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Time resolved ultraviolet absorption spectroscopy
of pulsed fluorocarbon plasmas

Brett A. Cruden,a) Karen K. Gleason, and Herbert H. Sawin
Department of Chemical Engineering, Massachusetts Institute of Technology, Cambridge,
Massachusetts 02139-4307

~Received 25 February 2000; accepted for publication 30 October 2000!

Ultraviolet absorption spectroscopy has been used to quantitatively measure CF2 transients in 1 Torr
capacitively coupled pulsed plasmas. Time resolved concentrations were obtained for both
tetrafluoroethylene~TFE! and hexafluoropropylene oxide~HFPO! feed gases. In the TFE plasma,
the CF2 production kinetics follow a first order rise to concentrations of;1014/cm3. In the plasma
afterglow, a net production of CF2 is observed for a few milliseconds before the transient becomes
dominated by a second order recombination process. In the HFPO plasma, three distinct regimes are
observed in the plasma on time. Two production regimes exist, one presumably due to HFPO
dissociation and the second due to an unknown source, beginning about 5 ms into the on time.
Finally, the CF2 concentration passes through a maximum and decreases to steady state. The
afterglow processes are similar to those observed for TFE. The production observed in the off time
is believed to be related to surface processes. ©2001 American Institute of Physics.
@DOI: 10.1063/1.1334936#
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I. INTRODUCTION

The study of fluorocarbon plasmas is of great interest
their applications in silicon dioxide etching.1,2 Recently, at-
tention has been paid to using fluorocarbon plasmas to
duce low dielectric constant fluorocarbon thin films.3 How-
ever, details of fluorocarbon surface and gas phase chem
are still not fully understood, and much research is still o
going in this area.1,2,4 For film deposition, the use of pulse
plasmas has shown the capability to control film chemis
and composition.5 Pulsing of the plasma can control film
composition in several ways. First, pulsing reduces plas
surface interactions, which include ion bombardment and
traviolet~UV! irradiation effects. During the plasma off time
long-lived radicals~such as CF2) will still interact with the
surface after the ion flux has decayed, thus altering the
fective neutral to ion ratios. Additionally, pulsing of th
plasma brings the gas phase composition out of steady s
Temperature and concentration transients will exist that
not present in a continuous plasma. The degree of fragm
tation of precursors and intermediates will be reduced
cause of less exposure time to the plasma. Other prope
such as plasma densities and temperatures, will also be
fected by pulsing. In order to understand mechanistica
how pulsing gives control of film properties, it is desirable
understand how pulsing affects the gas phase chemistry

The technique of UV absorption spectroscopy has b
used extensively for diamond like carbon deposition a
other deposition and etching environments.6 The use of UV
absorption spectroscopy for detection of CF2 is a relatively
simple technique, however it has only seen a f
applications.7–9 More commonly, CF2 concentrations have
been measured by infrared absorption techniques10–12 and

a!Electronic mail: bcruden@alum.mit.edu
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laser induced fluorescence.13–16 Time resolved measure
ments of CF2 concentrations in pulsed plasmas have be
made on relatively short~,10 ms! time scales, primarily in
plasmas relevant to etching conditions.10,14,17Other research-
ers have measured CF2 loss for longer pulse times~;10–100
ms! at lower pressures~50–400 mTorr!, and have observed
first order loss and creation mechanisms.11,16 Quantitative
transients have been recorded in the off time of a low pr
sure ~;10 mTorr! C4F8 plasma,18 with an initial off time
production of CF2, followed by a decay described by secon
order kinetics.

In this work, we look at the general behavior of CF2 in
depositing plasmas of tetrafluoroethylene~TFE! and
hexafluoropropylene oxide~HFPO!. Both precursors are ex
pected to readily form CF2 upon electron impact:19,20

CF2vCF2→
e2

2CF2, ~1!

CF3– CF–CF2
\/
O

→
e2

CF3– CF
i
O

1CF2. ~2!

The presence of oxygen in HFPO, however, will add an et
ing component to the HFPO plasma chemistry.

