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We present a simple technique for determining the absolute fluorine atom concentration in pure CF4

capacitively coupled radio-frequency discharges. It is based on the measurement, by laser-induced
fluorescence, of the loss ratekloss of the CF2 radical in the afterglow of a pulsed plasma. We first
demonstrate that in our conditions, CF2 is lost only by gas phase recombination with F atoms~with
a known rate constantkrec! and by recombination at the reactor walls at a ratekwall , independent of
the rf power injected. Hence, the total CF2 loss rate,kloss5kwall1krec@F#, varies linearly with@F#
when the rf power is increased. By recordingkloss and the relative variation of the F atom
concentration~by optical emission actinometry! as a function of rf power,kwall and @F# can be
determined. These measurements of@F# complement previous quantitative measurements of CF and
CF2 radicals@Boothet al., J. Appl. Phys.85, 3097~1999!; and Cunge and Booth, J. Appl. Phys.85,
3952~1999!#made in the same reactor for the same plasma conditions. ©2001 American Institute
of Physics. @DOI: 10.1063/1.1371940#
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I. INTRODUCTION

Radio-frequency discharges in low-pressure fluoroc
bon gases are widely used for the etching of thin SiO2 layers
in microelectronic circuit fabrication. By careful adjustme
of the gas composition~using mixtures of CF4 , C4F8 ,
CHF3, C2F6 , etc.!it is possible to etch submicron features
SiO2 with vertical side walls and without etching the unde
lying silicon layer. In the SiO2 etching process atomic fluo
rine plays an important role in forming volatile SiF2 and SiF4
etch products, thus removing silicon atoms from the s
strate. Simultaneously, CXFY fluorocarbon radicals and ion
present in the gas phase form a thin polymer layer at
substrate surface, providing carbon atoms to remove the
gen from the SiO2 lattice to form COFX etch products unde
the influence of energetic ion bombardment. Unfortunate
F atoms can also cause etching of the Si underlayer: the
is only selective if the discharge deposits a thick enou
fluorocarbon polymer film selectively on the Si layer the
fore blocking the etching of the latter. In our rece
publications,1–3 we have shown that in capacitively couple
discharges, the polymer precursors appear to be high m
ions and/or neutrals formed in the gas phase by radic
radical recombination reactions. Atomic fluorine plays a m
jor role in limiting the formation of these species, so it
important to develop a simple and reliable method to m
sure its concentration. A number of techniques have b
developed in the past but are either difficult to put on
absolute scale or are cumbersome and require sophistic
equipment.

a!Electronic mail: chabert@lptp.polytechnique.fr
7750021-8979/2001/89(12)/7750/6/$18.00
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The oldest and most widely used technique for monit
ing fluorine atom concentrations in plasmas is optical em
sion actinometry, originally proposed by Coburn and Che4

to monitorrelativevariations of the F atom concentration. I
this technique relative variations in ground state fluor
atom concentration,@F# are assumed to be proportional to th
relative variations in the intensity of the optical emission,I F ,
from excited state F atoms, normalized to the optical em
sion intensityI Ar resulting from the excitation of an actinom
eter gas such as Ar~introduced in small concentration,@Ar#!,
so as to correct for electron density and temperature va
tions. The technique is valid provided that:~1! the optical
emission is only produced by direct electron impact exc
tion of the atoms in each case and~2! the ratio of the exci-
tation rates of both atoms remains constant, i.e.,

@F#5@Ar#
Kexc

Ar

Kexc
F

I F

I Ar

5K@Ar#
I F

I Ar

. ~1!

The validity of this technique in relatively high pressure~300
mTorr! CF4 /O2 capacitively coupled discharges has be
confirmed by titration.5,6

If the value of K is known ~either by calculation7 or
calibration!actinometry should also, in principle, allow ab
solute concentrations to be determined. In practice,K is not a
universal constant: as the electron impact cross sections
the two relevant excitation processes have somewhat di
ent energy dependencies,K depends on the electron energ
distribution function~EEDF!, which can vary significantly a
a function of the plasma pressure, composition, or injec
power. In particular, severe difficulties have been enco
0 © 2001 American Institute of Physics



le
,
ls

d
n
th
th

ng
t

cs

co
iv
f

e
re
ra
v
rp
ow
si
g
th
in
es
his
n

ee
CF
s
tic
le
e

re
al
a

ss

e
an

t
c

sa
w-
e
e

rate
-

CF
zed

the
es

s

ates
he
m-

nd
co-

e
en
If

oss
e-
n.
the

of

s-
r

7751J. Appl. Phys., Vol. 89, No. 12, 15 June 2001 Cunge, Chabert, and Booth

 28 February 2024 13:14:43
tered at low pressure~typically 1 mTorr!.8 A more detailed
discussion of this point will be given in Sec. III.

