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B pabome obcycoaromen mexanusmol enuanus coomnowenus CFi/CHF; ¢ nnazmooopa-
syroueir cmecu CFi+ CHF3 + Oz na cmayuonapnwiit cocmae nnazmvl u KunemuKy mpagieHus
KPEeMHUSA 6 MURUYHBIX YCAO6UAX PEAKMUGHO-UOHHO20 npoyecca. /JuazHocmuKka niasmol 060il-
HbIM 30HO0M Jlenemwopa obecneuueana ungopmayuio no INeKmMpoPuzuiecKum napamempam
Ra3Mbl U RPEOOCMAGNANA UCXOOHbIE OAHHbBIE 011 MOOETUPOSAHUA KUHEMUKU NAA3MOXUMUYe-
cKkux npoueccos. B pezynomame 6v11u noomeepitcoenst ocnoguule ceoiicmea naazmol CF,+ O u
CHF; + Oy, uzsecmmuuie uz npeowecmeyrowiux padoom, a maxxice NPpoGEOCH AHAU3 3AKOHOMEPHO-
cmeil 00pazoeanusa u 2ubenu AKMUGHBIX YACHUY 6 YCIA06UAX MPEXKOMNOHEHMHOU cmecu. B
yacmuocmu, 0v110 oonapysceno, umo 3amena CF4 na CHF3 npu ¢puxcuposannom codeprcanuu
KUCI0po0a 6 UcX00HOM 2a3e a) bl3blédem OMHOCUMIEILHO C1a0ble UIMEHEHUA MeMNepamypol
IEKMPOHOE U NIAOMHOCHU NAA3MbL; 0) NPUCOOUN K YBETUUEHUIO €€ NOJIUMEPUSAUUOHHOU ChO-
coonocmu; u 8) 3nauumenvho (6onee uem 6 3 paza) chudxncaem Konyenmpayuio amomoe F. Ilo-
ceonull Ighgpexm 0v11 noomeepIrcoen YO061emMeoOPUMENbHBIM CO2NACUHEM C IKCHEPUMEHMAb-
HBIMU OAHHBIMU, NOJIYYEHHBIMU C UCNOJ1b308AHUEM MEMOOA ONMUUECKOU IMUCCUOHHON AKMUHO-
mempuu. B akcnepumenmax no mpasnenuio 6v1110 Hali0eHo, YmMo cKOPOCHL MPAGICHUS KPEMHUA
crnuxncaemcs om 140 um/mun 00 65 um/mun ¢ pocmom cooepycanus CHFs Ananuz Kunemuku
mpagieHusA NO360UJI 3AKTIOUUMb, YMO ) OOMUHUDYIOWUM MEXAHUZMOM MPAGICHUA AGIACHICA
UOHHO-CHIUMYAUPOSAHHAA XUMUUECKAA PeaKyus; 0) Iphekmusnan eepoammnocms Imoii peakyuu
COXpansaem nPaKmuyecKu NOCMOAHHOE 3HaYeHUe, HECMOMPA HA YeeauueHue CKOpocmu mopyz-
JIEPOOHOIL NOITUMEPHOU NAEHKU. Imom Ihhekm modicem ompasicams U3MEHEHUE CIEenenl nac-
cusayuu c60000HOI OM NOAUMEPA NOBEPXHOCHIU AMOMAMU KUCI0POOd.
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In this work, we discussed how the CF4/CHF; ratio in CF4 + CHF3 + O, gas mixture does

influence steady-state plasma composition and silicon etching kinetics in a conventional reactive-
ion process. Plasma diagnostics by double Langmuir probes delivered the information on electro-
physical plasma parameters and provided input data for the modeling of plasma chemistry. As a
result, we confirmed basic properties of CF4 + O, and CHF; + O, plasmas known from previous
works as well as analyzed formation/decay Kinetics for plasma active species in the three-compo-
nent gas mixture. In particular, it was found that the substitution of CF, by CHF; at fixed content
of oxygen in a feed gas a) causes weak changes in electron temperature and plasma density; b)
leads to an increase in plasma polymerizing ability; and c) sufficiently (by more than 3 times) re-
duces F atom density. The last effect was confirmed by the satisfactory agreement with experi-
mental data obtained using the optical emission actinometry method. Etching experiments indi-
cated a monotonic decrease in Si etching rate toward CHFs-rich plasmas, from 140 nm/min down
to 65 nm/min. The analysis of etching kinetics allowed one to conclude that a) the dominant etching
mechanisms is the ion-assisted chemical reaction; and b) the effective reaction probability keeps
the nearly constant value, in spite of increasing polymer deposition rate. This effect may reflect the
change in passivation of polymer-free surface by oxygen atoms.

