Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2016. V. 59. N 10

DOI: 10.6060/tcct.20165910.5431

st ntuTUpoBaHMs:
Edpemor A.M., Kwon K.-H., [ITadanaposa [I.A. CpaBHUTENFHOE HCCIEIOBAHNE ITAPAMETPOB M COCTaBa IJIa3MBI B CMECIX
CF,, Cl, u HBr + Ar. H3s. 6y306. Xumust u xum. mexnonoaus. 2016. T. 59. Bemr. 10. C. 11-18.

For citation:
Efremov A.M., Kwon K.-H., Shabadarova D.A. Comparative study of plasma parameters and compositions in CF,, Cl,
and HBr + Ar gas mixtures.. Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2016. V. 59. N 10. P. 11-18.

YIK: 537.525

A.M. Edpemos, K.-H. Kwon, JI.A. IllabagapoBa

Anexcannp Muxaitnosuu Eppemor (X), lapus Anekcannposna [llabagaposa

Kadenpa Texnonorun npubOpPOB U MaTEPUAIOB ICKTPOHHOM TEXHUKH, VIBAHOBCKUI rOCY1apCTBCHHBIN XUMHU-
KO-TEXHOJIOTHYECKU yHUBepcUTeT, [llepemereBckuii mp., 7, IBanoso, 153000, Poccuiickas ®enepanus
E-mail: efremov@isuct.ru ()

K.-H. Kwon

JlaGoparopus npuMeHeHHS T1a3Mbl, JlenapraMeHT pa3paboTKHU CPEIICTB U METOIOB KOHTPOJISI, Y HHBEPCUTET
Kopes, 208 Ceouanr-/lonr, YounsoH, 339-800, Peciyonuka Kopest

CPABHUTEJIBHOE NCCJIEAOBAHUE TAPAMETPOB U COCTABA IIJIA3MBbI
B CMECSX CF,, Cl, U HBr + Ar

B oaunoii pabome oocyxncoaromcea nekmpoghuzuieckue napamempovl U Xumus nid3mol 6
cucmemax CF, + Ar, Cl, + Ar u HBr + Ar npu 00unaxosvlx yciosusax 6030yxicoeHus papaoa.
Hccnedosanus npogoounuce memooamu OUazHOCMUKU naasmol 30n0amu Jlanzemiopa u modenu-
POBAHUA NAA3MBL 8 YCIAOGUAX NAAHAPHO20 UHOYKUYUOHHO20 NIIAIMOXUMUYECKOZ0 PEaKmopa npu
nocmosaunom oaenenuu 2aza (10 mTop), exnaovieaemoit mownocmu (800 Bm) u mowgnocmu
cmewenusn (300 Bm), no npu sapoupyemoii (0-80%) oone Ar ¢ nnazmooopasyroweni cmecu. Oc-
HO8HOE GHUMAHUE YOeNANOCh NAPAMEMPAM, ONPeOeaAIOUWUM CIAUUOHAPHbIE KOHUEeHmpayuu
AKMUGHBIX YACMUY NAa3Mbl (mMemnepamypa 31eKmpoHo8, KOHUEHMPAUUs IJ1eKMpOoHO8, KOH-
CMAanmol CKOpOcmell peakyuii noo oelicmeuem INeKmpoOHHO20 Yy0apa) u KUHEMUKY 2emepo2et-
HbIX UOHHO-CIUMYTUPOSAHHBIX XUMUYECKUX PeaKkyuil (ROMoKu amomo8 2ano2eHos, IHepus
UOHHOU 6OMOAPOUPOBKU, HOMOK IHEPZUN UOHOEB).