Absolute fluorine atom concentrations can, in princip
be determined from the resonance absorption at 95 nm
though the absence of any transparent window materia
this wavelength makes this difficult. However, Sasakiet al.9

have used the UV light generated by a compact plasma
charge in CF4 to measure the 95 nm resonant absorption i
helicon source. In this technique uncertainty arises from
need to know the spectral profiles of both the source and
absorber, and the technique has a limited dynamic ra
However, they estimated that their results were reliable
within 50%. Furthermore, they followed F atom kineti
with time resolution.10,11 Subsequently, Kawaiet al.12 used
resonance absorption to test fluorine actinometry in a heli
source. They showed that for a given working gas relat
actinometry measurements are reliable to within a factor o
as the rf power is varied, but that the absolute value ofK @see
Eq. ~1!# depends strongly on the feedstock gas used.

Tachibana and Kamisugi13 have probed the resonanc
transition using VUV laser absorption spectroscopy. F
quency mixing techniques were used to produce a spect
narrow laser beam around 95 nm, which could be tuned o
the absorption line profile, allowing the background abso
tion signal from other plasma species to be subtracted. H
ever, a complex laser system is needed, and it is also pos
that saturation of the absorption can occur when usin
spectrally sharp laser to excite a strong atomic transition:
could lead to underestimation of the concentration. Herr
et al.14 have performed two photon laser induced fluor
cence of fluorine atoms at 175 nm. Unfortunately, t
method does not give absolute values directly, and has
been applied so far toin situ plasma conditions due to its low
sensitivity.

Finally, threshold ionization mass spectroscopy has b
used to determine absolute fluorine concentrations in4
discharges.15–17 However, the signal from atomic fluorine i
very weak, and reliable absolute calibration is problema
Generally the measurements are put on an absolute sca
calibration against the F1 signal produced by dissociativ
ionization of a stable molecule~e.g., CF4), given knowledge
of the relative electron impact cross sections. However,
cent work has shown that this can give results that are f
by orders of magnitude due to the dependence of the m
spectrometer transmission on the kinetic energy of the di
ciative ionization products.18 Furthermore, desorption of F
atoms physisorbed on the walls inside the mass spectrom
can lead to errors unless multistage differential pumping
beam chopping are used.19

In the present article we report on a simple technique
determine the absolute fluorine atom concentration in a
pacitively coupled discharge in pure CF4 . The technique can
only be applied to particular plasma conditions, that is to
pure CF4 plasmas with a low degree of dissociation. Ho
ever, it has the advantage of being straightforward and r
able in this particular system. The results, presented in S
IV, are in reasonable agreement with the literature.
,
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II. TECHNIQUE

The technique is based on the determination of the
of loss of the CF2 radical in the afterglow due to the gas
phase recombination reaction

CF21F ——→
M

CF3. ~2!

As the rate constant for this reaction is known,20 the
fluorine atom concentration can be deduced. However,2
can also be lost by other processes, notably wall-cataly
recombination, so the rate of loss due to reaction~2! must be
separated from these. After the first few milliseconds of
afterglow ~during which the concentration profile collaps
to the fundamental diffusion mode21! the CF2 concentration
decays exponentially with time

@CF2#5@CF2#0e2klosst. ~3!

The first order decay rate constantkloss can be expressed a

kloss5kgas1kwall . ~4!

Here kgas represents the sum of all gas-phase reaction r
and kwall represents the diffusive loss to the walls of t
reactor, where CF2 is destroyed by surface-catalyzed reco
bination. In an oblate cylindrical reactorkwall is mostly de-
termined by axial diffusion to the parallel powered a
grounded electrode surfaces. The surface recombination
efficients at each surface,b1 and b2 , can be determined
from the axial concentration profile at a fixed time in th
afterglow,22 and the loss rate due to axial diffusion can th
be estimated with knowledge of the diffusion coefficient.
the CF2 concentration is not perfectly homogeneous acr
the radius~due, for example, to plasma density inhomogen
ity! there can, in addition, be loss due to radial diffusio
However, if the electrode spacing is small compared to
electrode radius, this term will be small.

