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Reaction processes of fluorine~F! atoms in high-density carbon–tetrafluoride (CF4) plasmas were
investigated using vacuum ultraviolet absorption spectroscopy. A scaling lawnF}(nenCF4

)0.5– 0.7

was found experimentally, wherenF is the F atom density andne andnCF4
stand for the electron and

parent gas (CF4) densities, respectively. The lifetime measurement in the afterglow showed that the
decay curve of the F atom density was composed of two components: a rapid decay in the initial
afterglow and an exponential decrease in the late afterglow. The decay time constant in the initial
afterglowt1 satisfied the scaling lawt1}(nenCF4

)2(0.3– 0.4), which is a consistent relationship with
the scaling law for the F atom density. The two scaling laws and the lifetimes of CFx radicals
suggest that the major loss process of F atoms in the initial afterglow is the reaction with CFx

radicals~probably,x53! on the wall surface. The loss process in the late afterglow was simple
diffusion to the wall surface. The surface loss probability of F atoms on the chamber wall was
evaluated from the decay time constant in the late afterglow, and was on the order of 1023.
© 1997 American Institute of Physics.@S0021-8979~97!02824-7#
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I. INTRODUCTION

Fluorine~F! atoms are the major etchant for Si and SiO2.
In the fabrication of ultralarge-scale integrated~ULSI! cir-
cuits, small contact holes~,0.25mm in diameter! are bored
through SiO2 thin films by dry etching using fluorocarbo
plasmas.1,2 In this process, high etching selectivity (.20) of
SiO2 over underlying Si is required. When convention
parallel-plate rf plasma sources with low electron densi
(;1010 cm23) are used, the sufficiently high etching sele
tivity has been obtained rather easily. However, the para
plate plasma sources operated under high gas pres
(.100 mTorr) have a limitation for the high etching aniso
ropy since the trajectories of positive ions are distorted
collisions with neutral molecules during passing through
ion sheath in front of the substrate.3 To obtain anisotropic
etching of the high-aspect-ratio pattern, various high-den
(.1011 cm23) plasma sources operated under low gas p
sures (,10 mTorr) have recently been developed, such
electron cyclotron resonance~ECR! plasmas,3,4 inductively
coupled plasmas ~ICPs!,5 and helicon-wave excited
plasmas.6 The principal problem in SiO2 etching using these
high-density plasma sources is the low etching selectivity4,7

Both Si and SiO2 are etched by F atoms, while CFx radicals
are the precursors of polymerization which detract the e
ing rate of Si. Hence the etching selectivity is considered
be sensitive to the density ratio of CFx radicals to F atoms in
plasmas.8 In the high-density plasma sources, the densitie
highly dissociated species are higher than those in the
ventional parallel-plate plasma sources, resulting in the
etching selectivity.

To achieve SiO2 etching with the high rate, the hig
anisotropy, and the high selectivity, the control of the neu
radical densities in fluorocarbon plasmas is the most imp
tant issue. The neutral radical densities in plasmas are d
mined as a result of complicated reactions among parent

a!Electronic mail: sasaki@nuee.nagoya-u.ac.jp
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neutral radicals, reactive ions, and electrons. Hence
knowledge of the reaction kinetics of the above species
required for the control of the composition of CFx radicals
and F atoms in fluorocarbon plasmas. For the measurem
of the CFx radical densities, various methods such as las
induced fluorescence~LIF! spectroscopy,9 infrared laser ab-
sorption spectroscopy~IRLAS!,10 and appearance mass spe
trometry ~AMS!11 have been developed. These diagnost
provide useful information on the reaction kinetics of Cx
radicals in fluorocarbon plasmas. Contrary to this, the F a
density is extensively measured by the actinome
technique,12 which can provide only the relative F atom de
sity under the following assumptions:

~1! all the excited states of F atoms originate from t
atomic ground state, and

~2! the excitation cross sections have the same energy
pendence for both F and the actinometer atoms~usually
Ar!.

