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B oannoii pabome oodcyscoaromca 63aumoceas’u mMexicoy Ha4aabHbIM COCHIAGOM CMeCU
CF,+ C,Fs + Ar, xapakxmepucmuxamu 2a3080i ()a3vl U KUHEMUKOI 2emePOo2eHHbIX NPOUECCO8 8
YC108UAX NAAZMbBL UHOYKYUOHHO20 PA3PA0a HOHUICEHHO020 Oasnenus. Llenvro pabomul aenanocey
uccine0o6anue 3a8UCUMOCHmell 6HYMPEHHUX NApamempos naaiml (memnepamypa 31eKmpoHos,
KOHUeHmpayus 31eKmpoHoe6, INEPZus UOHHOI DOMOAPOUPOBKU) U KUHEMUKU AKIMUGHBIX YACHIUY
om coomuoutenusn komnonenmoe CF4/Cy4Fs 6 nnazmoodpaszyrouieit cmecu, a maxice 6vlsagsiaeHue
MEXAHUIMOE GINUAHUA YKAZAHHBIX HADAMENPOE HA MAKUe XapaKmepucmuKku «Cyxo2o» mpaene-
HUA, KAK CKOpOCmb mpaeieHusn u ceaekmuenocms. Hccneoosanus npogoounuce memooamu ou-
AZHOCMUKU NIA3MbL 08OUHBIM 30HO0M Jlanzmopa u moodenuposanus naamol 6 yci08UAX niaanap-
HO20 UHOYKUYUOHHOZ0 NIA3MOXUMUYUECKO20 PEaKmopa. IKCnepuMenmol u pacientvl nPoGoOUIUC
npu nocmoannom oaenenuu 2aza (10 mmop), exnaovieaemoit mownocmu (800 Bm) u mowinocmu
cmewenun (150 Bm), npu smom omnowenue CF/Cy4Fs 6apbuposanoco usmenenuem napuyuais-
HbIX cKopocmell nomoka smux 2a308. bvino naiioeno, umo 3amewenue CF4 na C4Fs 6 nnazmooo-
pasyrwuwiem 2aze CF4 + C4Fs + Ar npueooum K CHUMNCEHUIO CKOPOCHMU 2eHEPAYUN anmoMOo8 (hmopa
U NJIOMHOCMU UX HOMOKA HA 00PAdAMbIEAEMYI0 NOBEPXHOCHb U3-3A CHUNMCEHUA KOHUECHMPauuu
6 ooveme nnazmol. Ilpeononosceno, umo pocm Konyenmpayuu u RIOMHOCIU NOMOKA HEHACHI-
wiennvix paoukanoe CFy (x=1,2) ¢ cmecsax c 6orvuium cooeprcanuem C4Fs npu 6au3kux Kk nocmo-
AHHBIM 3HAYEHUAX NIAOMHOCHU NOMOKA IHEPZUU UOHOE (Mm.e. O1U3KOo K NOCMOAHHOU IPhek-
MUGHOCHU UOHHOU 0OMOAPOUPOEKU) CROCOOCMEYem CHUMICEHUIO I(hheKmueHoil eposmHocmu
63auMoo0eiicmeus amomos (pmopa 3a cuem ygeauieHus moaunsl Ymopy2iepoonoll noaumep-
HOIl NJICHKU HA 00padamuvléaemoil no6epXHocmu.

Kuaruessle cioBa: CFy, C4Fs, ckopocTs peakiuu, 3Heprusi HOHOB, KOHIICHTpaLKs, TOTOK, TpaBJCHHUE,
MOJIMMEPU3ALIHS
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This work discusses the relationships between the initial composition of the CF4+ C4Fs + Ar
gas mixture, gas-phase characteristics and heterogeneous process kinetics under the condition of
low-pressure inductively coupled plasma. The goals were to investigate how the CF/C4Fs mixing
ratio influences internal plasma parameters (electron temperature, electron density and ion bom-
bardment energy) and kinetics of plasma active species as well as to analyze how the changes in
above parameters may influence the dry etching characteristics, such as etching rates and selectivi-
ties. The investigation was carried out using the combination of plasma diagnostics by double Lang-
muir probes and 0-dimensional plasma modeling. Both experiments and calculations were carried
out at constant gas pressure (10 mTorr), input power (800 W) and bias power (150 W) while the
CF/C4Fs mixing ratio was varied through the partial flow rates for corresponding gases. It was
shown that the substitution of CF 4 for C4Fs in the CF+C4Fs+Ar feed gas lowers F atom formation
rates and causes the decreasing F atom flux to the treated surface due to decreasing their volume
density. It was proposed that an increase in the densities and fluxes of unsaturated CFx (x=1,2)
radicals toward C.Fs-rich plasmas at the nearly constant ion energy flux (i.e. at the nearly constant
efficiency of ion bombardment) causes a decrease in the effective reaction probability for F atoms
through the increasing thickness of the fluorocarbon polymer film on the treated surface.