Kuarouessie ciioBa: CF,, Cl,, HBr, mia3ma, KOHCTaHTa CKOPOCTH, CKOPOCTh PEAKIHH, TOTOK aTOMOB

TaJIOr€HOB, IMOTOK SHEPTHUU MOHOB
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COMPARATIVE STUDY OF PLASMA PARAMETERS AND COMPOSITIONS
IN CF,, Cl, AND HBr + Ar GAS MIXTURES

This work discusses the plasma characteristics and chemistry in CF, + Ar, Cl, + Ar and
HBr + Ar gas systems under one and the same operating condition. The investigation was carried
out using the combination of plasma diagnostics by Langmuir probes and 0-dimensional plasma
modeling in the planar inductively coupled plasma reactor at constant gas pressure (10 mTorr),
input power (800 W) and bias power (300 W), but with variable (0-80%) Ar fraction in a feed
gas.The main attention was attracted to the parameters influencing the steady-state densities of
plasma active species (electron temperature, electron density, electron-impact rate coefficients)
and the kinetics of ion-assisted chemical reaction (fluxes of halogen atoms, ion bombardment

energy, ion energy flux).

Keywords: CF,, Cl,, HBr, plasma, rate coefficient, reaction rate, halogen atom flux, ion energy flux

INTRODUCTION

Low-temperature plasma in halogenated gases
has found wide application in micro- and nano-
electronics for the dry etching of semiconductor wa-
fers and functional layers when the wet technologies
do not meet the requirements on the purity, resolu-
tion, and reproducibility of the process [1-3]. Since
the most of dry etching processes are driven by the
halogen atoms formed in plasma due to the dissocia-
tion of the feed gas molecules [4-6], many types of
fluorine-, chlorine and bromine-containing gases, in-
cluding CF4, Cl, and HBr, have been involved in
practical use.

Until now, there were enough experimental
and modeling works for CF4 [7-12], Cl, [13-19] and
HBr" [20-22] based plasmas. These works contain the
well-adjusted kinetic schemes for plasma chemical
reactions as well as provide the clear understanding of
the main kinetic effects determining the steady-state

12

plasma parameters in each gas system. However,
since one and the same material can be etched in all
three (or, at least, in two) gas chemistries, the key is-
sue is to know and to understand the difference in
plasma parameters determining the kinetics of ion-
assisted chemical reaction. Unfortunately, the existing
works cannot provide the direct comparison for F,
Cl- and Br-based gas chemistries because the corre-
sponding results were obtained under the different
sets process conditions and/or in the reactors with
different geometries. Therefore, the comparative
study of F-, Cl- and Br-based gas chemistries is still
an important task to be solved for the better optimiza-
tion of dry etching technologies.

In this work, we performed the model-based
comparative study of CF4 + Ar, Cl, + Ar and HBr + Ar
plasmas under one and the same operating condition.
In each case, we selected the simplest halogen-
containing gas which can serve as the source of F, CI
or Br atoms. The main goal was to figure out the dif-
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ferences in plasma parameters determining the kinet-
ics of the heterogeneous ion-assisted chemical reac-
tion as well as to understand the nature of these dif-
ferences through the formation-decay kinetics of
plasma active species.

EXPERIMENTAL AND MODELING DETAILS

Plasma diagnostics experiments were per-
formed in a planar inductively coupled plasma (ICP)
reactor described in our previous works [19-22]. The
experiments were performed at a fixed total gas flow
rate (g = 40 sccm), gas pressure (p = 10 mTorr), input
power (W = 800 W) and bias power (Wy = 300 W).
The CF4/Ar, Cly/Ar and HBr/Ar mixing ratios were
set in the range of 0-80% Ar by adjusting the partial
gas flow rates within q = const. Accordingly, the frac-
tion of Ar in a feed gas was Yar = (Qar/q).

Plasma parameters were measured by double
Langmuir probe (DLP2000, Plasmart Inc., Korea).
The treatment of 1 — V curves aimed at obtaining elec-
tron temperature (T) and ion saturated current density
(j+) was carried out using the software supplied by the
equipment manufacturer. The calculations were based
on the Johnson & Malter’s double probes theory [23]
with the one-Maxwellian approximation for the elec-
tron energy distribution function (EEDF). The total
positive ion density (n.) was extracted from the
measured j. using the Allen-Boyd-Reynolds (ABR)
approximation [24].

