related plasma parameters; 2) to
figure out peculiarities of fluorine atom Kinetics in both
O2-excess and O-deficient reaction regimes; and 3) to
analyze how differences in gas-phase plasma parame-
ters and densities of active species may affect the RIE
process characteristics.

EXPERIMENTAL AND MODELING DETAILS

Experimental setup and procedures

Plasma diagnostics experiments were carried
out in the inductively coupled plasma (ICP) reactor de-
scribed in our previous works [15, 16]. Plasma was ex-
cited using the 13.56 MHz power supply while another
13.56 MHz rf generator powered the bottom electrode
in order to produce the negative dc bias voltage (-Uqc).
The latter was to control the ion bombardment energy
(&i). Constant processing parameters were represented by
gas pressure (p = 6 mTorr), input power (Win, = 700 W)
and bias power (Wy. =200 W). The condition W = const
corresponded to the non-constant -Ugc because the lat-
ter was sensitive to the ion flux. As variable parame-
ters, we used CF4/O, and C4Fs/O; mixing ratios which
were set by adjusting partial flow rates for component
gases within the constant total flow rate (q) of 40 sccm.
Accordingly, an increase of q(O.) in the range of 0-
30 sccm corresponded to the growth of oxygen frac-
tion y(O2) = q(02)/q from 0-75%. Simultaneously, the
proportional decrease in the fluorocarbon gas fraction
took place.

For plasma diagnostics, we used the double
Langmuir probe tool (DLP2000, Plasmart Inc.). The
probe head was installed through the viewport on the
chamber side wall by ~ 5 cm above the bottom elec-
trode and was centered in the radial direction. In order
to reduce the distortion of experimental data due to the
deposition of fluorocarbon polymer on probe tips,
these were cleaned in 50% Ar + 50% O, plasma before
and after each measurement. Our previous works [9, 10]
have confirmed the efficiency of such procedure to ob-
tain quite reasonable plasma diagnostics data in high
polymerizing fluorocarbon gases. The treatment of
measured current-voltage (I-V) curves was based on
well-known statements of Langmuir probe theory for
low pressure plasmas [4, 20]. As a result, we obtained
data on electron temperature (T¢), ion current density
(J+) and total density of positive ions (n.).

Plasma modeling

In order to obtain data on steady-state densities
and fluxes of plasma active species, we applied a sim-
plified O-dimensional (global) plasma model. The
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model content and approaches were identical to those
used in our previous works dealt with various low-pres-
sure (p < 20 mTorr) and high-density (n: > 10° cm) flu-
orocarbon gas plasmas [15-18]. In particular, it was as-
sumed that:

1) The electron energy distribution function
(EEDF) is featured by the nearly Maxwellian shape.
This fact has several experimental confirmations
[11, 14, 21-23] and is caused by the essential contri-
bution of electron-electron collisions to the overall
electron energy loss. Accordingly, rate coefficients for
electron-impact processes were found using fitting ex-
pressions k = f(Te) [21, 22] obtained after the integra-
tion of Maxwellian EEDF with corresponding process
cross-sections.

2) The electronegativity of CF., CsFs and O-
plasmas is low enough to equalize the total density of
positive ions n. with the electron density ne. Such situ-
ation is provided by high ionization degree of gas spe-
cies (/N > 10", where N = p/ks Ty is the total gas den-
sity at the gas temperature of Tg) and low efficiency of
electron attachment processes at low pressures.

3) The parameter T4 keeps the nearly constant
value under the condition of p, W = const. Since exper-
imental data on Ty were not available in this study, we
used the value of 600 K which is quite typical for
given processing conditions, reactor type and geom-
etry [15, 16].

4) The recombination of atoms and radicals on
chamber walls follows the first-order kinetics with the
rate coefficient of k = (r+l)yvr/2rl, where r and | are
inner sizes of the cylindrical reactor chamber, v is the
thermal velocity of target species and vy is their recom-
bination probability [22, 23].