Key words: CF,, C4Fs, reaction rate, ion energy, density, flux, etching, polymerization
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INTRODUCTION

Fluorocarbon gases are widely used in the mi-
croelectronic industry for dry patterning of silicon wa-
fers and dielectric (SiO», Si3Ny) thin films [1,2]. Among
these, the CF, is characterized by the highest F/C ratio
and provides the domination of etching over the surface
polymerization process under the typical reactive ion
etching conditions [3, 4]. The more polymerizing fluo-
rocarbons (C4Fs, CsFs, CHF; and CH:F,) are normally
used for the etching processes which require as much as
possible SiO»/Si etching selectivity. When both Si and
SiO; etching mechanisms are sufficiently affected by
the solid-state diffusion of etchant species through the
fluorocarbon polymer film, the etching rates are rather
sensitive to the film thickness than to the flux of F atoms
coming from bulk plasma. Accordingly, since the thick-
ness of the polymer film on the SiO, appears to be lower

(due to the destruction of polymer in the reactions with
surface oxygen atoms [2,5]), the SiO; etching rate ex-
ceeds that for Si. At the same time, together with in-
creasing Si0,/Si etching selectivity, the decrease in ab-
solute Si and SiO; etching rates as well as an increase in
etching residues take place [3-5]. These facts make dif-
ficulties for etching process optimization.

One can expect that the reasonable balance be-
tween Si0./Si etching selectivity, absolute etching
rates and etching residues may be achieved by the use
of two fluorocarbon gases in one gas mixture. In such
gas system, the less polymerizing component (for exam-
ple, CF,) provides the effective generation of etchant
species while the more polymerizing component creates
the favorable conditions for obtaining high Si0-/Si etch-
ing selectivity. From the other side, the mixing of CF4
with other fluorocarbon gas mandatory results in more
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complicated reaction scheme, changes plasma parame-
ters as well as influences the formation/decay kinetics
and fluxes for all types of plasma active species. There-
fore, an understanding of plasma chemistry in the gas
systems with two fluorocarbon components is the im-
portant tasks for the correct determination of etching
mechanisms and optimal choice of gas chemistry for the
given etching process.

The goals of current work were 1) to investi-
gate how the CF4/C4Fs mixing ratio in CF4+CsFs+Ar
inductively coupled plasma influences internal plasma
characteristics (electron temperature, electron density
and ion bombardment energy) as well as the kinetics of
plasma active species, their densities and fluxes; and
2) to analyze how the changes in above parameters
may influence the dry etching characteristics, such as
etching rates and selectivities.

EXPERIMENTAL AND MODELING DETAILS

Plasma diagnostics experiments were performed
in a planar inductively coupled plasma (ICP) reactor
described in our previous works [6,7]. The experiments
were performed at a fixed total gas flow rate (g = 60
sccm), gas pressure (p = 10 mTorr), input power (W =
800 W) and bias power (Wy. = 150 W). The initial com-
positions of CF4+C4Fg+Ar gas mixture were set by ad-
justing the flow rates of the corresponding gases. Par-
ticularly, the Ar flow rate g4, was fixed at 20 sccm, so
that the fraction of Ar in the feed gas y, = q4,/q Was
always 33%. The fluorocarbon gases were mixed at
various ratios within qcr, + qc,r, = 40 sccm while the
maximum flow rate for C4Fs did not exceed 15 sccm.
Accordingly, the maximum fraction of C4Fs in the
CF4+C4Fs+Ar gas mixture reached 25%.