Keywords: CFi, CHF3, O, plasma, parameters, active species, ionization, dissociation, etching,

polymerization

INTRODUCTION

Reactive-ion etching (RIE) of silicon and sili-
con-based materials in fluorocarbon gas plasmas are
key steps of modern micro- and nano-electronics tech-
nology, as these determine both feature sizes and func-
tional characteristics for integrated components [1-3].
The widely used RIE tool is the inductively-coupled
plasma (ICP) etching systems which operate with two
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power sources and thus, allow one to adjust inde-
pendently active species fluxes and ion bombardment
energy [1, 4]. Therefore, the possibility to control the
balance between physical and chemical etching path-
ways enlarges the available range of output RIE char-
acteristics (etching rate, etching selectivity in respect
to mask material and etching profile shape) as well as
helps to achieve the advanced device structure and per-
formance [4-6].
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From many previous studies related to fluoro-
carbon gas plasmas, it can be understood that the over-
all RIE result strongly depends on the polymerizing
ability of given fluorocarbon gas. Corresponding prop-
erty is directly coupled with “F/C” (fluorine to carbon
atom) ratio in the original fluorocarbon molecule (in
fact, with the relation between densities of F atoms and
polymerizing CFx radicals) as well as appears to be
stronger in the presence of hydrogen [4, 7, 8]. The lat-
ter is probably due to higher sticking coefficients and
polymer chain formation probabilities for CHy species
compared with CFx ones. For instance, the CF4 plasma
is featured by [F] >> [CF] + [CF;] under typical RIE
conditions [9, 10] as well as exhibits the minimum pol-
ymerizing ability among other fluorocarbons [7, 11].
Such situation pre-determines high Si etching rates
with low etching residues, but produces the nearly iso-
tropic etching profile and low SiO./Si etching selectiv-
ity [11, 12]. At the same time, its “closest relative”
CHF; exhibits somewhat opposite properties, as it is
characterized by the domination of CFx and CHFx over
F species in a gas phase [9, 13]. As a result, the depo-
sition of thick fluorocarbon polymer film lowers abso-
lute etching rates, increases surface residues, provides
more anisotropic etching (due to the protective effect
of polymer film on side walls) [10, 11] and causes the
much better SiO»/Si etching selectivity (due to the thin-
ner polymer film and the better access of F atoms to
the oxygen-containing surface) [12].

The known method to set the etching/polymer-
ization balance according to given process require-
ments is to combine the fluorocarbon gas with additive
component which suppresses or enforces the polymer-
ization [1, 3, 4]. In particular, the addition of O oxi-
dizes CFx radicals into non-polymerizing CFO and
COy compounds, causes an increase in F atom density
as well as promotes the oxidative destruction of depos-
ited polymer film [4, 14, 15]. In our previous works
[16-18], we have studied basic properties of CF4 + O
and CHF; + O, plasmas as well as compared the etch-
ing Kinetics of silicon under identical processing con-
ditions. The common features were that the transition
toward Oz-rich gas mixtures a) disturbs electro-physi-
cal plasma parameters; b) initiates CFx + O/O(*D) —
— CFx10 + F reactions pathways that rapidly (by more
than an order of magnitude at 0-50% O-) lowers densi-
ties of fluorocarbon radials; ¢) causes the non-mono-
tonic (with maximum values at ~ 30% O; in CFs-based
plasma and ~50% O, in CHF3-based plasma [17]) be-
havior of F atom density; and d) lowers the reaction
probability of F atoms with the polymer-free Si sur-
face. Concerning the last phenomenon, suggested
mechanisms are the transformation of reaction product
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into lower volatile SiFOy, compounds and/or the oxi-
dation of silicon itself [15-17]. As such, there is a need
to have another method for adjusting the etch-
ing/polymerization balance where above effects will
remain on the minimum level.