II. EXPERIMENT

A diagram of the experimental setup is shown in Figu
1. The deposition is performed in a homebuilt parallel pla
reactor. The precursor gas flows through a showerhead in
top electrode, at a pressure of 1 Torr and a flow rate of
sccm. The TFE precursor is passed through a silica
scrubber to remove a limonene inhibitor before it is fed
the chamber. Typically, an on time peak power of 100 W
used to strike the plasma. The substrate sits on the bo
electrode, which is powered by a pulse generator/funct
© 2001 American Institute of Physics
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916 J. Appl. Phys., Vol. 89, No. 2, 15 January 2001 Cruden, Gleason, and Sawin
generator/rf amplifier train. The substrate temperature
maintained at either 20 °C by circulating water or at 50
with circulating oil. The chamber wall temperature can a
be controlled from room temperature~;28 °C! to 150 °C by
heating tape. In depositing pulsed plasmas with long
times ~.10 ms!, it is not uncommon to have difficulties in
achieving a reproducible plasma breakdown. To assist w
this problem, a 1 kV dcpulse is applied at the beginning o
each pulse period. The voltage transients from this pulse
gone within the first 2 ms, and the pulse does not appea
greatly affect deposition behavior or the plasma chemis
measured here. For the experiments discussed here, a
duty cycle of 100 ms on/400 ms off is used, so that
plasma has sufficient on and off periods to approach ste
state.

For the UV absorption measurements, a 150 W Xe la
with collimated optics projects light through the plasma fro
one viewport, and is collected by a 27 cm spectrograph w
an UV enhanced 1200 g/mm grating at the opposite sid
the chamber. A band pass filter@250 nm peak, 60 nm full
width at half maximum~FWHM!# is used to remove stra
light and higher order diffraction. Data are collected by
ther a photodiode array~PDA! or a photomultiplier tube
~PMT!. The PDA ~Tracor Northern, TN-6112! is useful for
obtaining spectra at several different wavelengths simu
neously. However, it cannot give millisecond scale tim
resolution and is only used to get a time-averaged signal.
PMT ~Hammamatsu, R955! is only able to read one wave
length at a time, but can give signals on the desired t
scale. Signal to noise is improved by averaging the P
signal over 500–5000 pulses via a LeCroy 9414 digital
cilloscope.

III. RESULTS AND DISCUSSION

As described previously,9 the absorption intensity is de
termined by performing four scans, one with the lamp alo
one with the lamp and plasma, one with the plasma alo
and a background scan. The transmittance can then be f
as follows:

FIG. 1. Diagram of the experimental setup. A pulsed plasma is produce
the reactor, and a photomultiplier tube is used to measure absorption
function of time.
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Tr5
I

I 0
5

I plasma1lamp2I plasma

I lamp2I dark
. ~3!

This can then be related to the CF2 density by the Beer–
Lambert law:

lnS I

I 0
D52sLeffnCF2

. ~4!

The cross sectionss have been characterized by Shar
et al.21 The effective length,Leff , depends on the radial pro
file of CF2, described in the Appendix, where it is estimat
at 26.2 cm.

Figure 2 shows a sample absorption spectrum from
continuous TFE plasma near 250 nm. The peaks appa
here are characteristic of the CF2 absorption, and represen
the Ã1B1←X̃1A1 transition.21 However, to adequately fit this
absorption spectrum, an additional absorption backgro
must be introduced. The source of this background is
known, although Boothet al. examined several possibilitie
for its source,9 without reaching a satisfactory explanatio
Its close coincidence with the CF2 bands would sugges
higher underlying vibrational or rotational states. Howev
the transition from the next vibrationally excited ground sta
~0,1,0! has maximum Franck–Condon factors at 263 nm22

Absorption due to this transition is observed in Fig. 2, but
far weaker than the rest of the background spectrum.
possibility of adsorption from rotationally excited states w
explored by Boothet al., but they were not able to fit this
background absorption.9 This leaves another species as t
only possible explanation for this absorption. d’Agostin
et al.have observed a continuum emission with similar pro
erties to this absorption, and claim that this emission sca
with F2 concentration.19 However, F2 absorption observed in
this wavelength region is weak and does not match
continuum.23 It is still possible that this absorption is due
the same transition producing that continuum, if the co
tinuum is due to something other than F2.