Plasma parameters were measured by double
Langmuir probe (DLP2000, Plasmart Inc., Korea). The
treatment of / — V curves aimed at obtaining electron
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 [8]
with the one-Maxwellian approximation for the elec-
tron energy distribution function (EEDF). The total
positive ion density (n,) was extracted from the meas-
ured j, using the Allen-Boyd-Reynolds (ABR) ap-
proximation [9].

In order to obtain the densities of neutral species,
we developed a simplified zero-dimensional kinetic
model [6, 10, 11] with using the data of T, and n,. as in-
put parameters. The set of chemical reactions was taken
from our previous work [6]. Since the latter provides the
detailed discussion on both kinetic schemes and sources
of chemical kinetics data, these issues were not the sub-
jects of current study. The model used following assump-
tions: 1) The electron energy distribution function

(EEDF) is close to Maxwellian one. The applicability of
Maxwellian EEDFs for the description of the electron-im-
pact kinetics for CFs-based low-pressure (p < 50 mTorr)
ICPs has been confirmed by the reasonable agreement be-
tween the diagnostic results and modeling [11,12]; 2) Un-
der the given set of process conditions, the electronega-
tivity of CF4+C4Fg+Ar plasma with more than 30% frac-
tion of electropositive components is low enough to as-
sume n_ <<n, =n,. The reasonability of such approach
for the CF4- and C4Fs-based ICPs was confirmed in sev-
eral works by both modeling and experiment [6, 12, 13];
3) The heterogeneous chemistry of atoms and radicals
can be described in terms of the conventional first-order
recombination kinetics [6,11]; and 4) The temperature of
the neutral ground-state species (Ty;) is independent on
the feed gas composition. Since the experimental data on
gas temperature were not available in this study, we took
Tyas =600 K as the typical value for the ICP etching re-
actors with similar geometry under the close range of ex-
perimental conditions [11, 13]. At least, our previous
works [6, 7, 11] made with the same set of experimental
equipment showed the reasonable agreement between
measured and model-predicted plasma parameters for
Tyas = 600 K. Also, the test model runs indicated no prin-
cipal differences in gas-phase densities of neutral species
obtained from the calculations within the Ty, uncertainty

[J100 K. Such result looks quite reasonable since the dom-
inant decay channels for atoms and radicals under the low
pressure conditions are the heterogeneous processes.

For the analysis of heterogeneous chemistry,
the fluxes for each king of neutral species with the vol-
ume density n were calculates as I' =® 0.25nvy, where

vr = (8kg Tyas/ nm)l/z. The total flux of positive
ions was simply evaluated as 'y = j, /e.

RESULTS AND DISCUSSION

The substitution of CF4 for C4Fg at p, W and
W= const results in slightly increasing T, (3.7-3.9 eV
0-25% C4Fs), but suppresses the values of both j,
(1.11-0.97 mA/cm? for 0-25% CsFs) and n, = n,
(4.5-10"°-3.8-10'° cm™ for 0-25% C4Fs). The corre-
sponding data are shown in Fig. 1. The behavior of
electron temperature is probably connected with the
decrease in electron energy loss for the electronic ex-
citation and ionization of the dominant neutral species.
As for the decreasing tendencies for n: and j+, it may
be caused by the combination of following reasons.
First, since the addition of C4Fs results in only weak
change of T., the ionization rate coefficients, ki, for all
types of neutral species may be assumed to be inde-
pendent on CF4/C4Fs mixing ratio. According to Ref.
[14], the absolute values of ki, for CF4, CF,, CF, and
CoF4, which are the dominant neutral species in CF4
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and C4Fg plasmas, are rather close. That is why, one
cannot expect an increase in the effective ionization
frequency toward increasing C4Fs content in a feed gas.
And secondly, under one and the same operating con-
ditions the electronegativity of the C4Fg plasma is
lower than that for CF4 one [12,14]. Therefore, the sub-
stitution of CF4 for C4Fg in the CF4+CyFg+Ar gas mix-
ture leads to increasing electron diffusion coefficient
and thus, to increasing electron decay rate on the reac-
tor walls. Accordingly, the decreasing n. results in the
same behavior of n+ in order to keep the plasma quasi-
neutrality. Physically, the last effect is supported by the
decreasing ionization rate.