The general aim of this work was to investigate
how the ratio of fluorocarbon components in CF4 +
+ CHF; + 50% O gas mixture does influence gas-
phase plasma characteristics and features of Si etching
process. Accordingly, the main attention was focused
on corresponding changes in electrons- and ions re-
lated plasma parameters, kinetics and densities of both
fluorine atoms and polymerizing radicals as well as in
heterogeneous kinetic coefficients characterizing the
interaction of F atoms with Si surface.

EXPERIMENTAL AND MODELING DETAILS

Experimental setup and conditions

Experiments were carried out in the planar in-
ductively coupled plasma (ICP) reactor, the same as
was used in our previous works [15-19]. Schematic di-
agram of reactor environment as well as the detailed
description of experimental setup may be found in Refs.
[15, 17]. Plasma was excited using the 13.56 MHz rf gen-
erator connected to the flat coil on the top side of reac-
tor chamber. Both input power (Win) and total gas
pressure (p) were constant and fixed at 700 W and 6 mtor,
respectively. Another 13.56 MHz rf source powered
the chuck electrode to control the ion bombardment en-
ergy (i) through the change in the negative dc bias
voltage (-Uqc). As the bias power (W) was also kept
on the constant level of 200 W, the parameter -Ug. was
slightly sensitive to the ion flux coming from the bulk
plasma. The initial composition of CFs; + CHF; + O;
gas mixture was set by adjusting partial flow rate for
component gases within the total flow rate q = 40 sccm.
In order to characterize the content of components in a
feed gas, we used their relative concentrations (or mole
fractions) y; found as (qi/q) x 100%. In particular, the
constant g(O2) = 20 sccm always provided y(O2) = 50%
while the other half was composed by different values
of y(CF4) and y(CHFs3). Accordingly, an increase in
g(CHF3) from 0-20 sccm corresponded to y(CHF3) = 0-
50%, or to the full substitution of CF4 by CHFs.

For etching experiments, we used fragments of
standard Si (111) wafer with an average size of ~2x2 cm.
Etched samples were located in the middle part of
chuck electrode, and the latter was thermally stabilized
at ~ 20 °C using the water-flow cooling system. After
the exposure in plasma, the etched depth Ah was meas-
ured using the surface profiler (Alpha-Step 500, Ten-
cor). For this purpose, we provided a partial surface
masking by the photoresist AZ1512 with a thickness of
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~ 1.5 um. Preliminary, it was found that the depend-
ence of Ah on processing time exhibits the nearly linear
shape up to t = 10 min. Therefore, assuming the
steady-state etching regime, the Si etching rate was
simply calculated as R = Ah/t for t = 1 min. It is im-
portant to note also that the small sample size was es-
pecially selected to exclude the loading effect as well
as to minimize the disturbance of gas-phase plasma
characteristics by etching products. As a result, we ob-
tained no differences in both Si etching rates and
plasma diagnostics data obtained with and without
sample loading as well as with simultaneous loading of
several samples.

Plasma diagnostics procedures

Plasma diagnostics was represented by double
Langmuir probe (LP) measurements (DLP2000,
Plasmart Inc.) and optical emission spectroscopy
(OES) (AvaSpec-3648, JinYoung Tech).

In LP measurements, the probe head was in-
stalled through the viewport on the chamber wall as
well as was centered in the radial direction. In order to
minimize experimental errors due to the deposition of
fluorocarbon polymer on probe tips, these were condi-
tioned in 50% Ar + 50% O- plasma for ~ 5 min before
and after each measurement. Such procedure provided
the decent similarity in both raw current-voltage (I-V)
curves and related plasma parameters obtained in a se-
ries of independent measurements under identical pro-
cessing conditions. The treatment of I-V curves was
based on well-known statements of Langmuir probe
theory for low-pressure high-density plasmas [4, 20].
As a result, data on electron temperature (Te) and ion
current density (J+) were available.