In addition, the lifetime measurement of F atoms in the
terglow is impossible by actinometry since no emission c
be obtained. The lifetime measurement is a useful met
for the investigation of loss processes of reactive spec
Recently, we have developed vacuum ultraviolet absorp
spectroscopy~VUVAS! for the absolute density measur
ments of F atoms in fluorocarbon plasmas.13 In the present
study, we have adopted this method to high-density C4

plasmas excited by helicon-wave discharges to study the
action kinetics of F atoms. According to the reaction cro
sections available to date,14,15 the major production proces
of F atoms in CF4 plasmas is dissociative ionization of th
parent gas by electron impact (CF41e→CF3

11F12e).
Hence, in the present work, we emphasize the loss proce
of F atoms which can be understood from the density a
lifetime measured by VUVAS.
97/82(12)/5938/6/$10.00 © 1997 American Institute of Physics
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II. EXPERIMENT

The apparatus of the present experiments is the sam
that described in a previous paper.13 The high-density CF4
plasmas were produced by helicon-wave discharges in a
ear machine with a uniform magnetic field of 1 kG along t
cylindrical axis of the vacuum chamber. Various rf powers
13.56 MHz were applied to anm51 helical antenna wound
around a quartz glass tube 3 cm in diameter.16 The vacuum
chamber was composed of a Pyrex glass tube~9 cm in di-
ameter! and two stainless-steel observation chamb
(20320310 cm). Pure CF4 gas was used for discharge
with a fixed gas flow rate of 4.4 ccm. The gas pressure
varied by changing the pumping speed. The plasmas w
produced periodically with a repetition rate of 4 Hz and
discharge duration of 10 ms.

The absolute F atom density was measured by VUV
in the down stream plasma at a distance of approximately
cm from the end of the helical antenna. In VUVAS,13 a com-
pact ECR CF4 plasma device operated under a low micr
wave power~0.1 kW! and a low gas pressure~1 mTorr! was
employed as the light source in the VUV wavelength ran
The wavelength of the probe emission for detecting F ato
at the ground state (2p52P+) was 95.85 nm which was ob
tained by the transition between 3s2P3/2 and 2p5 2P1/2

+

states. By differentially pumping the vacuum tube conne
ing the helicon plasma to the ECR plasma to prevent neu
radicals from passing through, an absorption spectrosc
system with no vacuum windows was constructed. The
sorption length was 36 cm which was much longer than
diameter of the plasma column~3 cm!. Since the lifetime of
F atoms was much longer than the geometrical diffusion t
determined by the chamber design, a uniform distribut
was assumed for the F atom density in the helicon cham
along the transmission line of the probe emission. The ab
lute F atom density was deduced from the absorption wit
conventional theory17 by assuming Doppler broadening at
temperature of 400 K for the spectral distribution of t
probe emission. Doppler broadening at 300 K was assu
for the spectral distribution of absorbing F atoms in the h
con chamber, since most of the F atoms were placed out
of the plasma column. The transition probability
1.33108 s21 was used to evaluate the absorption cro
section.18 A small error within a factor of 2 was expected fo
the absolute F atom density by evaluating various source
error. For the measurements of the electron density, a mi
wave interferometer at 35 GHz was installed at 10 cm up
stream from the observation chord of VUVAS.

III. RESULTS

Figure 1 shows the absolute F atom density measure
VUVAS. In Fig. 1~a!, the F atom density was measured f
various rf powers with a fixed gas pressure of 5 mTorr, wh
in Fig. 1~b!, the F atom density was examined as a funct
of the CF4 gas pressure for a fixed rf power of 1 kW. The
atom densities plotted in Fig. 1 were observed at a discha
time of 9.9 ms when both the electron density and the neu
radical densities including F atoms roughly reached th
quasi-steady-state values. As has been reported in the p
J. Appl. Phys., Vol. 82, No. 12, 15 December 1997
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ous paper,13 the F atom density was on the order
1012– 1013 cm23. Considering the results of laser-induce
fluorescence spectroscopy for a CF4 pressure of 30 mTorr,19

the CF radical density for the discharge conditions similar
those in the present experiments may be on the orde
1011 cm23. The increase in the F atom density with the
power is due to the increase in the electron density. On
other hand, the decrease in the F atom density with the4
pressure is attributed mainly to the lower electron density
the higher gas pressure. In our helicon-wave CF4 plasmas, a
higher electron density can be obtained for a higher rf pow
and a lower gas pressure. This may be because the excit
efficiency of the helicon wave decreases with the CF4 gas
pressure.20

The measurement of the F atom density was repeated
various rf powers and CF4 gas pressures. The F atom den
ties at 9.9 ms are summarized in Fig. 2 as a function of
product between the electron densityne and the density of
the parent gasnCF4