If the only gas-phase reaction consuming CF2 is reaction
~2! ~see discussion below!, then we have

kgas5krec@F#, ~5!

where the rate constantkrec51.8310213 cm23 s21 ~from
Ryan and Plumb20 and corrected for a bath gas pressure
200 mTorr CF4! with an uncertainty of615%. From Eqs.
~1!, ~4!, and~5!, we obtain

kloss5kwall1krecK@Ar#
I F

I Ar

. ~6!

The total CF2 loss ratekloss, and the actinometric ratio
I F /I Ar are then measured as a function of the rf power. A
suming thatK, kwall andkrad are independent of the rf powe
~see discussion below!, a plot of kloss againstI F /I Ar will be
linear, with a slopes given by

s5krecK@Ar# ~7!

allowing the F atom density to be determined from Eqs.~1!
and ~7!

@F#5
s

krec

I F

I Ar

. ~8!



,
on

io
to
-
d

o

o

CF
r

e

o
r

s
f

ng

U

f

in

fo
lo

the

e
r to

g.

r

e
the
ich
ms
loss
,
nds
nt,
nt in
mp-
aci-
-
as

a-
the
t

s
eir
-
er-
e.

r t
on

n
ith

7752 J. Appl. Phys., Vol. 89, No. 12, 15 June 2001 Cunge, Chabert, and Booth
The proportionality constantK can also be determined from
the slopes and @Ar# @from Eq. ~7!#. It should be noted that
although the determination of the absolute value of the c
stantK depends on absolute values forI F /I Ar ~i.e., on accu-
rate knowledge of the wavelength sensitivity of the detect
system!and of the Ar gas density, these two quantities fac
out in the determination of@F# for a given reactor and detec
tor system. Therefore, the absolute F atom concentration
pends only onkrec ands3I F /I Ar ~an error in the wavelength
sensitivity of the detectivity will have an inverse effect ons
and onI F /I Ar , and will factor out!.

We shall now discuss the four major assumptions up
which this technique reposes.

~1! There must be no significant gas-phase reaction c
suming CF2 except reaction~4!. Plumb and Ryan20,23 have
investigated the possible reactions that can occur in4
plasmas. In low pressure fluorine-rich conditions with pu
CF4 feedstock gas the concentration of CFx radicals is kept
low by gas-phase and surface recombination with fluorin1

Therefore reactions of CF2 with these species~especially
CF3! will be insignificant. Furthermore, the concentrations
oligomeric CxFy species is kept low.2,3 The rate constant fo
the reaction of CF2 with molecular F2 , ~which may well be
present in significant concentration under these condition! is
very small~less than 2310-15 cm3 s-1).20 In the absence o
any impurities ~for example, oxygen!this assumption is
therefore reasonable.

~2! The fluorine atom concentration@F# must be in ex-
cess of@CF2#, so that its concentration does not vary duri
the decay rate measurement. The absolute CF2 concentration
has been measured under the same conditions by
absorption24 ~and is of the order of 531012 cm-3), so this
assumption can be verifieda posteriori.

~3! The diffusion loss ratekwall must be independent o
the rf power injected. The surface loss probability of CF2 on
the powered and grounded electrodes can be determ
from the axial concentration profiles of CF2 in the afterglow
of a pulsed discharge. The profiles are shown in Fig. 1,
discharges at rf powers of 30 and 100 W. The surface

FIG. 1. Concentration profiles of the CF2 radicals recorded 3 ms in the
afterglow of 30 and 100 W plasmas. The concentration gradients nea
walls ~at 0 and 3.3 cm! are independent of the rf power used during the rf
period, indicating that the surface loss probability of CF2 in the afterglow is
independent of the rf power.
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probability b is inversely proportional to the lengthl, de-
fined as the intersection of the linear extrapolation of
profile beyond the wall at the concentration50 axis.21 Figure
1 shows that the values ofl on both the powered and th
grounded counterelectrode are independent of the rf powe
better than 10%, validating our hypothesis. Thatb does not
depend on the rf power is initially somewhat surprisin
However, most of the radicals lost on the walls arenot in-
corporated into a polymer film~there is almost no polyme
deposition in a pure CF4 plasma!but are directly recycled
into the gas phase in the form of CF4 . As a consequence, th
surface loss probability is expected to depend mostly on
density of F atoms available at the surface. In a fluorine-r
plasma the surface will become quickly saturated in F ato
in the absence of ion bombardment so that the surface
probability in the afterglowis independent of the rf power
explaining our observation. This assumption also depe
upon the value of the diffusion coefficient being consta
which means that the gas temperature must be consta
time and uniform across the reactor. Whereas this assu
tion has been shown to be reasonable in low-density cap
tively coupled plasmas,25 it is clearly not the case in higher
density inductively coupled plasmas, where significant g
heating can occur.26