In order to obtain the electron density and the
densities of neutral species, we developed a simplified
zero-dimensional kinetic model [25-27] with using
the | data of T, and n. as input parameters. The sets of
chemical reactions were taken from our previous
works [12, 19, 20]. The model used following as-
sumptions: 1) The EEDF is close to Maxwellian one.
This allows one to obtain the rate coefficients for the
electron-impact processes as functions of T, in a form
of k = AT.Bexp(-C/T.); 2) The heterogeneous chemis-
try of atoms and radical in all three gas systems can
be described in terms of the conventional first-order
recombination kinetics [6, 25-27]; and 3) The tem-
perature of the neutral ground-state species (Tgas) iS
independent on the feed gas composition. Since the
experimental data on gas temperature were not
available in this study, we took Ty, = 600 K as the
typical value for the ICP etching reactors with simi-
lar geometry under the close range of experimental
conditions [19-22].

The electron density (n,) was calculated us-
ing the simultaneous solution of the steady-state
chemical kinetic equation for negative ions vghe =
~k;n.n. and the quasi-neutrality equation n, = n, + n..
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These allow one to obtain

kymy
Vaa +Eyny
where vy, is the total frequency of dissociative at-
tachment, n_ is the density of negative ions, and k;; is
the rate coefficient for ion-ion recombination. The
steady-state densities for neutral ground-state plasma
components were obtained from the system of chemi-
cal kinetics equations in the general form of R — Rp =
=(ks + 1l/zg)n, where Rr and Rp are the volume-
averaged formation and decay rates in bulk plasma for
a given type of species, n is their density, ks is the
first-order heterogeneous decay rate coefficient, and
1z = wlplq is the residence time.

The adequacy of the given modeling algo-
rithm, kinetic schemes and general approaches have
been confirmed in our previous works by an accepta-
ble agreement between measured and calculated
plasma parameters in CF, + Ar [7, 12], Cl, + Ar [18,
19, 27] and HBr + Ar [20, 21] ICPs.

RESULTS AND DISCUSSION

Le™

Among the pure halogen-containing gases
under one and the same operating conditions, the
highest T, of ~3,3 eV was measured for CF, plasma
while the lowest T, of ~2,4 eV is for Cl, plasma (Ta-
ble). The reason is that the Cl, plasma provides the
highest as well as the widest-range collisional elec-
tron energy loss compared with other two gases be-
cause the Cl, molecules are characterized by lowest
threshold energies, &, for both electronic excitation
(e ~ 2,5 eV) and ionization (ey, ~ 11,5 eV), but by
highest cross-sections for corresponding processes
[22, 28, 29]. The transition to Ar-rich plasmas in all
three gas systems results in monotonically increasing
Te (3,3-3,5 eV, or by 10% for CF, + Ar, 2,4-3,2 eV, or
by 34% for Cl, + Ar and 2,8-3,4 eV, or by 21% for
HBr + Ar at 0-80% Ar). Such situation takes place
because the electronic excitation and ionization pro-
cesses for Ar are characterized by higher &4 values,
but by lower cross-sections and corresponding rate
coefficients compared with those for CF,, Cl, and
HBr [29, 30]. That is why, as the Ar fraction in a feed
gas increases, the energy gap between the lowest ex-
citation potentials for halogen-containing component
(et ~ 3-5 eV) and Ar atom (&g, ~ 11 eV) becomes to
be “transparent” for electrons. Accordingly, the dilu-
tion of CF,, Cl, or HBr by argon lowers electron en-
ergy loss in inelastic collisions, increases the fraction
of “fast” electrons in EEDF and shifts T, toward high-
er values.
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Table 1
Measured electron temperature (T¢) and ion current
density (j.) as functions of Ar fraction in CF, + Ar,
Cl, + Ar and HBr + Ar gas mixtures
Tabnuya 1. U3MepeHHbIe TeMIePaTypa 3J1eKTPOHOB
(Te) ¥ NIIOTHOCTH HOHHOTO TOKA (j.) B 3aBUCUMOCTH OT
nosm Ar B emecsix CF, + Ar, Cl, + Ar mu HBr + Ar

CF, + Ar Cl, + Ar HBr + Ar

Yar Te: j+: Te- j+v Tev j+:
eV | mAcm? | eV | mAlcm® | eV | mA/cm?