It was found that, under the given set of oper-
ating conditions, the main sources of F atoms in 67%
CF.4 + 33% Ar plasma are the electron-impact dissocia-
tions of CFs (R1: CFs+e - CF;+F+¢,R2: CFs+e —
CF;" + F + 2¢) and CF; (R3: CF; + e —» CF, + F +e).
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Fig. 1. Measured plasma parameters: a) — electron temperature

(1), total positive ion and electron density (2), 6) — negative dc

bias (3), ion current density (4) as functions of C4Fs fraction in

CF4+C4Fs+Ar gas mixture

Puc. 1. I3MepenHble mapaMeTphl IJIa3MBbl: a) — TeMIlepaTypa

IeKTPoHOB (1), cyMMapHasi KOHIIEHTPALIUS TTOJIOKUTEITBHBIX
HOHOB H 3JICKTPOHOB (2), 6 — HaNpsHKEHUE OTPUIIATEIIBHOTO CMe-
mieHus (3), IIOTHOCTh HOHHOTO ToKa (4) kKak GyHkumu nomu C4Fs

B mazmoobpasyromieid cmecu CF4+CaFs+Ar

These processes constitute approximately 85%
of the total F atom formation rate while the contribution
from the CF, and CF radicals through R4: CF, + e —

CF+F+¢e,R5:CF,+e—>C+2F+eand R6: CF+e —
C + F + e does not exceed 5% due to the much lower
densities of corresponding species. The remaining 10%
comes from R7: F, + e — 2F + e, which is supported
by the high F — F, recombination rate on the reactor
walls. Accordingly, the decay of F atoms is mainly
caused by their heterogeneous recombination while the
rate of the fastest bulk process R8: CF3 + F — CF, is
010 times less. As can be seen from Fig. 2, the substi-
tution of CF4 for C4Fs in the CF4+CsFs+Ar gas mixture
results in rapidly increasing densities of both C:Fs4
(n¢,r, =2.1-10"'-3.4-10" cm?, or by 0160 times for
0-25% C4Fs) and CF (n¢p, = 2.8-10"-4.1-10" cm”,
or by 15 times for 0-25% C4Fs) radicals. The reason
is that the C>F, directly appears from C4Fg through R9:
C4Fs + e — 2CoF, + e while the CF; is the main disso-
ciation product of CoF4 in R10: CoFs + e — 2CF; +e.
The increasing density of CF radicals lifts up the density
of CF; (ncp, = 1.3-10-2.9-10" cm™, or by [12.2 times
for 0-25% C4Fg) mainly due to the increasing CF> + F —
CF; recombination rate both in bulk plasma and on re-
actors walls. As a result, the contributions of R3 and
R4 to the total F atom formation rate exceeds the level
of R1 and R2 after 20% C4Fs in CF4+C4Fs+Ar gas mix-
ture. Thought the rate coefficients for R3 (8.9-101°-
1.1-10° cm?®/s for 0-25% C4Fs) and R4 (1.2-10°-
1.6-10° cm?®/s for 0-25% C4Fs) exceed the sum of
(ky + ky) = 5.8:10'9-8.3-10'° cm?/s, an increase in
C,4F; fraction in a feed gas does no lead to increasing F
atom formation rate. The reason is that a weak increase
in the F atom formation efficiency toward C4Fg-rich
plasmas is overcome-pensated by decreasing n,,. Simul-
taneously, the substitution of CF4 for CsFs accelerated
the decay of fluorine atoms through CF+ F — CFx+1
(x =1, 2) as well as introduces the new effective decay
channel in R11: CoFs + F — CF, + CF; (ky; 04.0- 10!
cm?/s). That is why the F atom density decreases monoton-
ically (np =1.6-108-2.5-10" cm?, or by [J6 times) toward
higher contents of C4Fs in CF4+C4Fs+Ar gas mixture.

It was found that under the given set of operat-
ing conditions the main sources of F atoms in 67% CFs +
33% Ar plasma are the electron-impact dissociations of
CF, (RlZ CF;+e—>CF+F+ e, R2: CF;+e — CFs" +
F + 2e) and CF; (R3: CFs + e — CF, + F + e). These
processes constitute approximately 85% of the total
F atom formation rate while the contribution from the
CF; and CF radicals through R4: CF, +e — CF +F + e,
R5:CF.+e—>C+2F+eandR6: CF+e - C+F+e
does not exceed 5% due to the much lower densities of
corresponding species. The remaining 10% comes
from R7: F» + e — 2F + e, which is supported by the
high F — F, recombination rate on the reactor walls.
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Accordingly, the decay of F atoms is mainly caused
by their heterogeneous recombination while the rate
of the fastest bulk process R8: CF; + F — CF; is
010 times less.