Sets of chemical reaction with corresponding
rate coefficients were taken from our previous works
dealt with the modeling of CF4 + Ar + O, [11, 13] and
C4Fs + Ar + 02 [12, 13, 18] plasmas. In fact, we used
the well-adjusted kinetic schemes which previously
have been tested by several authors and demonstrated
the good agreement between measured and model-pre-
dicted plasma parameters [11, 12, 14]. In order to avoid
both repetitions and excess data, we decided not to
publish the full reaction table which includes more than
100 processes. Instead, the discussion below will
mostly operate by generalized groups of process which
are featured by the real influence to the kinetics of se-
lected species.

RESULTS AND DISCUSSION

From Table 1, it can be seen that an increase in
y(O2) in both gas mixtures causes different changes in
electron temperature as well as produces quite similar
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effects on both total density of positive ions and ion
current density characterizing the ion flux I's ~ J./e.
These results may briefly be explained as follows:

- In the CF4 + O, plasma, a weak increase in Te
with increasing O; fraction in a feed gas is surely con-
nected with the change of dominant neutral gas-phase
component from original CF4 molecules to F atoms, as
shown in Fig. 1(a). Since collisions of electrons with
molecular species are characterized by higher energy
losses for both excitation (due to the low-threshold vi-
brational and electronic states) and ionization (due to
generally higher ionization cross-sections for bigger-
sized particles), such situation corresponds to decreas-
ing overall electron energy losses and increasing mean
electron energy <e> = 3/2T.. Another important feature
is that the rate coefficient for R1: F + ¢ — F* + 2e
(~7.8-10* cm¥/s at T, = 3.7 eV) is much lower com-
pared with R2: CFx + e — CFx1"+ F + 2e forx = 4
(~3.8:10°cmd/s at T. = 3.7 eV). Therefore, a decrease
in J. toward O-rich plasmas directly reflects the same
behavior of n. due to a decrease in the total ionization
rate. Taking into account the low electronegativity of
both CF4 and O, plasmas at p < 20 mTorr [11, 21, 24],
the identical change for ne = f(y(O2)) also takes place.

- In the C4Fs + O plasma, a monotonic de-
crease in Te toward higher y(O2) values may surely be
related to increasing electron energy losses in low-
threshold excitations processes for molecular products
of plasma chemical reactions, such as CF4, CF,0, CO
and CO; (Fig. 1(b)). Accordingly, the decreasing mean
electron energy lowers ionization rate coefficients for
neutral species and thus, reduces formation rates for
electrons and positive ions in Oz-rich plasmas. In addi-
tion, the appearance of more electronegative oxygen-
containing species may accelerate loss rates for elec-
trons and positive ions through the dissociative attach-
ment and ion-ion recombination, respectively. As such,
a decreasing tendency for J. = f(y(O)) obtained in
experiments is also caused by the corresponding
change in n..

The common feature of both gas systems is
that the addition of O, leads to an increase in the nega-
tive dc bias voltage —Uq. at the constant bias power
(Table 1). The reason is that the decreasing ion flux
weakens the compensation for the excess negative
charge produced by the bias power source. However,
the corresponding change on the ion bombardment en-
ergy (ei = 285-303 eV for CF4 + O, and 306-309 eV for
CusFg + O, at 0-75% O) is essentially weaker compare
with the opposite tendency of I'+. As a result, the pa-
rameter G1 = (Migi)?I"+ characterizing the ion bom-
bardment intensity [9, 10] always demonstrates the
monotonic decrease toward O-rich plasmas (Table 1).
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Table 1
Electrons- and ions-related plasma parameters
Taonuya 1. IlapaMeTpbl 2JIEKTPOHHOI M HOHHOH KOM-
NMOHEHT IJIAa3Mbl

y(02), %| Te, eV |J1, mA/cm? 1'(‘);5;;3 Uge, V| G1, 107

CF4+ O

0 3.56 0.95 437 | 262 | 8.32

25 | 3.65 0.94 356 | 268 | 6.93

50 | 3.79 0.93 302 | 275 | 6.08

75 | 3.96 0.92 262 | 280 | 543
C4Fg + O

0 4.70 1.05 391 | 278 | 8.89

25 | 456 1.02 332 | 280 | 7.45

50 | 4.40 0.98 290 | 282 | 6.39

75 | 4.22 0.95 258 | 284 | 5.64

Note: G1 = (Migi)V2T'+ , eV¥2cm2st
Mpumeuanue: G1 = (Migi)¥T+ , 3BY2cm%c?