To separate out this background signal from the C2

absorption in the time resolved measurements, absorptio

in
s a

FIG. 2. Sample absorption spectrum from a continuous TFE plasma ta
with the PDA. The continuous curve represents data obtained here, whil
points are a fit based on the cross sections of Sharpeet al. ~see Ref. 21!. The
three circled data points are the points used for the time resolved mea
ments.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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measured at three different wavelengths~247, 249, and 250
nm!, as indicated by the circles in Fig. 2. The absorption d
to CF2 and the background signal can then be separated
assuming the background absorption cross section varies
proximately linearly with wavelength between 247 a
250 nm:

^CF2&'2
ln~Tr249!2 1

3 @ ln~Tr247!12 ln~Tr250!#

Leff@s2492~s24712s250/3!#
, ~5!

^Bkgd&;s249̂ CF2&2
2 ln~Tr249!

Leff
, ~6!

wheresl andTrl are the CF2 absorption cross section an
overall transmittance at wavelengthl. ^CF2& represents the
spatially averaged CF2 density, while^Bkgd& is the average
density of species responsible for the background absorp
Since the cross sections for the background species are
known ~as are the species themselves!, only a relative mea-
surement can be made and its value will take on arbitr
units.

Measuring absorption at a single wavelength can p
duce errors in measurements if significant line broadenin
observed. This line broadening can be due to factors suc
optical thickness or changing rotational temperatures.
verify this approximation, the ratio of peak absorption inte
sity at 249 nm to integrated absorption intensity between
and 250 nm has been examined as pulse on time is varie
Fig. 3. Based on the standard deviation of these data,
broadening accounts for no more than a 5% error in
measurements. This is less than the estimated error in lit
ture absorption cross sections of 15%–30%.9,21

There is also the possibility of deviation from the Bee
Lambert law at high species concentrations.@Note that these
deviations from Beer–Lambert law should not be attribu
to the overall absorption, but rather to the species concen
tion, i.e., Eq.~4! will hold even if the path length is varied.#
The published cross sections were determined with CF2 den-

FIG. 3. Ratio of peak absorption~measured at 249 nm! to integrated line
density~from 247 to 250 nm! after background subtraction. The data poin
are obtained from time averaged emission of TFE pulsed plasmas wit
off time of 200 ms and varying on time. Shown for comparison, as the s
line, is the ratio for a continuous TFE plasma. The data shown here gi
standard deviation from the mean value of about 5%.
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sities higher than 631014cm23, and still agreed well with
the known kinetic behavior of CF2 when the Beer–Lamber
law was applied.21 The concentrations observed in this wo
are somewhat less than that, so they should be consis
with the Beer–Lambert law.

Figure 4 shows the time varying profile of the CF2 con-
centration for a TFE plasma pulsed on for 100 ms and off
400 ms. During the on time, the CF2 concentration rises from
zero towards a steady state concentration of 6.431013/cm3.
For a 1 Torr total plasma pressure, this shows that the2
concentration is less than 1% of the total concentration. T
initial on time rise represents the formation of CF2 by elec-
tron impact on the TFE precursor. Other sources for C2

formation are possible as on time increases, but are not
tinguishable from the initial production trend. Steady state
reached when the combined rates of all CF2 loss mechanisms
equal the rate of CF2 creation. Loss of CF2 proceeds through
both gas phase and surface based recombination pathwa
well as through further electron impact dissociation.

On plasma extinction, electron impact processes can
expected to cease on a time scale much shorter tha
millisecond24 ~based on the decay in optical emission fro
the plasma! and CF2 will be depleted by recombination with
itself, the wall, and other species. On longer time scales,2

will be convectively removed from the chamber. Surpr
ingly, Fig. 4 reveals that when the plasma is shut off, t
observed CF2 concentration rises for the first 4–5 ms, an
then decays back towards zero. For there to be productio
CF2 in the afterglow, there must be a production mechani
that does not require an electron impact process. At the
of the plasma on time, there are at least two production p
cesses~one involving electron impact, and one not involvin
electron impact!, and two consumption processes~electron
impact dissociation and recombination!, which together are
at steady state. Once the plasma is turned off, the remai
production process proceeds at a faster rate than recom
tion. A simple kinetic model is used to explain this transie

TFE1e2→2CF21e2, ~1!

