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Absolute density and reaction kinetics of fluorine atoms in high-density
c -C4F8 plasmas

K. Sasaki,a) Y. Kawai, C. Suzuki, and K. Kadota
Department of Electronics, Nagoya University, Nagoya 464-8603, Japan

~Received 16 December 1997; accepted for publication 17 March 1998!

Absolute density and reaction kinetics of fluorine~F! atoms in high-density octafluorocyclobutane
(c-C4F8) plasmas were examined using vacuum ultraviolet absorption spectroscopy. The F atom
densities, corresponding to electron densities ranging from 131011 to 531012 cm23, were 1
31012– 531013 cm23 for gas pressures of 2–7 mTorr and rf powers of 0.2–1.5 kW. The F atom
density was linearly dependent on the electron density forne,1.531012 cm23. According to
lifetime measurements in the afterglow, two decay processes were found in the F atom density:
exponential ~first-order kinetics! and linear ~zero-order kinetics! decay components. The
linear-decay component became significant at high gas pressures. The time constant of the
exponential-decay component ranged from 5 to 100 ms, which corresponds to surface loss
probabilities of 1021– 1023. The surface loss probability varied inversely with the F atom density.
© 1998 American Institute of Physics.@S0021-8979~98!06112-X#
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I. INTRODUCTION

Octafluorocyclobutane (c-C4F8, hereafter simply C4F8)
plasmas are increasingly used in place of conventional4

plasmas for selective dry etching of SiO2 thin films over
underlying Si in the fabrication of the ultralarge-scale in
grated circuits.1,2 Conventional CF4 plasmas often result in
poor etching selectivity of SiO2 over Si when they are com
bined with low-pressure, high-density plasma sources3,4 such
as electron cyclotron resonance~ECR! plasmas, inductively
coupled plasmas~ICPs!, and helicon-wave excited plasma
The etching selectivity can be improved considerably by
ing C4F8 instead of CF4;

5,6 this is attributed to the high CFx

radial densities in C4F8 plasmas. One important aspect
SiO2 etching with fluorocarbon plasmas is that the etch
selectivity is sensitive to the density ratio of CFx radicals to
F atoms in the plasma.6 This is because F atoms etch both
and SiO2, while CFx radicals decrease the etching rate of
by serving as precursors of polymerization. A number
works utilizing advanced diagnostics for CFx radicals@e.g.,
infrared laser absorption spectroscopy~IRLAS!,7 appearance
mass spectrometry~AMS!,8 and laser-induced fluorescenc
~LIF! spectroscopy9,10# show that the density of CFx radicals
is much higher in C4F8 plasmas than in CF4 plasmas.11–13

Absolute F atom densities in C4F8 plasmas have been diffi
cult to investigate, however, due to the lack of reliable dia
nostics. Although the actinometry technique14 is extensively
used for detecting F atoms, its reliability is doubtful in low
pressure, high-density plasmas.15

We recently measured the F atom density in a hi
density helicon-wave CF4 plasma using vacuum ultraviole
absorption spectroscopy~VUVAS!.16,17This diagnostic is re-
liable and can yield the absolute F atom density with an e
smaller than a factor of 2. In addition, the temporal variat
of the F atom density in the afterglow can be observed

a!Electronic mail: sasaki@nuee.nagoya-u.ac.jp
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VUVAS. In a previous work,16 lifetime measurements in th
afterglow provided useful information on the loss proces
of F atoms in a high-density CF4 plasma. In the presen
work, we repeated the measurement in the same helic
wave plasma source by replacing CF4 with C 4F8. The loss
processes of F atoms in a high-density C4F8 plasma were
examined again by lifetime measurements.