When analyzing kinetics of neutral species in
oxygen-less gas systems, we reasonably obtained the
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most of features known from previous works [15-17,
21, 25]. In particular, it was found that dominant gas-
phase components in pure CF4 plasma are original CF4
molecules, CFs radical and fluorine atoms with the
condition of [CF4] > [CF3] ~ [F] (Fig. 1(a)). Reactions
R2forx=4and R3: CFx+e — CFx1 +F+eforx=3,4
compose ~ 80% of the total F atom formation rate
(Fig. 2(a)) while contributions of both R2 for x <4 and
R4: CFx+ e — CFx2 + 2F + e are almost negligible due
to either low rate coefficients or low densities of source
species. From Fig. 2(a), it can be seen also that ~10%
of total F atom formation rate comes from R5: F» + e —
— 2F + e. The latter is due to the high rate coefficient
(ks ~ 2.2-10° cm®/s vs. k, ~ 5.4-10°2° cm?¥/s) and the
essential density of F, molecules provided by the ef-
fective R6: F + F — F, on chamber walls. Accordingly,
the last process in a combination with R7: F + CFx —
— CFy+1 represent the main loss pathway for fluorine
atoms.

10I4 _

10]3 |

1012 |

10" . L PN |
0 20 40 60 80
}’(02)’ %

Fig. 1. Steady-state densities of neutral species in CF4 + Oz (a) and C4Fs + Oz (b) plasmas. Curves marked as O2(a) and Oz(b) corre-
spond to metastable states of O2(aA) and O2(b'X), respectively
Puc. 1. CranpioHapHbie KOHIIEHTpAMy HelTpanbHbix dactull B miasme CF4 + O2 (a) and CsFg + Oz (b). Metku Ha kpussix O2(a) u O2(b)
0003Havar0T MeTacTabmbHbIe coctosaus O2(a'A) u O2(b'Y), cooTBeTcTBEHHO

In the C4Fs plasma, the gas phase is mostly
composed by non-saturated fluorocarbon radicals CFy
(x=1, 2, 3) and CoF« (x = 3, 4) (Fig. 1(b)). These par-
ticles appear due to the fragmentation of original
CaFg molecules in R8: CsFs + ¢ — 2CoF4 + e and R9:
CsFs + e — C3Fs + CF, + e as well as result from the

ChemChemTech. 2024. V. 67.N 1

further decomposition of corresponding reaction prod-
ucts through R3 for x = 2, R10: CsFs + ¢ — CoFs + CF2 +
+ e, R11: CoF4 + e — 2CF2 + e and R12: CoF; + e —
— CyF3 + F + e. Accordingly, the main source of F
atoms is R3 for x = 1-3 (Fig. 2(b)) while their decay in
addition to R6 and R7 is noticeably contributed by
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R13: CoF4s + F — CF; + CF3 (k13 ~ 4.0-101 Cm3/s).
Due to the last process, the CsFs plasma exhibits lower
[F] value (Fig.1) thought is characterized by higher F
atom formation rate (Fig. 2).