In OES measurements, the plasma emission
spectra were investigated through the quarts window
which sealed the viewport instead of Langmuir probe
tool. In order to obtain information on F atom density,
we fulfilled the CF4 + CHF3;+ O, gas mixture by 2 sccm
(~ 4.5%) of Ar as well as monitored intensities () for
F 703.8 nm (en = 14.75 eV) and Ar 750.4 nm (en =
13.48 eV) emission maxima. As corresponding atomic
lines exhibit low radiative lifetimes and direct electron-
impact excitation with accurately known cross-sec-
tions [21], their combination represents the well-
known actinometry couple used by many researches.
Accordingly, the standard actinometrical approach
[21, 22] yields

[F] = yArNCa(lF“Ar), (1)
where ya is the Ar fraction in a feed gas, N = p/keT gas
is the total gas density at the gas temperature of T,
and Ca = (Aarkex FAF)/ (Arkex arAar) IS the actinometrical
coefficient that depends on corresponding wavelengths
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(), excitation rate coefficients (kex) and optical transi-
tion probabilities (A). In Ref. [21], it was shown that
Ca~2.0at Te=3-6 eV. Similarly to our previous works
[15-19], we assumed T s be independent on gas mixing
ratio and equal to ~ 600 K. The latter is quite typical
for ICP reactors of given geometry operated at power
densities of ~ 0.5 W/cm?3[23]. In a series of preliminary
experiments, it was found also that the presence of Ar
does not influence plasma parameters, and thus does
not disturb the F atom kinetics. Therefore, F atom den-
sities obtained from Eq.(1) may surely be equalized
with those in Ar-free plasmas.

In both etching and plasma diagnostics exper-
iments, each point corresponded to the given set of pro-
cessing conditions was repeated by 5 times, while the
data were averaged before their plotting and/or tabulat-
ing. Typical deviations in respect to average values
were about 5% in LP and OES measurements as well
as were always below 10% in the case of etched depth.

Plasma modeling

In order to obtain the information on densities
and fluxes of plasma active species, we applied a sim-
plified 0-dimensional (global) model operating with
volume-averaged plasma parameters. The Kkinetic
scheme (the list of reactions with related rate coeffi-
cients) was constructed from those suggested in previ-
ous works for modeling of CF4 + Ar/Ozand CHF; +
+ Ar/O; [13, 14, 17, 24] plasmas. As in both cases au-
thors reported the satisfactory agreement between
measured and model-predicted plasma parameters, the
discussion about the content of kinetic scheme was not
the subject of given study. Modeling algorithm ac-
counted for a set of typical approaches reflecting the
features of low-pressure (p < 20 mtor) high-density (n+
> 10% cm3, where n. is the total ion density) inductive
discharges [4]. In particular, it was assumed that

1. The electron energy distribution function
(EEDF) has the nearly Maxwellian shape. Physically,
such situation is provided by the sufficient contribution
of equilibrium energy exchanges in electron-electron
collisions. Accordingly, rate coefficients for electron-
impact reactions may be obtained in a form of fitting
expressions k = f(Te) [14, 24, 25].

2. The low electronegativity of CF4, CHF3 and
O, gases results in ne = n+, where ne is the electron den-
sity [10, 13, 14, 24, 25]. The reasons are the high ioni-
zation degree for gas species (n+/N > 10) as well as
the low efficiency of dissociative attachment processes at
low pressures. All these reveal J. ~ 0.61en.(eTe/mi)Y? [4],
where m; is the effective (ion-type-averaged) ion mass.
The latter may be evaluated through individual masses
and fractions of dominant positive ions, as was de-
scribed in Refs. [15, 17].
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3. The loss of atoms and radicals on chamber
walls follows the first-order recombination kinetics
with nearly constant reaction probabilities [15, 17].
The latter is because of the nearly constant internal
wall temperature, as can be expected from the negligi-
ble change in the temperature of external wall.

The input model parameters were experi-
mental data on T. and J. obtained by LP plasma diag-
nostics at different CF#/CHF3; mixing ratios. As outputs,
the model provided steady-state densities and fluxes for
both charged and neutral ground-state species.

