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MAPAMETPBI U COCTAB IIVIA3MbI B CMECH CF,/O,/Ar

H3yueno enuanue coomnowenus xonuenmpauyuii O,/Ar ¢ cmecu CF,/O/Ar na napa-
Mempbl N1A3Mbl U HOMOKU AKMUBHBIX YACMUY, ONPedeNaujue KUHEMUKY CYX020 mpPaeieHus 6
oannoii cucmeme. Hccnedosanus npoeoounucs ¢ UCno1b308anuem cO80KyRHOCHU MEmo008 Ou-
aznHocmuku u mooenuposanusn niaamol. bvino naiidoeno, umo 3ameujenue apzoHa Ha KUcCaopoo
npu nocmoanuom cooepycanuu CF, ¢ nnazmooopasyoweii cmecu He npusooun K HEMOHOMOH-
HbIM USMEHEHUAM KOHUenmpayuu amomoe F, kax 3mo HeoOHOKpamuo cooduanocy 011 ounap-
noix cmeceit CF40,. Ioopobno paccmompen Mexanusm OAHHOZO0 AGNEHUA U €20 603IMONCHOEC
6NIUAHUE HA KUHEMUKY MPAgIeHUs U NA3MEeHHOI NoTUMePU3ayu.
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PLASMA PARAMETERS AND COMPOSITION IN CF,/O,/Ar GAS MIXTURE

The effects of O,/Ar mixing ratio in CF4/O,/Ar mixture on both plasma parameters and
fluxes of active species determining the dry etching kinetics in this gas system were analyzed. The
investigation combined plasma diagnostics by Langmuir probes and zero-dimensional plasma
modeling. It was found that the substitution of Ar with O, at constant fraction of CF, in a feed
gas does not result in the non-monotonic change in F atom density, as it was repeatedly reported
for the binary CF,/O, gas mixtures. The mechanisms of this phenomenon as well as its possible
impact on the etching/polymerization kinetics were discussed in details.

Key words: CF, plasma, diagnostics, modeling, reaction kinetics

INTRODUCTION

Fluorocarbon (FC) gases, such as CF, and
other ones, are widely used in the microelectronic
industry for dry patterning of silicon wafers and dielec-
tric (SiO,, SisNy) thin films [1, 2]. From Refs. [2-4], it
can be understood that the FC gases are frequently
combined with O, with the aim of increasing the F
atoms yield and suppressing polymerization on the
surfaces which are in a contact with plasma. Really,
there are many experimental evidences that the addi-
tion of O, to the CF4-based gas mixture results in the
non-monotonic behavior of the F atom density which
exhibits a maximum at 20-40% O, [5-9]. Most au-
thors reasonably attribute this effect to the stepwise
dissociation of the CF, species due to their interaction
with oxygen atoms [6, 9].

Recently, in order to satisfy the increasingly
demanding requirements concerning device dimen-
sions and performance, many dry etching processes
require optimization through the appropriate choice of
working gas and input process conditions. In this
framework, an understanding of the plasma chemistry
mechanisms involved in various gas systems is im-
portant for future progress. When analyzing the pub-
lished works, one can conclude that the effect of O,
on the plasma parameters and composition has been
well studied only for binary (CF4/O,) or ternary
(CF4/O,/Ar) gas mixtures where an increase in the O,
mixing ratio is accompanied by a proportionally de-
creasing CF,4 gas fraction. At the same time, the ter-
nary gas systems provide more pathways for the
changes in gas mixing ratios in order to obtain the
optimal process conditions. For example, one can
keep the fraction of CF, gas constant, but change the
ratio between O, and Ar. It is clear that, since the
composition of the feed gas is different compared
with the simple CF,/O, mixture, some principal dif-
ferences in plasma parameters (through the electron
energy distribution function and mean electron ener-

gy) and densities of plasma active species can take
place. This is why the relationships between the
plasma parameters and the composition for of the
three-component CF4/O,/Ar gas mixture with an CF,
gas component of constant magnitude require addi-
tional investigation.