II. EXPERIMENT

The apparatus used in the present experiment is the s
as that described in previous papers.16,17 High-density plas-
mas were produced by helicon-wave discharges18 in a linear
machine with a uniform magnetic field of 1 kG. In th
present work, we used pure C4F8 as the working gas in place
of the CF4 used in the previous experiment.16 The vacuum
chamber was composed of a Pyrex glass tube~9 cm in di-
ameter! and two stainless-steel observation chambers~20
320310 cm!. Various rf powers from 0.2 to 1.5 kW wer
applied to a helical antenna wound around a quartz g
tube of 3 cm diam. The pressure range and the flow rate
the C4F8 gas were 1.5–7 mTorr and 1.6 ccm, respective
The risk of breakdown in the electron multiplier tube us
for detecting VUV radiation prevented us from carrying o
experiments at higher gas pressures. Plasma was prod
with a repetition rate of 4 Hz. The discharge duration w
lengthened to 20 ms in the present experiment, since the
times of the electron and neutral radical densities w
longer in the C4F8 plasma than in the CF4 plasma@the dis-
charge duration of the previous CF4 plasma was 10 ms~Ref.
16!#.

Measurement of the F atom density was carried ou
the downstream plasma at a distance of approximately 50
from the end of the helical antenna. The wavelength of
probe emission for detecting F atoms at the ground s
(2p5 2P0) was 95.85 nm, which was obtained from a com
pact ECR CF4 plasma device operated with a low microwa
2 © 1998 American Institute of Physics
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power~0.1 kW! and a low gas pressure~1 mTorr!. The ECR
plasma device~light source! and the helicon-wave plasm
source were connected by a windowless vacuum tube s
window materials cannot transmit optical emission bel
100 nm. Differentially pumping the vacuum tube prevent
neutral species from passing between the helicon and
ECR plasmas. The VUV emission was detected usin
VUV monochromator and an electron multiplier tube. T
pressures in the monochromator and the electron multip
tube were kept below 831025 Torr by two-stage differentia
pumping. The absorption length of 36 cm, which was de
mined by two stainless-steel plates with orifices for differe
tial pumping, was much longer than the diameter~3 cm! of
the plasma column. A uniform distribution was assumed
the F atom density in the helicon chamber since the lifeti
of F atoms was much longer than the geometrical diffus
time determined by the chamber design. The absolute F a
density was deduced by using the conventional theory19 and
by assuming Doppler broadening at a temperature of 40
for spectral distribution of the probe emission. Dopp
broadening at 300 K was assumed for the spectral distr
tion of absorbing F atoms in the helicon chamber since m
of the F atoms were located outside the plasma column.
rotational temperature of the CF radicals, which was de
mined from the excitation spectrum in the LIF measu
ments, was 300–380 K in the plasma column. If we assu
a temperature of 400 K for absorbing F atoms, then chan
in the absolute F atom densities shown in this article
within a factor of 1.5. A more detailed description of VU
VAS will be presented elsewhere. The electron density of
plasma was measured using a microwave interferometer~35
GHz! located 10 cm upstream from the observation chord
VUVAS.

III. RESULTS AND DISCUSSION

A. Absolute F atom density

Figure 1 shows the absolute density of F atoms in

FIG. 1. Absolute F atom density measured by vacuum ultraviolet absorp
spectroscopy as a function of the rf power for C4F8 gas pressures of 2, 5, an
7 mTorr.
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helicon-wave C4F8 plasma as a function of the rf power fo
gas pressures of 2, 5, and 7 mTorr. The F atom dens
plotted in Fig. 1 were observed at a discharge time of 1
ms, 0.1 ms before termination of the rf power. The measu
ments were repeated two to three times for the same
power, and the average F atom density for each rf powe
plotted in Fig. 1. The error bars represent the maximum
minimum values. The F atom density was 331011– 5
31013 cm23 for rf powers of 0.2–1.5 kW. The F atom den
sity in the CF4 plasma produced in the same machine rang
from 931011 to 231013 cm23 for similar rf powers and gas
pressures.16 Although the F atom density in the C4F8 plasma
was of the same order as that in the CF4 plasma, the densities
of CFx (x51,2! radicals were one order higher in the C4F8

plasma.12,13 In other words, the density ratio of CFx radicals
to F atoms was improved considerably. The dissociation
gree of the parent gas was higher in the C4F8 plasma than in
the CF4 plasma. The electron density was lower for high
gas pressures, which resulted in lower F atom densitie
shown in Fig. 1. This tendency was also observed in the4
plasma,16,20 and is probably due to the decrease of the ex
tation efficiency of the helicon wave.21