CF21e2→other species, ~7!

plasma→I , ~8!

an
d
a

FIG. 4. Concentration of CF2 as a function of time for a TFE plasma pulse
on for 100 ms and off for 400 ms. The substrate temperature is 20 °C
the chamber walls are 60 °C. The line through the data represents the
a simplified kinetic model.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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CF21CF2→TFE, ~9!

I→CF2, ~10!

whereI is some unknown intermediate source. Equations~1!,
~7!, and ~8! are plasma activated processes, and thus o
only during the plasma on time. To fit the profiles show
here, the electron density and energy distribution are
sumed to be constant, and their values are lumped into
rate coefficient, i.e.,

ki5E
Eth

`

s i~E! f e~E!S 2E

me
D 1/2

dE, ~11!

wheres i is the cross section for reactioni ( i 51 or 7!, me is
the electron mass, andf e is the electron energy distributio
function.

The intermediate source is assumed to be created
nearly constant rate by the plasma. If this is the case, t
sients in@I# will be first order, with its time constant given b
k10. First order loss processes for CF2 in the off time are
assumed to be due solely to pumping, and not due to sur
loss because the surfaces exposed to the plasma wi
coated with a fluorocarbon film. In these types of plasm
the surface loss rates are greatly reduced,11,25 and decay is
observed to occur primarily by a second order mechanism18

In the absence of ion bombardment, the sticking coeffici
of CF2 on a fluorocarbon surface has been measured to b
the order of 1025 or less.26 The conditions in the plasm
afterglow for this work are expected to be similar to these
spite of this evidence, it is still possible that first order s
face losses are not negligible, and that will affect the res
of this model. It is possible to obtain an adequate fit to
data by using a somewhat higher first order loss proc
However, it is not possible to fit the data with a combinati
of literature values ofk9 and an adjustable first order los
coefficient. Thus, the first order loss is held constant he
and the second order loss is adjusted.

Considering these reactions, the following mole balan
are derived:

on time:

d@CF2#

dt
52k1@TFE#1k10@ I #2~1/t1k7!@CF2#

22k9@CF2#
2,

d@TFE#

dt
5

QTFE

V
2~1/t1k1!@TFE#1k9@CF2#

2, ~12!

@ I #5@ I #0~12e2k10t!,

off time:

d@CF2#

dt
5k10@ I #2

@CF2#

t
22k9@CF2#

2,

~13!
@ I #5@ I #0e2k10t,

wheret is the residence time in the plasma, and is calcula
by the following equation:

t5
V

QTFE
S 760

P ~Torr! D ; ~14!
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V is the volume of the plasma~'158 cm3!, andQTFE is the
flow rate of TFE~50 sccm!. Note that this residence tim
must be consistent with the control volume used in the m
balance, Eqs.~12!. Because the chamber is not believed to
well mixed ~based on the calculated Peclet number in
Appendix!, these calculations will give the average conce
tration within the plasma volume. This will introduce som
error in that this experimental technique gives the aver
concentration across the path of the UV beam. Using
value of Leff given in the Appendix should give some co
rection to this error.

In making this calculation, it is assumed that the mo
content of the gas inlet does not change greatly in
plasma. In reality, deposition and formation of larger m
lecular weight fragments will increase the residence tim
since the chamber is held at constant pressure, rather th
a constant volumetric flow rate. Deposition rates during
on time are approximately 1mm/min, which corresponds to a
molar consumption of;10% of the feed gas. At the sam
time, formation of lower molecular weight fragments an
elevated neutral temperatures will decrease the reside
time. It is probably safe to assume that the control va
cannot respond on a time scale to alter the flow rate over
course of a single pulse.