. Since the major production process of
atoms is dissociative ionization of CF4 by electron impact,
the horizontal axis of Fig. 2 is proportional to the producti
rate of F atoms. The plots indicated by the same sym
correspond to the F atom densities obtained for a fixed4
gas pressure and various rf powers from 0.2 to 3 kW. T
electron density was measured by the microwave interfer
eter. The electron density at the observation position of V
VAS may roughly be the same as that measured by the
crowave interferometer because of the strong magnetic fi
and the low gas pressures. The density of the parent gas
calculated from the filled CF4 gas pressure. The decrease
nCF4

due to dissociation was not taken into considerati

FIG. 1. Absolute F atom density measured by vacuum ultraviolet absorp
spectroscopy as a function of~a! the rf power and~b! the CF4 gas pressure.
The CF4 pressure was fixed at 5 mTorr in~a! and the rf power was fixed a
1 kW in ~b!.
5939Sasaki et al.
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The maximum dissociation degree of CF4 in the present ex-
periments was approximately 25% for a CF4 pressure of 2.5
mTorr and nF.231013 cm23. As shown in Fig. 2, the F
atom density was essentially determined bynenCF4

. By ap-
plying the least squares method to each data set for fixed
pressures, a relationship

nF}~nenCF4
!0.5– 0.7 ~1!

was evaluated from the experimental results, wherenF de-
notes the F atom density. The dotted curve illustrated in F
2 shows the relationshipnF}(nenCF4

)0.5.
To understand the loss processes of F atoms in the h

density CF4 plasma, we carried out the lifetime measurem
of the F atom density in the afterglow. A typical tempor
variation of the F atom density is shown in Fig. 3. The
power and the CF4 gas pressure were 1.5 kW and 5 mTo
respectively. The rf power was turned off att510 ms. After
the termination of the rf power, the F atom density dropp
rapidly during ;4 ms with a decay time constant o
t1.3.4 ms. After that, the F atom density decreased ex
nentially with a decay time constant oft2.27 ms. The error
in the evaluation of the former decay time constantt1 may
be rather large since the duration of the initial density de
is comparable tot1 . In the present helicon-wave CF4 plas-
mas, decay time constants less than 20ms were observed fo
the electron density.21 The decay time constants of the C

FIG. 2. The absolute F atom densitynF as a function of the product betwee
the electron densityne and the density of the parent gasnCF4

. The dotted
curve illustrated in the figure shows a relationshipnF}(nenCF4

)0.5.

FIG. 3. Temporal variation of the F atom density in the afterglow. The
power and the CF4 gas pressure were 1.5 kW and 5 mTorr, respectively
5940 J. Appl. Phys., Vol. 82, No. 12, 15 December 1997
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and CF2 radical densities were examined by laser-induc
fluorescence spectroscopy, and were;0.3 ms and;5 ms,
respectively, for an rf power of 1 kW and a CF4 pressure of
5 mTorr.22

The decay time constantt1 in the initial afterglow is
summarized in Fig. 4 as a function ofnenCF4

. Similar to Fig.
2, plots indicated by the same symbol were obtained
various rf powers and fixed gas pressures. Although the d
points obtained experimentally include somewhat large s
ter, the following two tendencies can be seen from the figu

~1! t1 decreases withnenCF4
, and

~2! t1 is longer for the higher gas pressure.

By applying the least squares method, the following relatio
ship

t1}~nenCF4
!2~0.3– 0.4! ~2!

was roughly evaluated betweent1 andnenCF4
. In the figure,

a relationshipt1}(nenCF4
)20.5 is illustrated by the dotted

curve.
The decay time constantt2 in the late afterglow was no

dependent on the rf power but was strongly dependent on
CF4 gas pressure. Hence no particular relationships w
found betweent2 andnenCF4

. Figure 5 shows the CF4 pres-

f

FIG. 4. The decay time constant of the F atom density in the initial af
glow t1 as a function of the product between the electron and parent
densitiesnenCF4

. The dotted curve illustrated in the figure shows a relatio
ship t1}(nenCF4

)20.5.

FIG. 5. Pressure dependence of the decay time constant of the F
density in the late afterglowt2 . The solid circles represent the averages
the decay time constants for various rf powers. The error bars correspo
the maximum and minimum values obtained during the power scan.
Sasaki et al.
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sure dependence of the decay time constantt2 . The solid
circles correspond to the averages oft2 observed for various
rf powers from 0.2 to 3 kW. The maximum and minimu
values oft2 obtained during the power scan are indicated
the error bars. As shown in the figure,t2 increased steeply
with the CF4 pressure in the range of 2.5–10 mTorr, and w
much longer than the decay time constantt1 in the initial
afterglow.