In this work, we performed the model-based
study of CF4/O,/Ar inductively coupled plasma aimed
at understanding how the substitution of Ar for O, at
fixed 50% content of CF, influences plasma parame-
ters and densities of active species. The main atten-
tion was focused on the parameters directly influenc-
ing dry etching mechanisms: ion energy flux, F atom
flux, polymerizing species (CF, and CF) flux as well
as various flux-to-flux ratios illustrating the changes
in the etching/polymerization balance. We also at-
tempted the analysis of the formation-decay kinetics
for neutral species in order to explain the obtained
phenomena.

EXPERIMENTAL AND MODELING DETAILS

Experimental setup and procedures

The experiments were performed in a planar
inductively coupled plasma (ICP) reactor used in pre-
vious work [10, 11]. The reactor had a cylindrical
chamber (r = 15 cm), made from anodized aluminum.
A 5-turn-copper coil was located on the top of the
chamber, above the 10-mm-thick horizontal quartz
window. The coil was connected to a 13.56 MHz
power supply in order to sustain the plasma. The dis-
tance, I, between the window and the bottom electrode,
which was used as a substrate holder, was 12.8 cm.
The bottom electrode was connected to another
12.56 MHz power supply in order to control the nega-
tive dc bias on the etched wafer.

The experiments were performed at a fixed total
gas flow rate (g = 40 sccm), gas pressure (p = 6 mTorr),
and input power (W = 900 W). The input power den-
sity W' = W/z?l then became 0.9 W/cm?®. In order to
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imitate actual etching conditions, the bottom electrode
was biased by Wy, = 200 W. The CF,/O,/Ar gas com-
positions were set by adjusting the partial flow rates.
Particularly, the CF, flow rate was fixed at 20 sccm
while the flow rates of the O, and Ar were variably
set to a combined total of qo, + gar = 20 sccm. There-
fore, the proportion of CF4 (Ycrs = (cra/q) in the feed
gas was always 0.5, and the remaining half gas mix-
ture was composed of various amounts of Ar and O,

The plasma parameters were determined by a
double Langmuir probe (LP), (DLP2000, Plasmart Inc.).
The probe tip was installed through a hole in the
sidewall of the chamber, 5.7 cm above the bottom
electrode and centered in a radial direction. In order to
ensure that the LP results were not affected by the
formation of the FC polymer film on the tip surface,
we conducted a set of preliminary experiments, where
the current — voltage (I — V) curves were recorded
continuously at fixed-feed gas composition and oper-
ating parameters. Even for the non-oxygenated plas-
mas, the differences between the results of such
measurements did not exceed the standard experi-
mental error for a period of at least 10 min after the
plasma was turned on. Also, throughout the main ex-
perimental procedure, the probe tip was cleaned in
50% Ar + 50% O, plasma before and after each
measurement. The output data were the electron tem-
perature (Te), ion current density (J.), floating poten-
tial (Uy), and total positive ion density (n.). The
treatment of the | — V curves was based on Johnson &
Malter’s double probe theory [12], and the Allen-Boyd-
Reynolds (ABR) approximation for the ion saturation
current density [13]. These assume J, = 0.61en,v, where
v is the ion Bohm velocity. In our previous studies
[10, 11], it was shown that such an approach can be
reasonably applied even for more electronegative
plasmas than those used in this study. The effective
ion mass needed to determine v was evaluated simply
through the mole fractions of the corresponding neu-
tral species.