0 | 3,26 1,1 2,39 15 2,8 1,9

0,21 3,29 1,2 2,51 1,6 2,94 2,1

0,51 3,32 1,4 2,88 1,9 3,15 2,5

0,8 3,47 2,2 3,20 3,2 3,40 3,8

Fig. 1 illustrates the influence of gas mixing
ratios on the kinetics of charged species. In pure CF,
plasma, the total ionization rate is mainly composed
by R1: CF,+e=CF;" + F + 2e (k; = 1,810°-2,6-10™
cm®s for 0-80% Ar) while the contributions of R2:
CF; + e =CF;" + 2e (k, = 2,1:10%°-2,7-10™ cm¥s for
0-80% Ar) and R3: F + e = F* + 2e (ks = 8,310 —
1,1-10™° cm?/s for 0-80% Ar) do not exceed 10% and
2%, respectively. The lower rate of R2 is connected
with the condition nerz << ncgy at kg ~ ky, and the low-
est rate of R3 results from ng ~ ncez and ks << ky, ko.
The last condition is provided by the higher ionization
threshold for F atoms (~17,4 eV) compared with CF,
(~15,9 eV) and CF; (~10 eV) species. The dilution of
CF, by An introduces the additional ionization chan-
nels, such as R4: Ar + e = Ar' + 2e (k, = 4,0-10™ —
5,6:10™° cm®/s for 0-80% Ar) and R5: Ar™ + e = Ar* +
2e (ks = 9,0-10°-9,9-10® cm?/s for 0-80% Ar, where
Ar™ = Ar(®Po, °Py, °P,)) as well as results in increasing
total ionization frequency v, ~ kince, + Kanar + Ksnam as
2,6:10"-1,1-10° s mainly due to k, > k,. The maxi-
mum contribution of R5 to v;, is slightly below 15%
for the 20% CF, + 80% Ar gas mixture. This is be-
cause the condition ks >> ki, k4 is overcompensated
by the low density of metastable Ar atoms. In pure
Cl, plasma, the total ionization rate is composed by
74% R6: Cl, + e = Cl," + 2e (ks = 4,2:10™°-1,6:107
cm®s for 0-80% Ar) and 16% R7: Cl + e = CI* + 2e
(k; = 1,9-10%°-9,2:10™ cm?®/s for 0-80% Ar). Such
situation reasonably follows from nc;, = n¢; and kg > ks.
The rapid increase of T, toward Ar-rich plasmas caus-
es the same changes for both ks Cl, (by ~3,9 times for
0-80% Ar) and k; (by ~4,7 times for 0-80% Ar) and
thus, results in the local increase in kghey, + kiNng
(5,7-10°~7,5-10*s™* for 0-50% Avr) in spite of decreas-
ing ¢y, and ne;. Than, in the range of ya, > >65- 70%,

the condition kyna + Ksnam > Kgey, + Kengy
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Fig. 1. Kinetics of charged (solid lines) and neutral (dashed lines)
species in CF4 + Ar (1-4), Cl, + Ar (5-8) and HBr + Ar (9-12)
plasmas: 1, 5 and 9 — total ionization rate; 2, 6 and 10 — total at-

tachment rate; 3, 7 and 11 — electron and ion diffusion rate;

4 — total F atom formation rate; 8 — total Cl atom formation rate;