The F atom density shown in Fig. 1 is plotted again
Fig. 2 as a function of the electron density. In Fig. 2, resu
obtained by another operation are added; the F atom de
ties were also measured for various gas pressures with fi
rf powers of 0.5 and 1 kW. As seen from Fig. 2, the F ato
density range is one order higher than the electron densit
linear relationship was found between the electron and
atom densities for electron densities lower than 1
31012 cm23. The dotted curve represents the relations
nF}ne. For electron densities higher than 1.531012 cm23,
the F atom density was slightly saturated.

n

FIG. 2. The F atom density is plotted as a function of the electron den
for fixed gas pressures of 2, 5, and 7 mTorr and for fixed rf powers of
and 1 kW, respectively. The electron density was varied by changing th
power and the gas pressure. The dotted curve represents the relatio
nF}ne.
license or copyright, see http://jap.aip.org/jap/copyright.jsp
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Figure 1 shows a steep~nearly exponential! increase in
the F atom density for rf powers in the range 0.2–0.7 k
The increase in the electron density is also steep since
proportional to the F atom density, as shown in Fig. 2. Th
results imply that the dissociation and ionization efficienc
increase rapidly with rf power in the C4F 8 plasma. This in-
creased efficiency is attributed partly to a change in the c
position of the positive ion species. Positive ions are co
posed mostly of molecular ions (CFx

1) for the low-density
condition, but the fractional abundance of atomic ions~ C1

and F1) increases with the electron density.20 The rate con-
stants of recombination with electrons are much smaller
atomic ions than for molecular ions. Hence the increase
the electron density reduces the loss rate of electrons thro
a change in the composition from molecular ions to atom
ions, resulting in the steep increase in the dissociation
ionization efficiency observed experimentally.20

B. Lifetime measurements

In order to examine the loss processes of F atoms
high-density C4F8 plasma, the temporal variation of the
atom density was measured in the afterglow. Figures 3 an
show typical temporal variations of the F atom density fo
rf power of 1 kW and C4F8 pressures of 2 and 7 mTorr. Th
origins of the horizontal axes correspond to the terminat
of the rf power. The vertical axes are represented by lo

FIG. 3. Logarithmic~a! and linear~b! plots of the temporal variations of the
F atom density in the afterglow for a gas pressure of 2 mTorr. The rf po
was 1 kW.
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rithmic and linear scales. For low gas pressures such a
mTorr, the F atom density decreased exponentially as sh
in Fig. 3~a!, while for higher gas pressures such as 7 mTo
considerable deviation from the exponential curve was
served in the late afterglow (t.30 ms! as shown in Fig. 4~a!.
In this case, the decrease in the F atom density was ne
linear with respect to time as shown in Fig. 4~b!. The linear
decrease implies that the loss rate of F atoms is not affe
by the gas-phase density.

As shown in Figs. 3 and 4, exponential and linear d
creases were observed in the temporal variation of th
atom density in the afterglow. Therefore for simplicity, w
have assumed two decay processes in the rate equ
analysis: exponential-decay~first-order kinetics! and linear-
decay ~zero-order kinetics! components. Since the produc
tion of F atoms in the afterglow is negligible, the tempor
variation of the F atom density can be analyzed by the
lowing rate equation,

dnF~ t !

dt
52

nF~ t !

t
2j, ~1!

wheret is the time constant of the exponential-decay co
ponent andj denotes the constant reaction rate of the line
decay component. Equation~1! can be solved easily, and it
solution is

nF~ t !5~nF01tj!expS 2
t

t D2tj, ~2!

r
FIG. 4. Logarithmic~a! and linear~b! plots of the temporal variations of the
F atom density for a gas pressure of 7 mTorr. The rf power was 1 kW.
license or copyright, see http://jap.aip.org/jap/copyright.jsp
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wherenF0 is the F atom density just after termination of th
rf power. Equations~1! and ~2! are valid for nF(t)<0@ t
>t05t ln(11nF0/tj)#. We were able to fit all of the experi
mental observations of the temporal variation of the F at
density to Eq.~2! with minimum scatter. The time constantt
and the reaction ratej were thus evaluated from the expe
mental observations.