Plasma modeling

To obtain the densities of the active species,
we developed a simplified zero-dimensional model
operating with the volume-averaged plasma parame-
ters. Similarly, to our previous works [10, 11, 14, 15],
the model was based on the Maxwellian electron en-
ergy distribution function (EEDF), and directly used
the experimental data of 7, and n. as input parame-
ters. Though the real EEDFs are not exactly Maxwel-
lian, such a simplification for CF,-based and low-
pressure (p < 50 mTorr) ICPs provides reasonable
agreement between the diagnostic results and model-
ing [10-12, 16, 27].
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The general model assumptions as well as the
reaction scheme were the same with our previous
works [14, 15]. The rate coefficients for electron im-
pact reactions were calculated as functions of Te using
the fitting expressions in a form of k = AT, exp(-C/T.)
[5, 14]. The heterogeneous chemistry of atoms (F, C,
0) and radicals (CF;, CF,, CF) was described in terms
of the conventional first-order recombination kinetics.
The corresponding ticking probabilities were obtained
from Refs [5, 14, 15]. The electron density (n;) was

calculated using the simultaneous solution of the
steady-state chemical kinetic equation for negative
ions vgane = kiin.n. and the quasi-neutrality equation
n. = ne+n.. These allow one to obtain

kin,®

n, 8 ————
Vag + kymy

where vga = KiNcrat+kaoney is the total frequency of dis-
sociative attachment (R1: CF, + e — CF3; + F and
R2: O, + e — O + O), n. is the density of negative
ions, and k; =~ 1-107 cm?/s is the rate coefficient for
ion-ion recombination. The steady-state densities for
neutral ground-state plasma components were ob-
tained from the system of chemical kinetics equations
in the general form of Re-Rp = (ks+1/7r)n, where Re
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 7 = nr’lp/q is the residence time.

RESULTS AND DISCUSSION

Fig. 1 represents measured and model-predic-
ted plasma parameters as functions of O, fraction in
CF4/O,/Ar gas mixture. It can be seen that the substi-
tution of Ar for O, results in decreasing both T, (3.6-
3.4 eV for 0-50% O,, Fig. 1(a)) and J. (1.45-1.29
mA/cm? for 0-50% O,, Fig. 1(a)) that corresponds to
n. = 5.7-10°°-4.4-10"° cm*® (Fig. 1(b)). The model-
predicted electron density follows the behavior n. and
changes as 4.4-10"°-2.8-10'° cm™® for 0-50% O,. A
decrease in electron temperature toward O,-rich
plasmas is probably results from an increase in the
electron energy loss due to the low-threshold excita-
tions (vibrational, electronic) for O, and other molec-
ular species, which appear in a gas phase as products
of plasma chemical reactions. The same behavior of
both n. and n, also looks quite reasonable and may be
caused by a combination of at least two phenomena.
First, the decreasing T, suppresses ionization through
decreasing the ionization rate coefficients for all types
of neutral species. The high sensitivity of the ioniza-
tion rate coefficients to T, is because g, ~ 12-15 eV >
(3/2)T, where g, is the threshold energy for ionization
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[5, 16], and (3/2)T, is the mean electron energy. Sec-
ondly, the substitution of Ar for O, results in an increase
in the densities of electronegative species (n/n. = 0.28-
0.58 for 0-50% O,, Fig. 1(b)). This accelerates the
decay rates of the positive ions and electrons through
ion-ion recombination and dissociative attachment,
respectively.
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Fig. 1. Measured (lines + symbols) and model-predicted (lines)
plasma parameters as function of O, fraction in CF, + O, + Ar gas
mixture: 1-electron temperature, 2—ion current density, 3—total
positive ion density, 4—electron density, 5-relative density of
negative ions, 6-negative dc bias, 7—ion energy flux density
Puc. 1. V3mMepeHHbIe (JIMHUH + CUMBOJIBI) U paCUETHBIC (JTHMHUH)
mapameTphl TUIa3MbI Kak GyHKImu gomu O, B m1azMoo0pasyro-
meit cmecu CF4 + O, + Ar: 1-temneparypa 3JI€KTPOHOB,
2—IIJIOTHOCTH HOHHOTO TOKa, 3—cyMMapHa51 KOHIOEHTpanus noJjio-
KUTEITHHBIX HOHOB, 4—KOHIICHTPALIUS JIEKTPOHOB, S—OTHOCH-
TCJIbHAasd KOHLUCHTPAUA OTPULIATCIIbHBIX HOHOB, 64)1'p1/1uaTem>-
HOC CMCIICHUE HA TOJIOXKKOACPKATEIIC, 7—IOTHOCTH TTOTOKA
OHEPIruu HOHOB