RESULTS AND DISCUSSION

When analyzing the influence of CF4/CHF3
mixing ratio on electrons- and ions-related plasma pa-
rameters (Table 1), it was concluded that correspond-
ing phenomena a) surely reflect differences between
CFs- and CHFs- based plasmas diluted by 50% O, as
shown in Refs. [16, 17]; and b) have reasonable inter-
pretations with accounting for model-predicted plasma
composition (Fig. 1). Accordingly, most important
findings may briefly be explained as follows:

— The noticeable growth of electron tempera-
ture at W = const definitely points out on lower in elec-
tron energy losses in CHFs-rich plasmas. Really, from
Fig. 1(a), it can be seen that an increase in y(CHF3)
causes the substitution of dominant molecular compo-
nent CF,0 by HF molecules. As the latter exhibits the
diatomic structure and the lower size compared with
that for CF,0, one can reasonably suggest also lower
cross-sections for vibrational excitation, electronic ex-
citation and ionization. Accordingly, an increase in
[HF] together with y(CHF3) suppresses electron energy
losses in both elastic and inelastic collisions, increases
the fraction of high-energy electrons in EEDF as well
as causes the growth of their mean energy, 3/2T..

— A weak increase in plasma density is mainly
provided by increasing total ionization frequency, vi;
ki[F] + ko[F2] + ks[CF20] + ka[HF], where “k” are rate
coefficientsforRl: F+e > F +2e, R22 F,+e > R +
+2¢, R3:CF,O0+e 5> CF,0*+2eand R4: HF + e —»
— HF* + 2e. Such situation is because the condition of
ks < ki = ko ~ K3 is overcompensated by the growth of
all ionization rate coefficients together with Te, so that
viz = 1.9x10*-3.2x10° s%, or by ~ 1.6 times for 0-50%
CHFs. The weaker effect on both n. and ne (by ~ 1.2
times for 0-50% CHF3) is because of the acceleration
of their transport to chamber walls due to an increase
in electron diffusion coefficient and ion Bohm veloc-
ity. Accordingly, similar tendencies for ion flux I'+
(5.8x10%-7.8x10% cm?st at 0-50% CHF3) and ion
current density J. = eI+ also take place.
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— Arrelative decrease in the ion bombardment
energy (as follows from the behavior of —Uq) appears
to be weaker compared with that for I's, so that the pa-
rameter G1 = (Migi)Y?T"s, where M; = Nam;, keeps an in-
creasing tendency toward CHFs-rich plasmas. As the lat-
ter characterizes the ion bombardment intensity [15-17],
one can expect the somewhat acceleration of ion-
driven heterogeneous processes.

Table 1
Electrons- and ions-related plasma parameters
Taonuya 1. IllapameTpbl 3JIEKTPOHHOI U HOHHOH KOM-
IMOHEHT IlJIa3Mbl

V(C(;'JF3)' Te €V |J., mA/cm? 1'(‘);(70’;;'_3 Uge, V %11’7
0 38 0.93 3.02 280 | 6.13
25 42 112 3.39 266 | 7.07
50 45 124 3.53 255 | 7.53

Note: G1 = (Migi)T'+ (eV¥2cm?s?)
[pumeuanue: G1 = (Miei)?I'+ (eB¥2cm2ct)

The chemistry of neutral species in CF4 plasma
in the absence of oxygen has been studied by several
authors using both experimental and modeling meth-
ods [10, 13, 26, 27]. When summarizing corresponding
data obtained at conventional RIE conditions, the basic
features of plasma composition and F atom kinetics can
be formulated as follows. First, the dominant formation
pathways for F atoms are R5: CFx+¢ — CFxa+F + e
for x =4 and R6: CF; + ¢ — CF3" + F + 2e. Therefore,
as both reactions also produce CF; radicals, the condi-
tion of [F] ~ [CF3] surely takes place. Second, the step-
wise formation of CFx species in R5 reaction family
lowers their densities with decreasing “x” value. That
is why the rule of [CF.] > [CFx1] always does work.
And thirdly, the loss of F atoms and CF radicals is
mainly due to their recombination on chamber walls in
R7: F + CFx — CFx1and R8: F + F — Fa. As the last
process produces the noticeable amount of F, mole-
cules, their dissociation in R9: F, + e — 2F + e brings
about 10% to the total F atom formation rate. Such sit-
uation is also due to the low threshold energy (~ 4.3 eV
for R9 compared with ~ 5.6 eV for R5 (x = 4) and
~15.9 eV for R6) that results in ke > ks and K.