The substitution of CF4 for O in the CF4 + O
gas mixture rapidly lowers densities of CFx radicals
due to their conversion into CF,0O, CFO, CO and CO.
species (Fig. 1(a)) in R14: CF« + O/O(*D) — CFx1O + F
(ki ~ 6.1-10 cm?®/s for x = 1 and ~ 3.2-10"** cm?/s for
X =2, 3). The domination of CF,0 over other oxygen-
containing reaction products as well as the drastic
growth of their density at y(O.) < 40% is supported by
gas-phase processes R15: CFx + CFO — CF20 + CFx1
(kis ~ 1.1-10" ™ cm?/s for x = 2 and ~ 7.0- 103 cm?/s for
x = 1), R16: 2CFO — CF;0 + CO (kis~ 1.0-10"™ cm?s)
and R17: CFO + F — CF;0 (ki7 ~ 8.0-10* cm?/s). At
the same time, the condition y(O2) > 40% causes the
more than ten-time decrease in [CF,] (in fact, corre-
sponds to the transition into the fluorocarbon-deficient
reaction regime) and thus, reduces rates of R14 and
R15. Accordingly, this results in the sharp maximum
of the [CF,0] = f(y(O2)) curve, as shown in Fig. 1(a).
As for the kinetics of F atoms, an increase in y(O2)

causes two principal effects influencing their total for-
mation rate. First, the transition toward O,-ruch plas-
mas increases the density of F, molecules (Fig. 1(a))
through both R6 and R18: CF,0 + O/O(*D) — F, +
+ CO- that sufficiently accelerates R5 (Fig. 2(a)). As a
result, the rate of R5 exceeds the total effect from R2
and R3 starting from 10-15% O, as well as exhibits the
maximum at ~ 40% O due to the same change in [F2].
And secondly, the presence of oxygen adds new F atom
formation pathways, such as electron-impact processes
R19: CFO + ¢ — CFx1O + F + e and R20: FO + ¢ —
— F + O + e as well as atom-molecular reactions R14,
R21: FO + O/O('D) — O, + F (ka ~ 2510
/5.0-10"1t cm?/s), R22: CFO + O/O(*D) — CO2 + F
(k22 ~ 1.0-10° cm?/s) and R23: F, + O/O(*D) — FO + F
(K2 ~ 2.5-101 cm®/s). From Fig. 2(a), it can be seen
that the superposition of R5, R19 and R20 produces the
maximum on the total F atom formation rate (and thus,
on the F atom density, as shown in Fig. 1(a)) while the
contribution of R21 and R22 begins to be noticeable
only at y(0O,) > 60%. The stronger effect of y(O2) on
[F] value in the range of 0-40% O, is connected with
decreasing F atom loss rate in R7.

10°F 2) 10} b)
o) \:\\:\\C\t\. total
" total(e) total(e) - - -
R19+R20
10" 105 F
- ]
“?; tota}(al) R1 9+<20
- ’ -
% RigrRaz R12 totalia)
S ‘
3]
3
o
10"k e 10}
R21
/ R18+R22
R23 R5 R21
1013 n | N 1 1 1 1013 o ! , , /I .
0 20 40 60 80 0 20 40 60 80
¥(0,), % ¥(0,), %