12 — total Br atom formation rate

Puc. 1. Kunerrka 3apspkeHHBIX (CIUIOLIHBIE JTMHAN) U HEUTpailb-

HBIX (IyHKTUpPHBIE JTHHKUHN) dactul B iazme CF,4 + Ar (1 - 4), Cl,

+Ar (5-8)uHBr+ Ar (9-12): 1, 5 u 9 —cymmapHbIe CKOPOCTH

noHu3anmy; 2, 6 u 10 — cyMMapHBIe CKOPOCTH MPHJIHIIAHUS; 3, 7

u 11 —cymMMapHBIe CKOPOCTH TUPPY3HOHHOH THOESITH SIEKTPOHOB

1 TIOJIOKUTENIFHBIX HOHOB,
4 — cymMMapHas CKOpOCTh 00pa3oBaHus aroMoB F; 8 — cymmaphas
ckopocTh o6pasoBanust atomos Cl;
12 — cymmapHas ckopocTs 00pa3oBaHus aToMOB Br

takes place. As a result, the parameter v;, increases
monotonically in the range of 5,7-10*~ 9,9-10* s™ for
0-80% Ar. In pure HBr plasma, the total ionization rate
is represented by three main summands, such as R8:
HBr + e = HBr* + 2e with ks = 4,710~ 1,2:10° cm¥s
for 0-80% Ar (~45%), R9: Br, + e = Br," + 2e with
ke = 9,2:10"°-2,1-10"° cm?/s for 0-80% Ar (~28%) and
R10: Br + e = Br" + 2e with ky = 4,8:10™ -1,110°
cm®/s for 0-80% Ar (~27%). The noticeable contribu-
tions from Br, and Br are connected with the quite
high densities of these species as well as with the
conditions of kg > kg and kig ~ ks. An increase in
Yar results in increasing ionization rate coefficients
for HBr, Br, and Br species, so that the parameter
Ksnuer + Kongra + Kyongr keeps the almost constant val-
ue of ~6,5-10* s* up to 50% Ar. At the same time, the
total effect of R4 and R5 begins to contribute the total
ionization frequency from, at least, 40% Ar in the
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HBr +Ar gas mixture. That is why the parameter v;,
increases monotonically toward Ar-rich plasmas as
6,5-10*-1,0-10° s™.

From the above data, it can be understood that
the total ionization frequencies in pure halogen gas
plasmas are rated as vi,(HBr) > v;,(Cl,) > v;,(CF,).
However, the model-predicted n, does not follow this
rule (Fig. 2). The much lower frequency of the disso-
ciative attachment for CF4 (Ki1Ncps = 4.810%s™, where
R11: CF, + e = CF; + F)) compared with Cl, (kioney, =
3,3:10* s, where R12: Cl, + e = Cl + CI") provides the
lower decay rate for electrons and thus, results in
Ne(CF4) > ne(Cl,) in spite of v;,(Cly) > vi,(CF,). At the
same time, the condition Kyonegp > KisNper + KizNgr =
=1,9-10" s™*, where R13: HBr + e = H + Br" and R14:
Br, + e = Br + Br does not contradict with v;,(HBr) >
>v;,(Cly) and provides n,(HBr) > ne(Cl,). Therefore,
under one and the same operation condition, the high-
est n, was found for the CF, plasma, and the lowest
one is for the Cl, plasma. An increase in Ar mixing
ratio results in monotonically increasing n, in the
ranges of 2,8:10°-9.810"° cm?® for CF, + Ar,
2,0-10°-9,1-10 cm™® for Cl, + Ar and 3,6:10"-
1,2:10" cm™ for HBr + Ar at 0-80% Ar (Fig. 2). This
effect is supported by the simultaneous increase in v;,
and decrease in vy, due to the decreasing fraction of
the electronegative component in a feed gas. The den-
sities of negative ions in pure halogen gas plasmas
stand as ng- = 2,6:10° cm™ < ng- = 5,2:10% em® <
<ng- = 6,3-10" cm?, as follows from the correspond-
ing attachment rates (Fig. 1). The higher attachment
rate in HBr plasma, in spite of k3 < ky,, is connected
with the lower dissociation degree for HBr molecules,
the noticeable (~20%) contribution from R14 and the
higher electron density. The last reason lowers the
Ng-/Ne ratio compared with the ng-/ne, so that the
highest electronegativity was found for the Cl, plas-
ma. An increase in Ar mixing ratio results in mono-
tonically decreasing attachments rates, absolute (ng- =
=2,6:10'°-9,3-10°, ng- = 5,2:10"°-3,0-10" cm® and
Ner- = 6,3:10°-2,5-10"° cm™ at 0-80% Ar) and rela-
tive (N-/n, = 0,96-0,13, n¢-/ne = 2,6-0,3 and ng,-/n, =
=1,8-0,2 at 0-80% Ar) densities of negative ions. The
measured densities of positive ions in pure CF,4, Cl,
and HBr plasmas are scaled as the corresponding ion-
ization rates. The obtained increase in n, with increas-
ing yar (5,3:10°-8,2:10" cm for CF, + Ar, 7,2:10"°-
1,2:10* c¢m™ for Cl, + Ar and 9,9-10"-1,4-10* cm?
for HBr + Ar at 0-80% A, see Fig. 2) is provided by
both increasing ionization rates and decreasing decay
rates of positive ions through ion-ion recombination
in bulk plasma.
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Fig. 2. Measured and model-predicted densities of charged spe-
cies in CF4 + Ar (1-3), Cl, + Ar (4-6) and HBr + Ar (7-9) plas-
mas: 1, 4 and 7 — total density of positive ions; 2, 5 and 8 — elec-
tron density; 3, 6 and 9 — relative density of negative ions
Puc. 2. V3MepeHHBIE U pacuyeTHBIC KOHIIEHTPALUH 3apsKSHHBIX
yactui B mwiasme CF4 + Ar (1-3), Cl, + Ar (4—6) u HBr + Ar (7 -
9): 1,4 u 7 — cymmapHasi KOHIEHTPaLUs TOJ0KHUTEIbHBIX HOHOB;
2,5 1 8 — KOHLIEHTpAaLUS JEKTPOHOB; 3, 6 U 9 —OTHOCUTENIbHAS
KOHILICHTPALUs OTPUIATEIFHBIX HOHOB