The value ofk9 is determined by fitting the off time
decay 5 ms into the off time, after the maximum concent
tion has been reached. Values forI 0 and k10 are then ob-
tained by Euler integrating equations~13! over the entire off
time and performing nonlinear regression. Equations~12! are
then Euler integrated and nonlinear regression is perform
on k1 andk7 . For a self-consistent model, the initial cond
tions must be varied until they are equal to the values at
end of the off time. The parameters are then adjusted sim
taneously and minimized by the conjugate gradient meth
The fit parameters obtained here, for different temperat
conditions, are shown in Table I.

It has been observed previously that an increased w
temperature results in a higher CF2 concentration in the gas
phase, and this dependence is commonly attributed to a
duction in surface loss processes.27 The wall and wafer tem-
peratures are also observed to play a significant role in th
parameters obtained here. The CF2 creation rate attributed to
electron impact on TFE, ork1 , shows a variation of;20%.
This variation is small enough to be due to variations
plasma matching conditions. The first order loss process
CF2, however, shows a fairly significant dependence on w
temperature, dropping significantly as the wall temperatur

TABLE I. Fit parameters for a simplified TFE model for different wall an
substrate temperatures.

Fit parameter
~units!

Twall530 °C
Tsub520 °C

Twall560 °C
Tsub520 °C

Twall5150 °C
Tsub520 °C

Twall5150 °C
Tsub550 °C

k1 (s21) 0.217 0.250 0.207 0.207
k7 (s21) 294 256 152 178
k10 (s21) 122 119 133 198
k9 (cm3 s21) 3.19310213 3.45310213 1.68310213 1.37310213

I 0 (cm23) 7.5231012 3.2831013 4.0731013 4.5131013
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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increased to 150 °C. As wall temperature should not aff
electron impact processes, this would suggest that, at lo
temperatures where a fluorocarbon film is formed, CF2 can
be lost to the surface during the plasma on time. This cha
in first order loss rate is not seen in the plasma off tim
indicating this loss process is dependent on ion bomb
ment. This sort of enhancement of CF2 sticking probability
with ion bombardment has been experimentally shown.28

The fit parameters obtained fork9 at wall temperatures
of 150 °C are slightly higher than those observed in the
erature for two-body gas phase recombination of CF2. Based
on literature values, we can calculate a self-recombina
rate between 3.78310214 and 7.19310214cm3/s at
150 °C.29 At lower wall temperatures, the observed recom
nation coefficient increases by about 2.5 times, whereas
literature recombination coefficients should decrease at lo
temperatures. This trend suggests that there is a recom
tion process involving the chamber walls. Second order s
face aided recombination has not previously been obse
for CF2, however it has been suggested as a mechanism
fluorine depletion.30 This dependence may not have been o
served in other systems because of the nature of the
surface. In this work, the wall and wafer will be coated w
a relatively thick~several microns! fluorocarbon film at tem-
peratures below 150 °C. Two possible interpretations for
mechanism here are given. One possibility is that a sin
CF2 molecule is recombining with an activated surface s
This could give an apparent second order behavior bec
the surface site density will decrease at the same rate a
CF2 density. The second possibility is that the surface
aiding CF2 self-recombination by either physisorbing CF2

species or entrapping them within pores in the film. In eith
case, the temperature trends seen here suggest that th
served recombination rate will approach the literature val
if the wafer temperature is increased to 150 °C.

Other more subtle effects may be possible, including
altered effective path length from Eq.~4!, changing residence
time, or formation/recombination of other species on
wall. Other time resolved measurements of CF2 have ob-
served first order loss mechanisms due to recombination
other gas phase neutrals and surfaces in CF4 ~Refs. 11 and
17! and a second order loss mechanism in C4F8.

18 This sug-
gests that F-rich plasmas, such as CF4, produce species~or
surfaces! that combine more readily with CF2. TFE would be
expected to be more akin to its dimer, C4F8. It should be
noted that a first order loss mechanism is not sufficient to
the decay observed in this work.