The dilution of CF, by O enriches the gas
phase by active oxygen atoms due to R10: O; + e —
O/O(*D) + e as well as causes the oxidation of CFx rad-
icals into CF,0, CFO, CO and CO; species in R11:
CFx + O/O(*D) — CFx10 + F. The results are the rapid
(by more than two orders of magnitude at 0-50% O,)
decrease in densities of CFy radicals as well as the
domination of CF,O molecules among over molecular
species (Fig. 1). Except the work of R11, the last phe-
nomenon is also contributed by the effective formation
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of CF,0 species in R12: 2CFO — CF.0 + CO, R13:
CFO + F — CF;0 and R14: CFO + CFx — CF.0 +
+ CFxa. Another important effect is the sufficient
growth of F, density due to the powerful add-on to their
formation rate from the side of R15: CF.0O + O/O(‘D) —
— F, + CO,. As a result, the leading impact to the
production of F atoms is transferred to R9, R16: CF,O
+e—>CFxiO+F+e, R17:FO+e —>F+0+e¢, RIS:
F, + O/O(*D) — FO+ F, R19: FO + O/O(!D) — O, + F
and R20: CFO + O/O(*D) — CO; + F. As all these
causes an increase in the total fluorine atom formation
rate, the same change in their density compared with
non-oxygenated plasma also takes place. Therefore,
our model-predicted data surely confirmed results of
several previous works dealt with CF4 + O, plasmas
[14, 16, 17].

The substitution of CF4 by CHF3 promotes the
formation of CFx (x = 1, 2) radicals (as the dominant
electron-impact dissociation channel for various CHF
species is R21: CHFx + e — CFx + H + ¢) as well as
introduces the new channel for the loss of F atoms in a
form of R22: CHF« + F — CFx + HF. The latter lifts up
the total F atom loss frequency as well as results in suf-
ficiently decreasing [F] value, as shown in Fig. 1(a).
Another important phenomenon is that R22 and R23:
CFx+H — CFx.1 + HF provide the effective conversion
of CHFx and CFx species into HF molecules. As a re-
sult, these become to be the main gas-phase component
starting from 35-40% CHFs while partial densities of
CHF family appear to be below 10 c¢cm?3, It is im-
portant to note also that reaction R24: HF + O — F + OH
has the high energy threshold (as the strength of H-F
bond ~ 570 kJ/mol is higher than ~ 430 kJ/mol for H-
O one [28]) and exhibits the extremely low rate coeffi-
cient at gas temperatures below 1000 K [29]. That is
why the weak increase in O atom density is due to the
combined effect from increasing efficiency of R10 and
decreasing rate of R18 that follows the change in F
density. As a result, the simultaneous increase in den-
sities of CF,, CF and O species produces the synergetic
effects on CO and CFO molecules (Fig. 1(b)). Data of
Fig. 2 indicate also that F atom densities provided by
our model are in the satisfactory agreement with those
resulted from the actinometry experiments. Taking into
account that the multi-channel reaction scheme closely
matches calculated [F] values with kinetics of other
species, one can assume the correct model-based de-
scription of main kinetic effects determining the
steady-state composition of CF; + CHF3 + O, plasma.