From Refs. [31-34], it can be understood that
the rate of physical etching pathway, including both
physical sputtering of surface atoms and ion-
stimulated desorption of reaction products in ion-
assisted chemical reaction, is given by Y<I',, where I’
= j.le is the total flux of positive ions on the etched
surface, and Ys is the ion-type-averaged sputtering
yield. For the ion bombardment energy & < 500 eV,
one can assume Ys ~ /M;s; [31, 32], where M,; is the
effective ion molar mass, and ¢; depends of both nega-
tive dc bias Uy and floating potential Us as & = el-Us-
Uql. Therefore, the relative change of physical etch-
ing pathway with variations of input process condi-
tion, including gas mixing ratios, can be characterized
by the parameter /M;s;T;. An increase in yu, in all
three gas mixtures results in decreasing -Ug. at Wy, =
=const (Fig. 3) and thus, in decreasing ion bombard-
ment energy (& = 395-267 eV in CF, + Ar, 407-288 eV
in Cl, + Ar and 458-264 eV in HBr + Ar at 0-80% Ar).
At the same time, the ion flux follows the behavior of
j+ (Table) and increases toward Ar-rich plasmas.
From Fig. 3, it can be seen that, in the range of y, < 0,5,
the opposite changes of 4/M;s; and . compensate one

each other that results in 4/M;=,I'y ~ const. However,
the furthermore increase in y, causes an increase in
ion energy flux, so that the overall relative change of

M;&.Ty in the range of 0-80% Ar is by 1,7 times in
CF4 + Ar, by 1,6 times in Cl, + Ar and by 1,2 times in
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HBr + Ar. According to the absolute values of

M.;Ty, the most advantageous conditions for the
sputtering of both etched surface atoms and reaction
products are in HBr + Ar plasma, and the worse
conditions for the physical etching pathway are in
CF, + Ar plasma.
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Ar fraction in CF4, CI2 or HBr + Ar
Fig. 3. Energy and particle fluxes of positive ions as functions of
Ar fraction in CF4 + Ar (1, 4), Cl,+ Ar (2, 5) and HBr + Ar (3, 6)
gas mixtures: measured negative dc bias (1 — 3) and model-
predicted ion energy flux (4 — 6)