There are many possible explanations for the CF2 pro-
ducing intermediate,I. However, considering several inde
pendent measurements of surface production
CF2,

10,11,13,15,31even in the afterglow,14,18 it seems likely this
production is a surface production process. The fact that
creasing surface temperatures increase this production~as
witnessed by the dependence ofI 0 on temperature! supports
this assertion. The values ofI 0 obtained here correspond t
no more than 0.14 monolayer if we consider the source to
on the electrode surfaces and reactor walls. The data
show that this surface production mechanism could also
Downloaded 26 Nov 2001 to 18.63.2.97. Redistribution subject to AIP
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cause of the observed dependence of CF2 concentration on
wall temperature.27

This apparent CF2 flux observed from the surface ha
been attributed to several mechanisms. Haverlag’s sug
tion of production from dissociative collisions in the shea
has been invalidated by Boothet al., who have attributed the
production mechanism to dissociation of ions on t
surface.13 However, under polymerizing conditions, the ra
of CFx production exceeds the ion flux measurements.11,14 In
our system, the CF2 production decays with a characterist
lifetime (1/k10) of 5–8 ms, while the ions should be near
extinguished in less than 1 ms.14 Cappset al.have suggested
some other chemical mechanisms involving CF3 or CF inter-
actions with the surface.31 Off time transients of CF consis
tent with this hypothesis have been observed, but not un
all conditions.18 Other studies have seen a net creation, rat
than consumption, of CF~Refs. 11 and 14! and CF3 ~Ref. 11!
at the surface.

Cunge and Booth have suggested that this process
be due to the diffusion of CF2 out of the polymer surface.14

With this hypothesis, one could estimate the solid diffusiv
of CF2 based on the one-dimensional diffusion equation:

]@CF2#

]t
5D

]2@CF2#

]z2 , ~15!

k105
1

tD
;

D

l 2 . ~16!

Based on the fit value fork10 and an estimated mixing
length, l, of 30 Å, we get a diffusivityD;1.1310211– 1.8
310211cm2/s. This number is a couple of orders of magn
tude lower than typical solid diffusivities. If we assume th
CF2 is escaping from the bulk, and not the surface, of
film, a more realistic diffusivity can be found, assuming t
film is sufficiently thick. Other possibilities include the cre
ation of CF2 on the surface from higher molecular weig
species, in which case the production will be controlled
the lifetime of these species in the plasma afterglow. Al
the film, as deposited, may undergo some internal react
to produce CF2. The dependence ofk10 on the wafer tem-
perature is consistent with that of the deposition rate, wh
shows a negative activation energy of 11.2 eV.32 This at least
suggests that CF2 surface production is closely linked to th
film growth rate. The dependence ofI 0 on the wafer and wall
temperature also suggests that the production may be du
film rearrangement.

The variation in background signal at 249 nm@Eq. ~6!#
as a function of time is shown in Fig. 5. The signal has
somewhat different variation than the CF2. There are two
apparent transients in both the on and off signals. The slo
rise and fall are consistent with a transient controlled by fl
out of the reactor. One can only speculate as to the sourc
the faster transient, be it a recombination with the surface
other gas phase species.

The transient for a 100/400 HFPO plasma is shown
Fig. 6. This variation is considerably more complex than t
of TFE. The on time can be divided into three regimes. T
first involves an initial production of CF2 and its approach to
a local maximum. It makes sense to attribute this initial p
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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duction to dissociation of the feedstock gas, reaction~2!.
After about 5 ms, a secondary production mechanism beg
It is not obvious what the source of this secondary prod
tion mechanism might be. The CF2 concentration goes
through a maximum at about 20 ms, and then falls do
towards steady state. In the off time, an initial producti
followed by CF2 recombination is again observed.

The dropoff in CF2 concentration at times greater tha
20 ms could be due to a few different effects. It is possi
that the HFPO concentration is being depleted, so that
production rate of CF2 is slowing down. For HFPO chemis
tries in pulsed plasmas, Labelleet al. have observed tha
HFPO decomposition actually decreases for longer
times.20 This suggests that, in the later parts of the plasma
cycle, the rate of reaction~2! decreases. Labelleet al. attrib-
uted this change to reaction~2! approaching equilibrium.
Most studies of HFPO cracking see reaction~2! going to
completion,33 although some evidence of a reversible re
tion exists.34 However, if the cause was an approach to eq
librium, the CF2 concentration should monotonically ap
proach equilibrium, rather than passing through a maxim
A more likely explanation is a change in the electron ene
distribution function that reduces the rate constant of re
tion ~2! relative to that of reaction~7!. To be consistent with
Labelle et al.’s results, the change must be primarily in r
action ~2!.

