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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 for n e,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#

VUVAS. In a previous work,16 lifetime measurements in the
afterglow provided useful information on the loss processes
of F atoms in a high-density CF4 plasma. In the present
work, we repeated the measurement in the same heliconwave 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.

I. INTRODUCTION

Octafluorocyclobutane (c-C4F8, hereafter simply C4F8)
plasmas are increasingly used in place of conventional CF4
plasmas for selective dry etching of SiO2 thin films over
underlying Si in the fabrication of the ultralarge-scale integrated circuits.1,2 Conventional CF4 plasmas often result in
poor etching selectivity of SiO2 over Si when they are combined with low-pressure, high-density plasma sources3,4 such
as electron cyclotron resonance ~ECR! plasmas, inductively
coupled plasmas ~ICPs!, and helicon-wave excited plasmas.
The etching selectivity can be improved considerably by using C4F8 instead of CF4;5,6 this is attributed to the high CFx
radial densities in C4F8 plasmas. One important aspect of
SiO2 etching with fluorocarbon plasmas is that the etching
selectivity is sensitive to the density ratio of CFx radicals to
F atoms in the plasma.6 This is because F atoms etch both Si
and SiO2, while CFx radicals decrease the etching rate of Si
by serving as precursors of polymerization. A number of
works utilizing advanced diagnostics for CFx radicals @e.g.,
infrared laser absorption spectroscopy ~IRLAS!,7 appearance
mass spectrometry ~AMS!,8 and laser-induced fluorescence
~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 difficult to investigate, however, due to the lack of reliable diagnostics. Although the actinometry technique14 is extensively
used for detecting F atoms, its reliability is doubtful in lowpressure, high-density plasmas.15
We recently measured the F atom density in a highdensity helicon-wave CF4 plasma using vacuum ultraviolet
absorption spectroscopy ~VUVAS!.16,17 This diagnostic is reliable and can yield the absolute F atom density with an error
smaller than a factor of 2. In addition, the temporal variation
of the F atom density in the afterglow can be observed by

II. EXPERIMENT

The apparatus used in the present experiment is the same
as that described in previous papers.16,17 High-density plasmas were produced by helicon-wave discharges18 in a linear
machine with a uniform magnetic field of 1 kG. In the
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 diameter! and two stainless-steel observation chambers ~20
320310 cm!. Various rf powers from 0.2 to 1.5 kW were
applied to a helical antenna wound around a quartz glass
tube of 3 cm diam. The pressure range and the flow rate of
the C4F8 gas were 1.5–7 mTorr and 1.6 ccm, respectively.
The risk of breakdown in the electron multiplier tube used
for detecting VUV radiation prevented us from carrying out
experiments at higher gas pressures. Plasma was produced
with a repetition rate of 4 Hz. The discharge duration was
lengthened to 20 ms in the present experiment, since the rise
times of the electron and neutral radical densities were
longer in the C4F8 plasma than in the CF4 plasma @the discharge duration of the previous CF4 plasma was 10 ms ~Ref.
16!#.
Measurement of the F atom density was carried out in
the downstream plasma at a distance of approximately 50 cm
from the end of the helical antenna. The wavelength of the
probe emission for detecting F atoms at the ground state
(2p 5 2P 0 ) was 95.85 nm, which was obtained from a compact ECR CF4 plasma device operated with a low microwave
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FIG. 1. Absolute F atom density measured by vacuum ultraviolet absorption
spectroscopy as a function of the rf power for C4F8 gas pressures of 2, 5, and
7 mTorr.