The pressure dependence of the reaction ratej for a
fixed rf power of 1 kW is shown in Fig. 5. The conditio
j50 corresponds to an exponential decrease. The reac
ratej was strongly dependent on the C4F8 pressure, but was
roughly independent of rf power. An exponential curve fi
the temporal variation of the F atom density well for g
pressures lower than 3 mTorr. For higher gas pressures
reaction rate of the linear-decay component increases con
erably. Reaction rates larger than 1014 cm23 s21 were ob-
served for gas pressures higher than 6 mTorr. In these c
the F atom density decreased almost linearly with respec
time.

The time constantt of the exponential-decay compone
was dependent on both the rf power and the gas pressu
longer decay time constant was observed for higher rf p
ers and the lower gas pressures. This means that high-de
discharges result in longer F atom lifetimes in the afterglo
The most meaningful graph fort is obtained when it is plot-
ted as a function of the F atom density just before termi
tion of the rf power. As shown in Fig. 6, all the experimen
results roughly converge to a proportional relationship
tweent andnF , even though both the rf power and the g
pressure had wide ranges of 0.2–1.5 kW and 2–7 mT
respectively. The dotted curve shown in Fig. 6 represents
relationshipt}nF .

C. Loss processes of F atoms

The loss of F atoms by gas-phase reactions should o
second-order kinetics since there are probably no species
have a density much higher than the F atom density. Th
fore, the exponential decrease~first-order kinetics! of the F

FIG. 5. The reaction ratej of the linear~constant-rate! decay component as
a function of the C4F8 gas pressure.
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atom density may not be due to any gas-phase reacti
Undoubtedly, the linear~constant-rate! decrease~zero-order
kinetics! cannot also be explained by gas-phase reactio
The experimentally observed lifetimes of F atoms are mu
longer than the geometrical diffusion time constant~;0.2–
0.4 ms! determined by the chamber design.22 Hence, both
decay processes are probably surface reactions on the c
ber wall. In other words, the two surface processes are ac
simultaneously in the afterglow.

The total number of F atoms lost by the two decay p
cesses per unit volume can be evaluated with Eqs.~1! and
~2!. Due to the exponential-decay process, the number o
atoms that disappears in the afterglow is given by

nF15E
0

t0nF~ t !

t
dt5nF02jt lnS 11

nF0

jt D , ~3!

while the number of F atoms lost by the linear-decay proc
is given by

nF25E
0

t0
jdt5jt lnS 11

nF0

jt D , ~4!

where timet0 is well defined bynF(t0)50. Figure 7 shows
the partial fraction of the two decay processes, defined
nF1/nF0 andnF2/nF0, as a function of the C4F8 gas pressure
As is shown, the contribution of the linear-decay compon
increases with the gas pressure. For gas pressures highe
6 mTorr, the linear-decay component dominates the ex
nential component in the total number of F atoms lost in
afterglow.

The exponential decrease is a typical feature of sim
diffusion loss to the chamber wall. On the other hand,
constant-rate decrease is an unknown process, and is no
derstood well. Under the assumption of Langmuir kineti
the adsorption flux of F atoms to the chamber wall is giv
by23

Gads5KanFSn08~12u!, ~5!

FIG. 6. The time constantt of the exponential-decay component ass func-
tion of the F atom density just before termination of the rf power. The dot
curve represents the relationshipt}nF .
license or copyright, see http://jap.aip.org/jap/copyright.jsp
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wherenFS is the gas-phase F atom density at the surfacen08
denotes the area density of adsorption sites contributin
the linear-decay process, andKa is the rate coefficient. The
surface coverageu ~the fraction of sites covered with adso
bate! is evaluated as23

u5
KnFS

11KnFS
, ~6!

whereK5Ka/Kd with Kd being the rate coefficient for de
sorption. According to Eqs.~5! and ~6!, we obtain Gads

.Kdn08 with 12u.1/KnFS whenKanFS@Kd . This situation
corresponds to a surface coverage close to unity. Wit
large surface coverage, it is possible that the adsorption
is independent of the F atom density in the gas phase. H
ever, this situation is probably uncommon in low-press
discharges;23 further investigation is needed to understa
this surface reaction with zero-order kinetics.