Fig. 2. Fluorine atom formation rates in CF4 + Oz (a) and C4Fs + Oz (b) plasmas. Numerical labels on curves correspond to reaction
numbers in the text. Curves marked as “total (¢)”” and “total (a)” illustrate overall effects from electron-impact and atom-molecular reac-
tions, respectively
Puc. 2. CkopocTu nporieccoB oopasoBanus atoMoB (¢ropa B miasme CF4 + O2 (a) and CsFg + Oz (b). UncinoBele METKH Ha KPUBBIX COOT-
BETCTBYIOT HOMEPY peaKIMu B TEKCTe cTaTbi. KpuBble ¢ MeTkamu “total (e)” u “total (a)” wiuttocTpupyroT cymMmMapHbie 3G deKTh oT
Ppeakiuii o1 IeHCTBIEM dIIEKTPOHHOTO yiapa U aTOMHO-MOJIEKYISIPHBIX TIPOIIECCOB, COOTBETCTBEHHO
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The substitution of C4Fg for O in the C4Fs + O
gas mixture also initiates the decomposition of CFy
radicals through R14, but results in much weaker de-
crease in their densities compared with CFs + O
plasma (Fig. 1). The reason is low densities of O and
O(*D) atoms due to the effective loss of O, molecules
in R24: CF + O, — CFO + O (kas ~ 3.2-10* cm¥/s)
and R25: C + O — CO + O (ks ~ 1.5-10' cm?/s).
Really, since both CO and CO; are characterized by
much lower dissociation rate coefficients compared
with O itself (for example, ~ 5.2-10° cm?/s for R26:
CO+e—C+O+evs. ~3.1:10°for R27: O, + € —
— O+ O(!D) + e), such situation results in sufficiently
lower O and O(*D) formation rates than those in the
CF4 + O, plasma under identical operating conditions.
The lack of oxygen expectedly reduces the significance
of R14, R19 and R20 in respect to the production of F
atoms in the O-rich plasmas while the contribution of
R5 is limited by the very low density of F, molecules
in the C4Fs-rich plasma. The last phenomenon is due to
the effective loss of F; in R28: CFx + F; — CFx+1 + F,
mainly for x = 1. All these lead to the monotonic de-
crease in the total F atom formation rate toward higher
y(0O,) values, as shown in Fig. 2(b). At the same time,
one can also obtain the rapid decrease in the F atom
loss frequency in R13 due to the same change in the
density of corresponding source species, CoFs. The
slower fall in [C2F4] at y(O2) < 50% (by ~ 4 times for
0-50% Oy) just compensates for the opposite tendency
in the total F atom formation rate and thus, results in
[F] = const (Fig. 1(b)). Accordingly, the faster decrease
in [C2F4] at y(O,) > 50% (by more than 1000 times for
50-75% 0O,) stronger influences the rate of R13, over-
laps a decrease in the total F atom formation rate and
causes the growth of F atom density. Therefore, spe-
cific features of CsFg + O, plasma are a) the almost
negligible effect of oxygen-related processes on the F
atom formation kinetics; and b) the sufficient change
in the F atom loss frequency that causes the contradic-
tion between their steady-state density and total for-
mation rate. Therefore, though the model-predicted
data on species densities obtained in Ref. [19] are prin-
cipally correct, the reason providing an increase in [F]
in the range of 0-80% O, was postulated improperly.

Above data on densities of plasma active spe-
cies allow one the predictive analysis of the of hetero-
geneous process Kinetics, such as etching and polymer-
ization. The basic principles for such analysis in fluo-
rocarbon-based plasmas have been discussed in our
previous works [9, 10, 16-18]. In particular, the influ-
ence of processing conditions on the polymer deposition
rate be characterized by the parameter G2 = Tpo/TF,
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where T'po is the flux of polymerizing species (the total
flux of fluorocarbon radicals with two and more free
bonds), and Ik is the flux of F atoms. From Table 2, it
can be seen that polymerizing fluxes in both gas sys-
tems demonstrate similar decreasing tendencies toward
O2-rich plasma, but exhibit sufficient differences in ab-
solute values at any fixed y(Oz). The latter is directly
connected with corresponding differences in densities
of CF; and CF radicals mentioned in Fig. 1. Accord-
ingly, the combination of higher I'yo With lower I'r rea-
sonably produces much higher (by more than 100 times)
G2 values in C4Fs + Oz plasma. It is known also that
the destruction of the fluorocarbon polymer film in ox-
ygen-containing plasmas is provided by both physical
(sputtering by ion bombardment) and chemical (etch-
ing by oxygen atoms) pathways. As such, correspond-
ing changes in the steady-state polymer film thickness
may be traced by G3 = G2/G1 and G4 = G2/T'o, where
I'ois the flux of oxygen atoms [17, 18]. The data of
Tab. 2 allow one to conclude that these two parameters
are always higher in the C4Fs + O, so that this gas sys-
tem always provides the thicker polymer film and thus,
exhibits the higher polymerizing ability compared with
CF4 + O,. Therefore, even an excess of oxygen does
not disturb the basic rule found for oxygen-less CF, -
and C4Fs - based plasmas [9, 10, 16].