power ~0.1 kW! and a low gas pressure ~1 mTorr!. The ECR
plasma device ~light source! and the helicon-wave plasma
source were connected by a windowless vacuum tube since
window materials cannot transmit optical emission below
100 nm. Differentially pumping the vacuum tube prevented
neutral species from passing between the helicon and the
ECR plasmas. The VUV emission was detected using a
VUV monochromator and an electron multiplier tube. The
pressures in the monochromator and the electron multiplier
tube were kept below 831025 Torr by two-stage differential
pumping. The absorption length of 36 cm, which was determined by two stainless-steel plates with orifices for differential pumping, was much longer than the diameter ~3 cm! of
the plasma column. A uniform distribution was assumed for
the F atom density in the helicon chamber since the lifetime
of F atoms was much longer than the geometrical diffusion
time determined by the chamber design. The absolute F atom
density was deduced by using the conventional theory19 and
by assuming Doppler broadening at a temperature of 400 K
for spectral distribution of the probe emission. Doppler
broadening at 300 K was assumed for the spectral distribution of absorbing F atoms in the helicon chamber since most
of the F atoms were located outside the plasma column. The
rotational temperature of the CF radicals, which was determined from the excitation spectrum in the LIF measurements, was 300–380 K in the plasma column. If we assume
a temperature of 400 K for absorbing F atoms, then changes
in the absolute F atom densities shown in this article are
within a factor of 1.5. A more detailed description of VUVAS will be presented elsewhere. The electron density of the
plasma was measured using a microwave interferometer ~35
GHz! located 10 cm upstream from the observation chord for
VUVAS.
III. RESULTS AND DISCUSSION
A. Absolute F atom density

Figure 1 shows the absolute density of F atoms in the
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FIG. 2. The F atom density is plotted as a function of the electron density
for fixed gas pressures of 2, 5, and 7 mTorr and for fixed rf powers of 0.5
and 1 kW, respectively. The electron density was varied by changing the rf
power and the gas pressure. The dotted curve represents the relationship
n F}n e.

helicon-wave C4F8 plasma as a function of the rf power for
gas pressures of 2, 5, and 7 mTorr. The F atom densities
plotted in Fig. 1 were observed at a discharge time of 19.9
ms, 0.1 ms before termination of the rf power. The measurements were repeated two to three times for the same rf
power, and the average F atom density for each rf power is
plotted in Fig. 1. The error bars represent the maximum and
minimum values. The F atom density was 331011 – 5
31013 cm23 for rf powers of 0.2–1.5 kW. The F atom density in the CF4 plasma produced in the same machine ranged
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 degree of the parent gas was higher in the C4F8 plasma than in
the CF4 plasma. The electron density was lower for higher
gas pressures, which resulted in lower F atom densities as
shown in Fig. 1. This tendency was also observed in the CF4
plasma,16,20 and is probably due to the decrease of the excitation efficiency of the helicon wave.21
The F atom density shown in Fig. 1 is plotted again in
Fig. 2 as a function of the electron density. In Fig. 2, results
obtained by another operation are added; the F atom densities were also measured for various gas pressures with fixed
rf powers of 0.5 and 1 kW. As seen from Fig. 2, the F atom
density range is one order higher than the electron density. A
linear relationship was found between the electron and F
atom densities for electron densities lower than 1.5
31012 cm23. The dotted curve represents the relationship
n F}n e . For electron densities higher than 1.531012 cm23,
the F atom density was slightly saturated.
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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 power
was 1 kW.

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.

Figure 1 shows a steep ~nearly exponential! increase in
the F atom density for rf powers in the range 0.2–0.7 kW.
The increase in the electron density is also steep since it is
proportional to the F atom density, as shown in Fig. 2. These
results imply that the dissociation and ionization efficiencies
increase rapidly with rf power in the C4F 8 plasma. This increased efficiency is attributed partly to a change in the composition of the positive ion species. Positive ions are composed mostly of molecular ions (CF1
x ) for the low-density
condition, but the fractional abundance of atomic ions ~ C1
and F1) increases with the electron density.20 The rate constants of recombination with electrons are much smaller for
atomic ions than for molecular ions. Hence the increase in
the electron density reduces the loss rate of electrons through
a change in the composition from molecular ions to atomic
ions, resulting in the steep increase in the dissociation and
ionization efficiency observed experimentally.20

rithmic and linear scales. For low gas pressures such as 2
mTorr, the F atom density decreased exponentially as shown
in Fig. 3~a!, while for higher gas pressures such as 7 mTorr,
considerable deviation from the exponential curve was observed in the late afterglow (t.30 ms! as shown in Fig. 4~a!.
In this case, the decrease in the F atom density was nearly
linear with respect to time as shown in Fig. 4~b!. The linear
decrease implies that the loss rate of F atoms is not affected
by the gas-phase density.
As shown in Figs. 3 and 4, exponential and linear decreases were observed in the temporal variation of the F
atom density in the afterglow. Therefore for simplicity, we
have assumed two decay processes in the rate equation
analysis: exponential-decay ~first-order kinetics! and lineardecay ~zero-order kinetics! components. Since the production of F atoms in the afterglow is negligible, the temporal
variation of the F atom density can be analyzed by the following rate equation,