It is noted again that there is also an ordinary surfa
reaction with first-order kinetics. A simple explanation f
the simultaneous existence of the two surface processe
that the two reactions occur at different places on the ch
ber wall ~e.g., the end plate of the chamber is bombard
intensely by positive ions, compared to the side wall of
cylindrical vessel!. However, the strong pressure depende
of the partial fraction of the two processes shown in Fig. 7
difficult to understand from the above explanation. At t
present time, we believe there are two types of reaction s
on the wall, which is covered with fluorocarbon polym
films produced by the high-density C4F8 plasma. The differ-
ence in the reactivity may be due to a difference in
chemical composition at the sites.

A comparison of the instantaneous reaction rates sh
that the exponential-decay component dominates the lin
decay component in the early afterglow sincenF remains
high (nF /t@j). If the exponential-decay component repr
sents simple diffusion loss to the chamber wall, the ti
constantt is related to the surface loss probabilitya by24

FIG. 7. The partial fraction of the exponential- and linear-decay compon
given bynF1 /nF0 ~square! andnF2 /nF0 ~circle!, respectively, as a function o
the C4F8 gas pressure.
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v̄a
, ~7!

where, v̄ is the mean velocity of the F atoms, given b
A8kT/pM . (T andM are the temperature and mass of the
atoms, respectively, andk is the Boltzmann constant!, and
l 05V/S with V andS being the volume and surface area
the chamber, respectively. This equation is accurate for
face loss probabilities much smaller than unity, which cor
spond to the F atom lifetimes much longer than the geome
cal diffusion time. The surface loss probability in the ea
afterglow was evaluated fromt with Eq. ~7!. Figure 8 shows
the surface loss probabilitya as a function of the F atom
density just before termination of the rf power. As is show
in Fig. 8, a varies inversely withnF . The dotted curve rep-
resents the relationshipa}nF

21. This result is understood a
an increase in the surface coverage for higher F atom de
ties, resulting in a smaller surface loss probability.25 The
surface loss probability is a decreasing function of t
coverage.23 It is noted that the surface loss probability of
atoms in a CF4 plasma produced in the same machine was
the order of 1023. It was strongly dependent on the gas pre
sure but was roughly independent of the rf power.16

IV. CONCLUSIONS

In conclusion, we have shown the following.

~1! We have carried out absolute density measurements
atoms in low-pressure, high-densityc-C4F8 plasmas by
vacuum ultraviolet absorption spectroscopy.

~2! The F atom densities were on the order
1011– 1013 cm 23 for rf powers of 0.2–1.5 kW and ga
pressures of 2–7 mTorr.

~3! The F atom density was roughly proportional to the ele
tron density forne<1.531012 cm23. The absolute F
atom density was one order higher than the elect
density.

tsFIG. 8. The surface loss probability corresponding to the decay time c
stantt as a function of the F atom density just before termination of the
power. The dotted curve represents the relationshipa}nF

21.
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~4! Two decay processes~exponential and linear compo
nents! were found in the temporal variation of the
atom density in the afterglow.

~5! The time constant of the exponential-decay compon
was roughly proportional to the F atom density in t
discharge phase.

~6! The surface loss probability corresponding to the ti
constant of the exponential-decay component was on
order of 1023– 1021. The surface loss probability de
creased inversely with the F atom density. This sugge
that a higher F atom density in the discharge results
larger coverage of the wall surface.

~7! The reaction rate of the linear-decay component w
strongly dependent on the gas pressure, but was rou
independent of the rf power. The contribution of th
linear-decay component was significant for high g
pressures.
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