IV. DISCUSSION

According to the cross section data shown in t
literature,14,15 the dominant reaction of CF4 with electrons is
dissociative ionization,

CF41e→CF3
11F12e. ~3!

Hence F atoms are mainly produced by Eq.~3!, and other
multistep reactions such as CF31e→CF21F1e are negli-
gible. Accordingly, the behavior of the F atom density can
understood by the following simplified rate equation:

dnF

dt
5kpnenCF4

2S 1

tD
1

1

tR
DnF5kpnenCF4

2
nF

t
, ~4!

wherekp is the reaction rate coefficient for dissociative io
ization shown in Eq.~3!, tD denotes the diffusion time con
stant of F atoms,tR stands for the decay time constant of
atoms due to reactions, and 1/t51/tD11/tR. The diffusion
time constanttD is given by23

tD5
L0

2

D
1

2l 0~22a!

v̄ a
, ~5!

where D denotes the diffusion coefficient,L0 is the geo-
metrical diffusion length determined by the chamber desi
l 05V/S with V andS being the volume and surface area
the chamber, respectively,v̄ is the mean velocity of F atom
given byA8kT/pM ~T andM are the temperature and ma
of F atoms, respectively, andk is the Boltzmann constant!,
anda stands for the surface loss probability on the cham
wall. When the surface loss probability equals unity, Eq.~5!
gives the geometrical diffusion time which is calculated
L0

2/D12l 0 / v̄ .0.16 ms for a CF4 gas pressure of 2.5 mTor
theoretically.24 On the other hand, the second term of t
right hand side of Eq.~5! dominates the first one if the su
face loss probability is much smaller than unity. In this ca
the diffusion time constanttD becomes independent of th
gas pressure, provided that the surface loss probabilit
kept constant.

Considering the lifetimes of CF (;0.3 ms) and CF2
(;5 ms) radicals,22 the gas species in the chamber we
mostly F and CF4 in the late afterglow (t>25 ms), where
the F atom density decreased exponentially as shown in
3. Therefore, the dominant loss process of F atoms in the
afterglow may be the diffusion to the wall surface. The dec
time constantt2 may correspond to the diffusion time con
stanttD , and the loss of F atoms due to reactions is ne
gible (tR@tD). If the reaction F1F(1M )→F2(1M ) is
dominant, the decay curve of the F atom density is not
proximated with an exponential function. The surface lo
probabilitya is calculated byt2 and Eq.~5! as shown in Fig.
J. Appl. Phys., Vol. 82, No. 12, 15 December 1997
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6. Sincet2 is much longer thanL0
2/D, a can be evaluated

from the second term of the right hand side of Eq.~5!. The
surface loss probability of F atoms was mainly on the or
of 1023, and was strongly dependent on the CF4 gas
pressure.25 This result suggests that the surface coverage~the
fraction of sites covered with adsorbate! is greatly affected
by the gas pressure.26 According to the result, the surfac
coverage was an increasing function with the gas press
and was saturated at;10 mTorr. Note that the surface los
probability of CF2 radicals obtained by the lifetime measur
ments with laser-induced fluorescence spectroscopy wa
the order of 1022.22

According to Eq.~4!, the F atom density in the discharg
plasma in the steady-state is given by

nF5tkpnenCF4
. ~6!

The decay time constantt2 did not depend on the electro
density so much when the CF4 gas pressure was kept con
stant. According to Eq.~6!, the constant lifetime should re
sult in a proportional relation betweennF andne. However,
a scaling lawnF}ne

0.5;0.7 was observed experimentally fo
fixed CF4 gas pressures as shown in Fig. 2. Hencet2 does
not correspond to the lifetime of F atoms in the discha
plasma. On the other hand, if we suppose that the decay
constantt1 in the initial afterglow represents the lifetime o
F atoms in the discharge plasma (t.t1), the scaling laws
shown in Eqs.~1! and~2! are roughly consistent with Eq.~6!.
The similar F atom density in spite of the longert1 for the
higher gas pressure can be attributed partly to the small
duction rate coefficientkp in the high-pressure plasma be
cause of the low electron temperature. In the discha
plasma, ionization F1e→F112e is also the loss process of
atoms. However, since the rate coefficient for the above
action is 3.6310210 cm3/s for an electron temperature of
eV,14 the ionization loss cannot be dominant for the range
the electron density in the present experiments.