In order to evaluate how above changes in
plasma composition do influence its polymerizing abil-
ity, one can account for the set of tracing parameters
suggested in our previous works [16, 17]. These were
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based on numerous studies of heterogeneous processes
kinetics in polymerizing plasmas summarized in Refs.
[4, 7, 11, 12, 30]. In particular, the growth of fluoro-
carbon polymer film is provided by CHyFy (X +y < 3)
radicals and appears to be faster in fluorine-poor plas-
mas. The latter is because F atoms saturate free bonds
on the plasma/polymer interface and thus, decrease the
sticking probabilities for radicals coming from a gas
phase. Therefore, the change in the polymer deposition
rate may be traced by the parameter G2 = Tpal/T,
where Tk is the flux of F atoms, and 'y is the total flux
of polymerizing radicals composed by CF,, CF and
CHEF. In addition, parameters G3 = G2/G1 and G4 =
= G2/T'o, where T'ois the oxygen atom flux, character-
ize relative changes in polymer film thickness due to
physical sputtering and etching by O atoms, respec-
tively. From Tab. 2, it can be seen that the substitution
of CF4 by CHFs increases the total flux of polymeriz-
ing radicals (mostly due to an increase in CF and CF;
densities, as shown in Fig. 1(b)) as well as causes the
growth of polymer deposition rate. As the latter ap-
pears to be faster (by ~ 25 times at 0-50% CHF3) com-
pared with an increase in both ion bombardment inten-
sity (by ~ 1.2 times at 0-50% CHF3) and O atom flux
(~ 1.3 times at 0-50% CHF3), an increase in the poly-
mer film thickness surely takes place. In other words,
an increases in y(CHF3) results in increasing plasma
polymerizing ability. The similar phenomenon was re-
ported in our previous work dealt with CF4 + CHF3 +
+ Ar plasma [30].
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Fig. 1. Model-predicted densities of neutral species as functions
of CHFs fraction in a feed gas. Dashed lines are to highlight oxy-
gen-containing components
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Table 2
Gas-phase parameters to trace etching and polymeriza-
tion kinetics
Taonuya 2. Ilapamerpbl razoBoil (pasbl, 0TCIEKUBAIO-
¢ KHHETHUKY TPAaBJCHUA U MMOJTUMEpPHU3alu

16
Y(CHFs). oo, 101 5 102 |63 10%0|G4, 10| G5
% cmst
0 002 | 001 | 002 | 002 | Lo1
25 | 006 | 007 | 009 | 007 | 118
50 | 017 | 036 | 047 | 028 | 063

Note: G2 = I'pall'F; G3 = G2/G1 (eV-Y2cm?s); G4 = G2/To
(cm?s); and G5 = TF/G1 (eV*?)

[pumeuanue: G2 = [pol/T'F; G3 = G2/G1 (eBY2cmc);

G4 = G2/To (cm2c); and G5 = ['H/G1 (eBY2)
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Fig. 3. Silicon etching rate (1-3) and kinetic coefficients charac-
terizing heterogeneous stages of etching process (4, 5) as func-
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ing rate; 2 — rate of ion-assisted chemical reaction, Rehem; and
3 — rate of physical sputtering, Rpnys. In Fig. b): 4 — etching yield,
Yr; and 5 — effective reaction probability, yr
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From etching experiments, it was found that
measured Si etching rate decreases monotonically and
almost linearly with increasing CHF3 fraction in a feed
gas (Fig. 3(a)). The mentioned tendency is opposite to
the change in ion bombardment intensity (as the latter
demonstrates the weak growth toward CHFs-rich plas-
mas, see Table 1), but repeats the behavior of F atom
flux. Formally, such situation points out on the domi-
nation of chemical etching pathway.