As can be seen from Fig. 2, the substitution of
CF, for C4Fs in the CF4+Cy4Fs+Ar gas mixture results in
rapidly increasing densities of both C:Fs (nc,r, =

=2.1-10"-3.4-10" cm3, or by (1160 times for 0-25% C4Fs)
and CF» (n¢p, = 2.8:10"-4.1-10° cm?, or by
015 times for 0-25% C4Fs) radicals. The reason is that
the CoF4 directly appears from C4Fg through R9: CsFs+
+ e — 2C,F4 + e while the CF: is the main dissociation
product of CyFs in R10: CoFs + e — 2CF, + e. The
increasing density of CF. radicals lifts up the density
of CF; (n¢p, = 1.3-10"-2.9-10" cm™, or by [12.2 times
for 0-25% C4Fg) mainly due to the increasing CF> + F —
— CF3 recombination rate both in bulk plasma and on
reactors walls. As a result, the contributions of R3 and
R4 to the total F atom formation rate exceeds the level
of R1 and R2 after 20% C4Fs in CF4+CsFs+Ar gas mix-
ture. Thought the rate coefficients for R3 (8.9-1071°-
1.1-10° cm?s for 0-25% C4Fs) and R4 (1.2-10°-
1.6-10° cm?®/s for 0-25% C4Fs) exceed the sum of
(ky + ky) = 5.8:1019-8.3-10'° cm¥/s, an increase in
C4Fg fraction in a feed gas does no lead to increasing F
atom formation rate. The reason is that a weak increase
in the F atom formation efficiency toward CsFs-rich
plasmas is overcome-pensated by decreasing n,. Sim-
ultaneously, the substitution of CF4 for C4Fs acceler-
ated the decay of fluorine atoms through CF.+ F —
CFx1 (x =1, 2) as well as introduces the new effective
decay channel in R11: CoF4 + F — CF, + CF3 (k1 U
4.0-10"" c¢m¥/s). That is why the F atom density de-
creases monotonically (ng = 1.6-1013-2.5-10'? cm™, or
by [ 6 times) toward higher contents of CiFs in
CF4+C4Fs+Ar gas mixture.

The changes in plasma parameters and compo-
sition described above allow one to make some ap-
proaches concerning the changes in etching rates, se-
lectivities and etching residues. According to Refs.
[6,15], the rate of chemical etching pathway in the flu-
orine-containing plasmas can be expressed through the
flux of F atoms as yi[, where yj, is the effective reac-
tion probability. The data of Tab. 1 indicate that the
flux of F atoms follows the behaviors of ng and show
the same decreasing tendency toward CsFs-rich plas-
mas (3.5-10"7-5.6-10'® cm?s™! for 0-25% C4Fs). As-
suming Y = const at constant surface temperature, this
fact obviously points out on the depletion of the chem-
ical etching pathway. However, the above conclusion
is valid only when the etching rate is not limited by the
transport of F atoms from the fluorocarbon polymer

film. In most of cases, the fluorocarbon polymer film
is thick enough to reduce the amount of F atoms on the
“film-etched surface” interface compared with that
coming from bulk plasma [4,5]. In such situation, the
etching kinetics should be described in the terms of the
film-thickness-dependent reaction probability which is
determined by the balance between polymer deposition
and destruction rates [5].