B. Lifetime measurements

In order to examine the loss processes of F atoms in a
high-density C4F8 plasma, the temporal variation of the F
atom density was measured in the afterglow. Figures 3 and 4
show typical temporal variations of the F atom density for a
rf power of 1 kW and C4F8 pressures of 2 and 7 mTorr. The
origins of the horizontal axes correspond to the termination
of the rf power. The vertical axes are represented by loga-

n F~ t !
dn F~ t !
52
2j,
dt
t

~1!

where t is the time constant of the exponential-decay component and j denotes the constant reaction rate of the lineardecay component. Equation ~1! can be solved easily, and its
solution is

S D

n F~ t ! 5 ~ n F01 t j ! exp 2

t
2tj,
t

~2!
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FIG. 5. The reaction rate j of the linear ~constant-rate! decay component as
a function of the C4F8 gas pressure.

where n F0 is the F atom density just after termination of the
rf power. Equations ~1! and ~2! are valid for n F(t)<0 @ t
>t 0 5 t ln(11nF0 / t j ) # . We were able to fit all of the experimental observations of the temporal variation of the F atom
density to Eq. ~2! with minimum scatter. The time constant t
and the reaction rate j were thus evaluated from the experimental observations.
The pressure dependence of the reaction rate j for a
fixed rf power of 1 kW is shown in Fig. 5. The condition
j50 corresponds to an exponential decrease. The reaction
rate j was strongly dependent on the C4F8 pressure, but was
roughly independent of rf power. An exponential curve fits
the temporal variation of the F atom density well for gas
pressures lower than 3 mTorr. For higher gas pressures, the
reaction rate of the linear-decay component increases considerably. Reaction rates larger than 1014 cm23 s21 were observed for gas pressures higher than 6 mTorr. In these cases,
the F atom density decreased almost linearly with respect to
time.
The time constant t of the exponential-decay component
was dependent on both the rf power and the gas pressure. A
longer decay time constant was observed for higher rf powers and the lower gas pressures. This means that high-density
discharges result in longer F atom lifetimes in the afterglow.
The most meaningful graph for t is obtained when it is plotted as a function of the F atom density just before termination of the rf power. As shown in Fig. 6, all the experimental
results roughly converge to a proportional relationship between t and n F , even though both the rf power and the gas
pressure had wide ranges of 0.2–1.5 kW and 2–7 mTorr,
respectively. The dotted curve shown in Fig. 6 represents the
relationship t }n F .
C. Loss processes of F atoms

The loss of F atoms by gas-phase reactions should obey
second-order kinetics since there are probably no species that
have a density much higher than the F atom density. Therefore, the exponential decrease ~first-order kinetics! of the F
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FIG. 6. The time constant t of the exponential-decay component as s function of the F atom density just before termination of the rf power. The dotted
curve represents the relationship t }n F .

atom density may not be due to any gas-phase reactions.
Undoubtedly, the linear ~constant-rate! decrease ~zero-order
kinetics! cannot also be explained by gas-phase reactions.
The experimentally observed lifetimes of F atoms are much
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 chamber wall. In other words, the two surface processes are active
simultaneously in the afterglow.
The total number of F atoms lost by the two decay processes per unit volume can be evaluated with Eqs. ~1! and
~2!. Due to the exponential-decay process, the number of F
atoms that disappears in the afterglow is given by
n F15

E

t0 n

0

F~ t !

t

S

dt5n F02 j t ln 11

D

n F0
,
jt

~3!

while the number of F atoms lost by the linear-decay process
is given by
n F25

Ej
t0

0

S

dt5 j t ln 11

D

n F0
,
jt

~4!

where time t 0 is well defined by n F(t 0 )50. Figure 7 shows
the partial fraction of the two decay processes, defined by
n F1 /n F0 and n F2 /n F0 , as a function of the C4F8 gas pressure.
As is shown, the contribution of the linear-decay component
increases with the gas pressure. For gas pressures higher than
6 mTorr, the linear-decay component dominates the exponential component in the total number of F atoms lost in the
afterglow.
The exponential decrease is a typical feature of simple
diffusion loss to the chamber wall. On the other hand, the
constant-rate decrease is an unknown process, and is not understood well. Under the assumption of Langmuir kinetics,
the adsorption flux of F atoms to the chamber wall is given
by23
G ads5K an FSn 80 ~ 12 u ! ,