From Refs. [4, 17, 30], it can be understood
that measured etching rate, R, represents the superpo-
sition of partial rates of physical sputtering (Rpnys) and
ion-assisted chemical reaction (Rchem). The noticeable
role of Renemin or case directly follows from absolute val-
ues of process yield calculated as Yr = R/T'+ (Fig. 3(b)).
Obviously, the range of 2.0-0.7 atom/ion at & = 303-
282 eV is abnormally high compared with typical Si
sputter yields in chemically inert gas environments, Y's
(for example, Ys ~ 0.2 atom/ion at ion energies of
~ 300 eV, as follows from Refs. [31]). In order to di-
vide contributions of physical and chemical etching
pathways, we determined the physical etching compo-
nent as Rpnys = YsI'+, and then, found Rehem = R-Rphys.
The result was that Rpnys increases slightly (14-
19 nm/min for 0-50% CHF3) following the behavior of
G1 while Rehem demonstrates the deep decrease (126-
46 nm/min for 0-50% CHF3) with keeping the condi-
tion of Rcrem >> Rpnys. The latter suggests that the main
etching mechanism determining the overall process ki-
netics is heterogeneous chemical reaction represented
by a consequence of R25: Si(s.) + xF — SiFx(s.) and
R26: SiF«(s.) — SiFx. As the last process appears spon-
taneously due to the high volatility of saturated SiF, com-
pounds even at nearly room temperatures [4], the limiting
stage may surely be related to R25. Another important
finding was that a decrease in Renem (by ~ 2.7 times for 0-
50% CHF3) almost completely corresponds to the
change in F atom flux that points out on the nearly con-
stant effective reaction probability for R25, yr = Renem/T'r
(Fig. 3(b)). From previously published works, it can be
understood that the effective probability for the reac-
tion of F atoms with silicon in oxygen-containing flu-
orocarbon gas plasmas is sensitive to two main factors,
such as a) plasma polymerizing ability (as the thicker
polymer film may retard the transport of F atoms to the
etches surface) [4, 11, 12]; and b) the oxygen-related
heterogeneous effects initiated by the competitive ad-
sorption of oxygen atoms [16, 17]. In our opinion, the
first mechanism does not work because yr does not
“feel” the sufficient increase in both polymer deposi-
tion rate and polymer deposition/decomposition rate
ratio, as follows from data of Tab. 2. Obviously, such
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situation may take place only if the given amount of
oxygen provides the effective destruction of polymer
film, so that the latter exhibits either the very low thick-
ness or the non-continuous island-like structure. As for
the second mechanism, it looks quite possible, espe-
cially taking into account the evident agreement be-
tween weakly decreasing yr and weakly increasing O
atoms flux. The latter follows from corresponding
change in O atom density shown in Fig. 1. From chem-
ical point of view, one can imagine that the competitive
adsorption of O atoms leads to either oxidation of sili-
con itself R27: Si(s.) + xO — SiO«(s.) or the conver-
sion of etching products into lower volatile compounds
R28: SiFx(s.) + yO — SiFxOy(s.). All these assume the
appearance of ion-assisted stages R29: SiOx(s.) —
— SiOxa(s.) + O and R30: SiFOy(s.) — SiFxOyas well
as results in decreasing fraction of free adsorption sites
for F atoms. It is important to note that exactly same
reaction mechanisms were found to be most reasonable
to explain the behavior of yr in oxygen-rich CF4 + O2
and CHF; + O, plasmas under almost identical pro-
cessing conditions [17]. The similarity of correspond-
ing phenomena reveals that we probably found correct
matching between gas-phase chemistry and heteroge-
neous process Kinetics in oxygenated fluorocarbon gas
plasmas.

Finally, we would like to focus the attention on
the parameter G5 = I't/G1 which traces the balance be-
tween directional and chaotic etching pathways as well
as characterizes the etching anisotropy. From Tab. 2, it
can be seen that am increase y(CHFs) results in de-
creasing G5 (by ~ 3 times at 0-50% CHFs3) that means
the transition to more anisotropic etching. Therefore,
the CF4/CHF3 mixing ratio seems to be the additional
tool to adjust the shape of etching profile. At the same
time, the direct confirmation by experiments is re-
quired.

CONCLUSIONS

This work dealt with CF4 + CHF; + O gas
mixture as well as was focused on relationships be-
tween CF./CHF; mixing ratios, steady-state densities
of plasma active species and silicon etching kinetics.
Plasma diagnostics by double Langmuir probes in
combination with 0-dimensional (global) plasma
model indicated that the substitution of CF4 by CHF;at
constant fraction of oxygen in a feed gas a) does not
lead to principal changes in electron temperature and
plasma density (due to no principal changes in electron
energy loss channels and total ionization rate); b)
causes an increase in plasma polymerizing ability (due
to increasing densities and fluxes of polymerizing rad-
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icals); and c) reduces F atom density (due to an in-
crease in their loss frequency in CHFx + F — CFx + HF
reaction family. The last effect (and thus, the general
reasonability of plasma modeling results) was con-
firmed by satisfactory agreement with F atom densities
measured by optical emission actinometry using the F
703.8 nm/Ar 750.4 nm intensity ratio. The analysis of
Si etching kinetics with model-predicted fluxes of
plasma active species allowed one to conclude that
a) the dominant etching mechanisms are the ion-as-
sisted chemical reaction that composes more than 70%
of total etching rate; and b) the nearly-constant effec-
tive reaction probability does not correlate with in-
creasing polymer deposition rate, as it normally takes
place in polymerizing plasmas in the absence of oxy-
gen. In our opinion, such situation reflects the change in
passivation of polymer-free surface by oxygen atoms.
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