10]4 _
— CF,

\

—_
A
b

T

Density [cm‘3]

10]2 n

10][ 1 1 1 1 1 1
0.00 0.05 0.10 0.15 0.20 0.25

C,F; fraction in CF+C Fo+Ar
Fig. 2. Model-predicted densities of neutral species as functions
of C4F3 fraction in CF4+C4Fs+Ar gas mixture
Puc. 2. PacueTHble KOHLIEHTPALUU HEUTPAJIBLHBIX YaCTUL] KaK
¢ynxunn nomu CaFs B mmazmoo6pasytomeit cmecn CF4+CaFs+Ar

From Refs. [3-5, 16], it can be understood that
1 the formation of the fluorocarbon polymer films on
the etched surface is mainly provided by the radicals
with more than one free bonds; and 2) the polymer film
growths better in the fluorine-poor plasmas where the
polymer surface is composed by the less saturated flu-
orocarbon groups and thus, appears to be more reactive
for radicals coming from bulk plasma. Accordingly,
one can expect that the change in the polymer deposi-
tion rate may be adequately characterized by the
[po1/TF ratio, where I, is the total flux of CF, and
CF radicals. From Table, it can be seen that the substi-
tution of CF4 for CiFs lifts up both Ty, (3.1-10'-
6.3-10'7 cm™s™ for 0-25% C4Fs) and Ty, /Tr (0.1-11.3
for 0-25% C4Fs). Therefore, an evident increase in the
polymer deposition rate takes place. The destruction of
the fluorocarbon polymer film in the non-oxygenized
plasmas is mainly provided by the physical etching
pathway due to the ion bombardment [4,5]. This pro-
cess has the rate of YsI" | where Y is the ion-type-aver-

ages sputtering yield. Since Y is determined by the
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momentum transferred from the incident ion to the sur-
face atom in a single collision [5], one can assume
Ys U/ M;g; , where €; = e|—Uf - Udc| is the ion bom-
bardment energy, M; is the effective ion molar mass,
—Ur = 0.5T,In(m,/2.3m;) is the floating potential
and —Uj, is the negative bias provided by Wy.. The
data of Fig. 1 show that —Uy;. = 209-220 V for
0-25% C4Fgthat results in g; = 232-245 eV. The weak
changes in ¢; together with m; = const allow one to
apply the linear correlation for Y5 = f(¢;) and use the

parameter &;I',, the so-called ion energy flux, to char-
acterize the rate of the physical etching pathway for the
fluorocarbon polymer film. From Tab. 1, it can be seen
that the opposite changes of ¢; and Iy maintain the ion
energy flux on the near-to-constant level up to 22%
C4Fgin a feed gas while the overall decrease in ¢;I'; for
0-25% C4Fs does not exceed 10%. Accordingly, the
parameter [},,,/&; T I characterizing the amount of
deposited polymer exhibits the sufficient increase to-
ward CsFs-rich plasmas and occupies that range of
6.000%°-7.600'® eV-'cm?s for 0-25% C4Fs.

Table

Model-predicted fluxes and flux-to-flux ratios as functions of CsFs fraction in CF4+CsFs+Ar gas mixture
Tabnuya. PacyeTHbIe MOTOKU YAaCTHI U UX OTHOIIeHUs kKak GpyHknuu g0 CsFs B m1azmoodpasyromeii cmecn

CF4+CqFs+Ar
Fractions in a feed gas L 107 cm | eT.. 108 Tyol Tpot 10-18 e V-
T, 107 em?s7!| "PO0 ™ e P eT+TF
CF,4 C4Fg Ar s eVem™s e lem?s!
0.67 0.00 0.33 3.49 0.31 1.61 0.09 0.06
0.58 0.08 0.33 0.69 2.81 1.60 4.27 2.66
0.53 0.13 0.33 0.62 341 1.59 5.61 3.49
0.50 0.17 0.33 0.59 4.36 1.57 7.36 4.60
0.45 0.22 0.33 0.58 5.70 1.55 9.74 6.10
0.42 0.25 0.33 0.56 6.28 1.49 11.3 7.59

The results described above allow one to for-
mulate some conclusions concerning the features of the
etching kinetics in the given gas system. First, the sub-
stitution of CF,4 for C4Fg in the CF4+CsFs+Ar gas mix-
ture suppresses the chemical etching pathway not only
due to the decrease in F atom flux, but also through the
change in effective reaction probability because of the
increasing thickness of the fluorocarbon polymer film
on the etched surface. Therefore, one can expect the
decreasing absolute etching rates. And secondly, the
addition of C4Fg probably provides the film-thickness-
limited etching regime and thus, creates the favorable
conditions for obtaining higher SiO»/Si etching selec-
tivity. Accordingly, the reasonable balance between
etching rate and selectivity may be effectively adjusted
by the CF4/C4Fs mixing ratio.
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