~5!
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FIG. 7. The partial fraction of the exponential- and linear-decay components
given by n F1 /n F0 ~square! and n F2 /n F0 ~circle!, respectively, as a function of
the C4F8 gas pressure.

where n FS is the gas-phase F atom density at the surface, n 08
denotes the area density of adsorption sites contributing to
the linear-decay process, and K a is the rate coefficient. The
surface coverage u ~the fraction of sites covered with adsorbate! is evaluated as23

u5

Kn FS
,
11Kn FS

~6!

where K5K a /K d with K d being the rate coefficient for desorption. According to Eqs. ~5! and ~6!, we obtain G ads
.K dn 80 with 12 u .1/Kn FS when K an FS@K d . This situation
corresponds to a surface coverage close to unity. With a
large surface coverage, it is possible that the adsorption rate
is independent of the F atom density in the gas phase. However, this situation is probably uncommon in low-pressure
discharges;23 further investigation is needed to understand
this surface reaction with zero-order kinetics.
It is noted again that there is also an ordinary surface
reaction with first-order kinetics. A simple explanation for
the simultaneous existence of the two surface processes is
that the two reactions occur at different places on the chamber wall ~e.g., the end plate of the chamber is bombarded
intensely by positive ions, compared to the side wall of the
cylindrical vessel!. However, the strong pressure dependence
of the partial fraction of the two processes shown in Fig. 7 is
difficult to understand from the above explanation. At the
present time, we believe there are two types of reaction sites
on the wall, which is covered with fluorocarbon polymer
films produced by the high-density C4F8 plasma. The difference in the reactivity may be due to a difference in the
chemical composition at the sites.
A comparison of the instantaneous reaction rates shows
that the exponential-decay component dominates the lineardecay component in the early afterglow since n F remains
high (n F / t @ j ). If the exponential-decay component represents simple diffusion loss to the chamber wall, the time
constant t is related to the surface loss probability a by24

FIG. 8. The surface loss probability corresponding to the decay time constant t as a function of the F atom density just before termination of the rf
power. The dotted curve represents the relationship a }n 21
F .

t.

2l 0 ~ 22 a !
,
v̄ a

~7!

where, v̄ is the mean velocity of the F atoms, given by
A8kT/ p M . (T and M are the temperature and mass of the F
atoms, respectively, and k is the Boltzmann constant!, and
l 0 5V/S with V and S being the volume and surface area of
the chamber, respectively. This equation is accurate for surface loss probabilities much smaller than unity, which correspond to the F atom lifetimes much longer than the geometrical diffusion time. The surface loss probability in the early
afterglow was evaluated from t with Eq. ~7!. Figure 8 shows
the surface loss probability a as a function of the F atom
density just before termination of the rf power. As is shown
in Fig. 8, a varies inversely with n F . The dotted curve represents the relationship a }n 21
F . This result is understood as
an increase in the surface coverage for higher F atom densities, resulting in a smaller surface loss probability.25 The
surface loss probability is a decreasing function of the
coverage.23 It is noted that the surface loss probability of F
atoms in a CF4 plasma produced in the same machine was on
the order of 1023 . It was strongly dependent on the gas pressure 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 of F
atoms in low-pressure, high-density c-C4F8 plasmas by
vacuum ultraviolet absorption spectroscopy.
~2! The F atom densities were on the order of
1011 – 1013 cm 23 for rf powers of 0.2–1.5 kW and gas
pressures of 2–7 mTorr.
~3! The F atom density was roughly proportional to the electron density for n e<1.531012 cm23. The absolute F
atom density was one order higher than the electron
density.
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~4! Two decay processes ~exponential and linear components! were found in the temporal variation of the F
atom density in the afterglow.
~5! The time constant of the exponential-decay component
was roughly proportional to the F atom density in the
discharge phase.
~6! The surface loss probability corresponding to the time
constant of the exponential-decay component was on the
order of 1023 – 1021 . The surface loss probability decreased inversely with the F atom density. This suggests
that a higher F atom density in the discharge results in a
larger coverage of the wall surface.
~7! The reaction rate of the linear-decay component was
strongly dependent on the gas pressure, but was roughly
independent of the rf power. The contribution of the
linear-decay component was significant for high gas
pressures.
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