FIG. 5. Variation of the background signal for a TFE 100/400 plasma. T
absorption transient differs from that of CF2, suggesting the absorptio
source is something other than rotationally excited states.

FIG. 6. CF2 transient for a 100/400 HFPO plasma. The substrate temp
ture is 20 °C and the wall 60 °C. The chemistry observed here is cons
ably more complex than in the TFE case, since there are two indepen
production mechanisms and a consumption mechanism observed in th
time. The off time behavior is similar to that of TFE.
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The off time decay is examined for longer off times
shown in Fig. 7. This demonstrates that the decay is agai
well by a second order decay plus a flow term.$Eq. ~13! with
@ I #50%. Again, a first order decay mechanism does not g
a good fit of the data, which is consistent with a low g
phase fluorine concentration. The fit parameter for this fi
3.48310213cm3/s, which is again higher than what is pre
sented in the literature. This probably represents a signific
contribution of recombination on the chamber walls. At
higher wall and wafer temperature, a lower recombinat
coefficient is expected.

IV. CONCLUSIONS

Quantitative time resolved measurements of CF2 have
been measured in pulsed HFPO and TFE plasmas. Th
time CF2 kinetics can be modeled by first order creation a
by first and second order destruction mechanisms in the T
plasma. An initial off time production mechanism has be
observed, and this has been related to the observatio
other work on surface CF2 production. An additional back-
ground absorption has been observed in the same regio
CF2. The source of this absorption is not clear.

The HFPO plasma behavior is much more compl
Three regimes are observed in the on time, with two in
pendent production mechanisms, and then a reduction in2

concentration. The first regime is believed to be related
decomposition of the feedstock gas. Changes in electron
sity and temperature appear to cause a reduction in HF
dissociation rates at longer on times. The off time behav
of HFPO is similar to that observed for TFE, with an initi
net production in the off time, followed by consumption b
self recombination.
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APPENDIX „ESTIMATION OF L eff…

The effective length of absorption of the UV signal w
depend on the concentration of CF2 in the reactor:

s

a-
r-
nt
on

FIG. 7. Transient for HFPO plasma 10 ms on/490 ms off. The line fit is
a second order decay mechanism. This trend is not well fit by a first o
decay.
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Leff5
1

ncenter
E

0

L

n~x!dx, ~A1!

wherencenteris the concentration in the center of the plasm
andx is along the direction of the UV beam and runs a to
length of L. In our system, the plasma is confined to t
middle 10 cm of the reactor. The reactor diameter is 20
and viewports add an additional 10 cm to the path of the
beam. The concentration will thus be divided into three
gions:

Leff52E
0

r 0
ñplasmadr12E

r 0

R

ñannulardr12E
R

L/2

ñviewportdr,

~A2!

whereñ5n/ncenter. We will assume here that the concentr
tion is approximately uniform in the plasma, soñplasma51.
The rest of the Appendix deals with derivation of the co
centration profiles in the annular and viewport regions.

The concentration in the annular region between
electrodes and the chamber wall can be estimated by u
the time independent, one-dimensional transport equatio

2
D

r

d

dr S r
dn

dr D1
1

r

d

dr
~rv rn!52k9n22

vz

d
n, ~A3!

where the first term represents diffusive transport, the sec
radial transport, the third is homogeneous recombinat
and the last term represents convective flow out of the p
of the UV light. These quantities can be made dimension
by introducing dimensionless variables,ṽ5v/v r(r 0) and h
5r /R, where r 0 is the radius of the plasma andR is the
radius to the chamber wall. The equation then becomes

2
1

Pe

1

h

d

dh S h
dñ

dh D1
1

h

d

dh
~h ṽ r ñ!52Dañ22

ṽzR

d
ñ,

~A4!

where the Peclet number,Pe, is given byv r(r 0)R/D and the
Damköhler number,Da, is given byk9n0R/v r(r 0).