In addition, the parameter G5 = T'//G1 may be
used to characterize the balance between chaotic and
directional etching pathways and thus, to trace the
change in the etching anisotropy. As can be seen from
Table 2, the growth of G5 with increasing y(O.) in CF4
+ O plasma formally means the worse condition for
obtaining the anisotropic etching profile. At the same
time, one must remember that the oxygen may passiv-
ate the surface of sidewalls through both the oxidation
of surface atoms and/or the formation of lower volatile
oxygen-containing compounds [10, 18]. Therefore,
one can expect that the real change of the etching pro-
file for some materials may be either weaker or even
the opposite compared with that predicted by G5. On
this background, the nearly constant G5 in the C4Fs +
+ O plasma as well as lower absolute values of this
parameters starting from y(O,) > 15-20% surely mean
its advantage in respect the anisotropic etching.
Though this fact has found numerous experimental ev-
idences for oxygen-less CFs- and Ca4Fs-based plasmas,
the reason was the protective effect from the thick flu-
orocarbon polymer film obtained in the last gas system
[4, 6-8]. At the same time, our data suggest the same
situation in Oa-rich gas mixtures, when the polymer
film has the low thickness and/or even exhibits the
non-continuous structure. Obviously, this suggestion
needs the experimental approval.
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Table 2
Parameters characterizing heterogeneous process kinetics
Taonuya 2. Ilapamerpbl, XapaKTepu3ylolue KHHETUKY

reTeporcHHbIX NMPpoueccoB
Y(OZ), Ipol, R . i
o0 | 10t corags | §2,10° | 63,107 G4,10%¢| G5
CF;+ 0O,
0 2.80 121 14.5 - 0.28
25 0.42 3.94 0.57 20.6 1.53
50 0.02 0.01 0.02 0.02 1.92
75 0.007 0.009 0.01 0.001 | 1.36
CsFs+ Oy
0 199 13700 1550 - 0.16
25 110 9130 1220 6370 | 0.17
50 35.3 2860 447 600 0.19
75 0.15 3.35 0.59 0.05 0.80

Note: G2 = TI'polT'r; G3 = G2/G1, eV-¥2cm?s; G4 = G2/To,
cm?s; and G5 = I'¥/G1, eV-1?2

Mpumeuanue: G2 = TpolT'F; G3 = G2/G1, 3BY2cm?c;

G4 = G2/To, cm?c; and G5 = T'H/G1, sB 12

CONCLUSIONS

The aim of this work was to compare electro-
physical plasma parameters, densities of active species
and fluorine atom kinetics in CF4 + O, and C4Fs + O,
gas mixtures with variable initial compositions. From
plasma diagnostics and modeling data, in was found
that an increase in O; content in a feed gas in both gas
mixtures a) causes relatively weak changes in both
electron temperature and electron density; b) results in
faster (compared with the dilution effect) decrease in
densities of fluorocarbon radicals due to their effec-
tive oxidation into CFO, FO and COx compounds;
and c) sufficiently influences the F atom kinetics. In par-
ticular, the non-monotonic (with a maximum at ~ 40-50%
0,) change in the F atom density in the CFs + O3
plasma follows the behavior of their formation rate
which is contributed by processes involving CF.O u
FO species. At the same time, the monotonic increase
(with a constancy region up to ~ 40-50% O,) in the F
atom density in the C4Fs + O plasma contradicts with
the change of formation rate, but results from decreas-
ing F atom loss frequency in gas-phase atom-molecular
processes. The model-based analysis of heterogeneous
process Kinetics indicated that the addition of oxygen
always lowers the plasma polymerizing ability
(through decreasing flux of polymerizing species and
accelerating the oxidative destruction of deposited pol-
ymer film) while both effects are weaker in the C4Fs + O
plasma. The latter is due to the lack of oxygen atoms
caused by effective losses of both O, and O species in
gas-phase reactions.
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