Fig. 2 illustrates the influence of O, content in
the CF4/Ar/O, gas mixture on the densities of neutral
species. In the non-oxygenated 50% CF, + 50% Ar
plasma, the main source of F atoms are the electron-
impact dissociations of CF4 (R3: CF;+e — CF; + F + g,
R4: CF,+e — CF;" + F + 2e) and CF; (R5: CF3+ e —
CF,+ F + ¢). These processes constitute approximate-
ly 86% of the total F atom formation rate while the
contribution from the CF, and CF radicals through
R6:CF,+¢e —>CF+F+eandR7:CF+e—>C+F+e
does not exceed 5%. The remaining 9% comes from
R8: F, + e — 2F + e, which is supported by the high
F — F, recombination rate on the reactor walls. Ac-
cordingly, the decay of F atoms is mainly caused by
their heterogeneous recombination while the rate of
the fastest bulk process R9: CF; + F — CF;, is about
10 times less.
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Density [cm'3]
=
o,
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0, fraction in CF,+O,+Ar
Fig. 2. Model-predicted densities of neutral species as function of
O, fraction in CF, + O, + Ar gas mixture
Puc. 2. PacueTHbIe KOHIIEHTpAIIMH HEHTPAIBHBIX YACTHUI] KaK
¢ynkmun gomu O, B mrazmoobpasytomeit cmecu CF4 + O, + Ar

The substitution of Ar for O, at a constant
fraction of CF, noticeably reduces the rates of R3-R5,
even under the condition of low-oxygenated (Yo, <
Yar) plasmas (for example, a two-fold decrease at 12%
0,). This is due to the simultaneous decrease in ne,
Ners (3.5:10%-1.9-10" ecm™ for 0-12% 0O,), and Nces
(5.2:10"-1.9-10" cm™ for 0-12% O,). The density of
CF; radicals decreases because of their decomposition
in R10: CF; + O — CF,0 + F, R11: CF; + O(*D) —
— CF,0 + F, R12: CF; + CFO — CF, + CO and R13:
CF; + CFO — CF,0 + CF, with the participation of
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0, O('D), and CFO. The behavior of ncg, follows that
of ncrs because the latter represent the main source of
CF, molecules in the plasma chemical reactions. At
the same time, the addition of O, introduces new
channels for the formation of F atoms involving CFO
(R14: CFO + ¢ —» CO + F + ¢) and CF,0 (R15:
CF,0 + e — CFO + F + ¢), while also accelerating
R8. The high formation rate for the CFO species is
provided by R15 and R16: CO + F — CFO, while
CF,0 is effectively formed in R13, R17: 2CFO —
CF,0 + CO and R18: CFO + F — CF,0. The acceler-
ation of R8 is due to the rapidly increasing F, density
(Ne2 = 9.2:10M-9.0-10" cm™ for 0-12% O,), because
of the formation of these species in R19: CF,0 + O(‘D) —
— F, + CO, and heterogeneous recombination of
F atoms. As a result, the total F atom formation rate
increases compared with the CF4/Ar plasma, which
causes an increase in F atom density (ne = 5.8:10"-
2.6:10" cm™ for 0-12% O,). The further addition of
0O, in the feed gas and the transition to the high-
oxygenated plasmas (Yo2 < Yar) Maintains all the pre-
viously mentioned tendencies for reaction rates while
also introducing additional mechanisms for the for-
mation of F atoms. Particularly, in the 50% CF; +
+ 50% O, gas mixture (Yo, = 0.5 and ya = 0), the
electron impact dissociation rate of the FO species
(R20: FO + ¢ — F + O + ¢) reaches the R14 and R15
levels. The high formation rate and density of FO
(8.2:10"-6.3-10" cm™ for 12-50% O,) are provided
mainly by R21: F, + O(‘D) — FO + F and the hetero-
geneous interaction between F and O atoms. Simulta-
neously, the total effect of R14, R15 and R20 be-
comes greater than the sum of R3-R5. Apart from
these, the rates of the atom-molecular processes R21,
R22: FO + O — F + 0y, R23: FO + O('D) — F + Oy,
R24: FO + FO — 2F + O, and R25: CFO+ O — CO, + F
increase together with the increasing O, content in the
feed gas and, finally, appear to be comparable with
R14, R15 and R20. Therefore, the substitution of Ar
for O, in the CF4#/Ar/O, gas mixture under the given
conditions provides a continuous increase in the F
atom formation rate and thus, the F atom density.