The Peclet number represents the relative importanc
convective to diffusive transport. Under the conditions he
v r(r 0) is 476 cm/s,R is 10 cm, andD is about 43 cm2/s.35

Thus we find a Peclet number of 111, indicating that conv
tive transport dominates diffusive transport, and that the fi
term can be neglected. The Damko¨hler number represent
the relative importance of homogeneous reaction to conv
tive transport. Using 1014/cm3 for n0 and the regressed valu
of ;1310213 cm3/s for k9 , we find that the Damko¨hler
number is 0.22. So convective transport occurs on a fa
scale than reaction, but the difference is less significant t
the ratio to diffusive transport. The final dimensionless te
represents relative transport in thez direction relative to ther
direction. This should be of order 1 based on the tw
dimensional continuity equation:

1

Rh

]

]h
~rh ṽ r !1

]

]z
~r ṽz!50. ~A5!

If we assume that density variations are small relative
velocity changes~justified by dimensional analysis of th
Navier–Stokes equations with the ideal gas law describ
the density–pressure relationship!, we find
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]h
~h ṽ r !52R

] ṽz

]z
'2

Rṽz

d
. ~A6!

By putting Eq.~A6! into Eq. ~A4!, one can see that thi
term will cancel the convective removal term in Eq.~A4!. It
is now necessary to determine the radial velocity term.
get an approximate solution, we will assume thatvz is inde-
pendent of the radial position~which will not be consistent
with the Navier–Stokes equations, but makes an analyt
approximation possible!. The boundary condition is given b
no radial flow at the wall. This equation is then solved by

ṽ r5
ṽzR

2d S h2
1

h D . ~A7!

The value ofṽz can be obtained by solving forr 5r 0 :

ṽz52
2d

R

h0

12h0
2 . ~A8!

The CF2 transport equation, Eq.~A4!, can now be reduced to

ṽ r

dñ

dh
52Dañ2, ~A9!

with a boundary condition ofñ51 at h0 , which has the
solution

ñ5F12
Da

2

h0

12h0
2 lnS h221

h0
221D G21

. ~A10!

For the value ofDa observed here, this represents
fairly weak dependence of concentration on the radius. Us
this equation in Eq.~A2!, we find that the annular region wil
contribute an effective length of 9.4 cm.

In the viewport, flow will be stagnant and the region
described best by Cartesian, not cylindrical, coordinates.
governing equation for mass transport will thus involve on
reaction and diffusion:

d2ñ

dj2 5Da2ñ2, ~A11!

wherej5x/ l , wherel is the length of the viewport, andDa2

is the Damko¨hler number based on diffusion in the viewpo
and is given byk9n0L2/D. Da2 equals 0.58 based on th
parameters here.

At the entrance to the viewport, the concentration can
found by matching to the concentration in the annular regi
Equation~A10! goes to zero at the wall because it is deriv
assuming that transport is solely convective. This equa
does not apply inside the transport boundary layer, wh
diffusion is the dominant transport mechanism. This bou
ary layer will begin where the Peclet number is near 1, ab
8 mm from the wall~or ath50.92). At this point, Eq.~A10!
givesñ50.895. This will be approximately equal to the co
centration at the viewport entrance. The boundary conditi
will then given by

ñ~0!'0.89,
~A12!

dñ

djU
j51

5
lksn0

D
ñ2,
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whereks is the recombination coefficient on the surface.ks

can be estimated based on the change in recombination
a colder surface wall. We see an apparent rise in homo
neous recombination of;2310213cm3/s. This can be con-
verted into surface reactivity by multiplying by the volum
to area ratio, orR/2.

A closed form solution of these equations cannot be
tained, however a numerical solution was determined by
merical integration and iteration of boundary conditions, g
ing a contribution of 6.8 cm to the overall path length. Th
will be somewhat higher for the case of the heated wa
because the boundary condition approaches zero.

Summing the values estimated from Eqs.~A10!–~A12!
and the assumedñplasma, we then get the effective lengt
from Eq. ~A12! to be 26.2 cm.
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