Puc. 3. 3HCpFI/II/I 1 IIOTOKH ITOJIOKHUTECJIIbHBIX HOHOB B 3aBUCUMO-
cru ot gonn Ar B cmecsix CFy + Ar (1, 4), Cl, + Ar (2, 5) u HBr +
Ar (3, 6): I3MEpeHHBIH OTPHULATENBHBII MOTEHIIMAT Ha TIOIIOXK-
koxepikarene (1-3) u pacueTHbIe TIOTOKH dHEPTHUH HOHOB (4 — 6)

Among the neutral species in CF,; + Ar, Cl, +
+Ar and HBr + Ar plasmas, the halogen atoms (F, ClI
and Br) are of primary interest for the dry etching
process analysis. In pure CF, plasma, the formation of
F atoms is mainly provided by ~52% R1, ~30% R15:
CF,+e=CF;+F +e (ks =1,010"-1,4-10" cm%s
for 0-80% Ar) and ~10% R16: CF; +e=CF, + F + ¢
(kys = 6,6-10"°~7,7-10™"° cm?/s for 0-80% Ar). In pure
Cl, plasma, the single source of Cl atoms is R17: CI, +
+e = 2Cl + e (k7 = 7,7-10°-1,2:10"® cm®/s for 0-80%
Ar) while in pure HBr plasma the Br atoms are main-
ly generated through R18: HBr + e = H + Br + e
(~19%), R19: Br, + e = 2Br + e (~55%) and R20: H +
Br, = HBr + Br (~21%). The domination of R19 and
R20 over R18 is connected with the relatively high
density of Br, molecules which is supported by fast
Br — Br, recombination on reactor walls as well as
with kye = 1,1-10°-1,4-10™ cm®s >> kyg = 1,3-10° -
2,1-10° cm®/s for 0-80% Ar. An increase in Ar frac-
tion in a feed gas shows the similar influence on the
formation kinetics of F, Cl and Br atoms and thus, on
their densities in all three gas systems (Fig. 4(a)).
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state neutral species as functions of Ar fraction in CF, + Ar, Cl, +
Ar and HBr + Ar gas mixtures
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The simultaneous increase in dissociation rate
coefficients (due to the change of T,) and n, results in
the noticeable increase in the frequencies of the disso-
ciative collisions for electrons toward Ar-rich plas-
mas: (k; + kis)ne = 8-28 s, kyzn, = 155-1000 s,
kigne = =47-252 s and kyon, = 388-1640 s™ for 0-
80% Ar. Though this effect is partially aligned by the
decreasing fractions of the halogen-containing species
in the feed gas, the formation rates and densities of F,
Cl and Br atoms change non-linearly and decrease
much slower than the parameter 1-y.. As can be seen
from Fig. 3, the twofold dilution of the halogen-
containing component by argon (i.e. when y, = 0,5)
lowers the densities of F and Cl atoms only by 1,2
times, and the density of Br atoms by 1,5 times.
Therefore, the addition of Ar leads to an increase in
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electron-impact dissociation efficiencies and disso-
ciation degrees for CF,4, Cl, and HBr molecules. An-
other remarkable issue is that, under the give set of
operating conditions, the stepwise dissociations in-
volving metastable Ar(*P,;,) species do not contrib-
ute the formation of F, Cl or Br atoms in correspond-
ing gas systems. The reason is the low density of met-
astable atoms (~ 1,2:10" cm™ in CF, + Ar plasma,
~8,8:10" cm™ in Cl, + Ar plasma and ~ 1,0-10* cm®
in HBr + Ar at 80% Ar) due to both quite low excita-
tion rate through R21: Ar + e = Ar" + e (e, ~ 11,6 eV)
and high decay rate on reactor walls.

According to Refs. [31-33], the rate of the
chemical pathway of ion-assisted chemical reaction is
yl'x, Where I'x ~0,25nyo+ is the flux of atomic species
with the volume density of ny, and yx is the probabil-
ity of chemical reaction. Figure 4(b) shows that the
fluxes of F, Cl and Br atoms follow the behavior of
their densities in bulk plasma and keep the same
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