The data discussed above allow one to define
clearly the differences between the three-component
CF4/ArlO, (with constant ycrs) and “classical” two-
component CF,/O, gas systems. In the CFJ/O, gas
mixture, the addition of O, at constant p results in a
proportional decrease of CF, fraction in a feed gas.
This fact results in a faster decrease in the densities of
both CF, and CF; (compared with those mentioned by
Fig. 2) as well as in slower increase in F, CFO,
CF,0, and FO densities. In fact, the formation rates
for these species appear to be strongly limited by the
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lack of fluorine coming with the feed gas. As a result,
the densities of F,, CFO, CF,0, and FO exhibit max-
imums in the range of 30-50 % O, that is directly re-
flected on the behavior of the F atom density through
the non-monotonic rates of R8, R14, R15, R20 and
R22-R24.

Another important issue for the dry etching
process analysis is the efficiency of the ion bombard-
ment which determines the contribution of the physi-
cal etching pathway to the overall process rate. In the
ion-assisted chemical reaction, the role of ion bom-
bardment may include the sputtering of the native
surface atoms, the ion-stimulated desorption of low-
volatility reaction products, and the destruction of the
fluorocarbon film. From Refs. [17, 18], it can be un-
derstood that the rate of the physical etching pathway
is given by YsI'y, where 'y = J./e is the total flux of
the positive ions on the etched surface and Ys is the
ion-type-averaged sputtering yield. For the ion bom-
bardment energy, & < 500 eV, one can assume Ys to
be proportional to the energy transferred by the inci-
dent ion to the surface atom [17]. Therefore, the phys-
ical etching pathway can be characterized by the ion
energy flux &I, where ¢ = e|-Ug-Ug|. From Fig. 1(c),
it can be seen that the parameter -Uy. increases toward
O,-rich plasmas in the range of 137-153 V. The weak-
ly increasing ¢ compensates for the fall of I',, so that
the parameter &1, keeps a near-to-constant value for
0-50% O,. Therefore, the substitution of Ar for O, in
CF4/O,/Ar gas mixture has no noticeable influence on
the efficiency of the physical etching pathway.

Finally, we would like to pay the attention to
some relative parameters which characterize the in-
fluence of both chemical and physical effects on the
dry etching kinetics in the given gas system. The op-
posite changes in F and CF, densities mentioned by
Fig. 2 result in the F/CF, flux ratio of 8-13000 for
0-50% O,. Additionally, the ion/CF, and O/CF, flux
ratios also increase toward O,-rich plasma by more
than two orders of magnitude, in the ranges of 0.6-98
and 0-795, respectively. All these mean that the sub-
stitution of Ar for O, creates a favorable condition for
etching, but not for polymerization. Therefore, as the
O, fraction in a feed gas increases, one can expect the
higher etching rates together with lower residues of
the FC polymer on the etched surface.
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