The duration of the initial decay of the F atom dens
roughly coincided with the lifetime of CF2 radicals. Al-
though we do not have any diagnostics for CF3 radicals, the
lifetime of CF3 may be a similar value to that of CF2.

27,28

Hence, the reason why the decay of the F atom density
two components can be attributed to the existence of Cx

~x52 or 3! radicals in the chamber~the lifetime of CF radi-

FIG. 6. The surface loss probability of F atoms corresponding to the de
time constantt2 shown in Fig. 5.
5941Sasaki et al.
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cals was shorter than the duration of the initial density
cay!. When there are CFx radicals in the chamber, they see
to be able to react with F atoms. If the reaction with Cx

radicals is fast enough to dominate the diffusion loss,
rapid density decay can be observed while the CFx radicals
survive in the chamber. In this period, the lifetime of F ato
satisfies the conditiont.t1.tR!tD . However, according
to the cross sectional data available to date, the reaction
coefficients for the gas phase reactions between F andx
~such as F1CFx→CFx11 and F1CFx1M→CFx111M ! are
too small to explain the short lifetimet1 , since the gas pres
sures in the present experiments were low.29 Hence, we pro-
pose the reaction~recombination! of F atoms with CFx radi-
cals on the wall surface,

F1CFx→
wall

CFx11 , ~7!

as the dominant loss process of F atoms in the disch
plasma and the initial afterglow. The importance of this
action has been pointed out by Hikosaka and Sugai8 as the
loss process of CF3 radicals. After the disappearance of th
CFx radicals, the major loss process of F atoms changes
the diffusion with a longer time constant.

Under the assumption described above, the lifetimet1

varies inversely asnCFx
such that

t1.tR}
1

nCFx

. ~8!

This relationship is consistent with Eq.~2! when the density
of CFx radicals satisfies the following scaling law:

nCFx
}~nenCF4

!~0.3– 0.4!. ~9!

The longert1 for the higher gas pressure, as shown in Fig
may be due to the decrease in the reaction rate coefficien
Eq. ~7!, which is partly determined by the surface conditio
such as the coverage. Since the CF2 radical density measure
by laser-induced fluorescence spectroscopy was satu
~slightly decreased! for electron densities higher tha
;531011 cm23,19 the CF2 radical density is not consisten
with the scaling law shown in Eq.~9!. Accordingly, the most
probable species which reacts with F atoms is CF3 radicals.
If the reaction with CF3 is the dominant loss process, th
decrease in the F atom density during the initial aftergl
roughly corresponds to the CF3 radical density. According to
the experimental results, the density drop during the ini
afterglow increased with the rf power without saturation. F
the example shown in Fig. 3, the density drop betwe
t510 ms andt514 ms was;8.431012 cm23, which can
be explained as the CF3 density in the high-density helico
plasma with a gas pressure of 5 mTorr and an rf power of
kW.

V. CONCLUSION

In conclusion, we have shown the following:
5942 J. Appl. Phys., Vol. 82, No. 12, 15 December 1997
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~1! We carried out absolute density and lifetime measu
ments of F atoms in helicon-wave excited high-dens
CF4 plasmas by using vacuum ultraviolet absorpti
spectroscopy.

~2! The F atom density in the discharge plasma was sum
rized as a function of the product between the elect
and parent gas densities. As a result, a scaling lawnF

}(nenCF4
)(0.5– 0.7) was found.

~3! The decay of the F atom density in the afterglow w
composed of two components with different time co
stants: the rapid decay in the initial afterglow and t
exponential decrease in the late afterglow.

~4! The decay time constantt1 in the initial afterglow
roughly satisfied the scaling lawt1}(nenCF4

)2(0.3– 0.4),
which is a consistent relationship with the scaling la
for the F atom density.

~5! The decay time constantt2 in the late afterglow was
much longer thant1 , and was strongly dependent on th
CF4 gas pressure. The surface loss probability of F ato
was evaluated fromt2 , and was mainly on the order o
1023.

~6! The above two scaling laws and the lifetimes of Cx

radicals suggest that the major loss process of F atom
the discharge plasma and the initial afterglow is the
action with CFx radicals ~probably, x53! on the wall
surface. In the late afterglow, the dominant loss proc
of F atoms is simple diffusion to the chamber wall.
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