~4! Actinometry must be a reliable indicator of the rel
tive change in the F atom density. First, the value of
actinometry proportionality constantK must not vary, at leas
over the parameter range explored in this study.

The value of K is given by

K5E
0

`

sAr~e!Ae f ~e!deY E
0

`

s
F
~e!Ae f ~e!de. ~9!

In Eq. ~9!, sF(e) and sAr(e) denote the excitation cros
sections of F and Ar atoms by electron impact to th
ground state~at energye!, andf (e) is the EEDF. The thresh
old and cross sections of Ar and F atoms are slightly diff
ent which implies thatK is dependant on the EEDF shap
However, experiments by Kawaiet al.12 in a helicon plasma
source have shown that, although the value ofK depends

he
FIG. 2. Logarithm of the CF2 radical concentration as a function of time i
the afterglow of a 200 mTorr, 100 W plasma at 30 and 100 W, together w
the exponential fit used to deduce the radical loss rates.
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somewhat on the feedstock gas, actinometry measurem
are fairly reliable for a given gas unless the mode of
discharge regime changes fromE ~capacitive!to H ~induc-
tive! to W ~wave sustained!, i.e., unless there is an import
change in the EEDF shape induced by a heating mode t
sition or a change in the gas-phase chemistry. In our exp
ment, we use actinometry to deduce the relative variation
@F# for very similar plasma conditions~same parent gas
same pressure, pure capacitive discharge!, and we assume
that the power variation is small enough to keep roughly
same EEDF shape for both conditions.

Second, the excited states of the F and Ar atoms
produce the observed optical emission must be popul
only by electron impact from the ground state atoms~and not
by dissociative excitation of the feedstock gas, or by mu
step excitation!. Hancocket al.27 have shown that dissocia
tive excitation can become a significant proportion of t
actinometry signal in fluorine-poor plasmas, for exam
when CHF3 feedstock is used, when the process:

FIG. 3. CF2 loss rate as a function of the actinometric ratioI F /I Ar . The
value of this ratio was varied by changing the rf power from 30 to 150
The dash-dot line indicates the constant loss rate due to diffusion to
reactor walls,kwall5170 s21.

FIG. 4. Fluorine atom concentration as a function of rf power for a C4

plasma at 200 mTorr and without a substrate in the reactor.
nts
e
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CHF31e→CHF21F* 1e,

becomes important. However, this assumption appears t
reasonable in fluorine-rich conditions.

III. EXPERIMENT

The experimental setup and apparatus used in this
periment has been described in detail elsewhere.22 The
plasma reactor is a typical 30 cm diameter reactive ion e
ing chamber composed entirely of aluminum. The 11
diameter powered electrode, fed with rf power at 13.56 MH
is surrounded by a coplanar annulus, and is faced b
grounded electrode that is parallel to both surfaces wit
spacing of 3.3 cm. Fused silica windows in the reactor s
walls allow the passage of the laser beam and the detec
of induced fluorescence.

All experiments were carried out at a discharge press
of 200 mTorr of CF4 gas with 5 mTorr of Argon added as th
actinometer. The discharge power was 100% modulate
10 Hz ~80 ms on/20 ms off!in order to perform time-
resolved measurements in the afterglow. The CF2 radical was
detected by laser-induced fluorescence~LIF! using an
excimer-pumped dye laser system with frequency doub
to produce pulsed radiation at 234 nm.1 The axial concentra-
tion profiles of CF2 between the electrodes were obtained
arbitrary times during the on/off cycle by translation of th
reactor relative to the LIF optics.1,22 The decay ratekloss of
the CF2 concentration in the afterglow was measured in
center of the chamber by monitoring the LIF signal as
function of time in the afterglow at this position and fittin
the logarithm of the data. Simultaneously, the optical em
sion from fluorine~703.7 nm!and argon~750.4 nm!atoms
was monitored using a 60 cm Jobin–Yvon monochroma
equipped with a Hamamatsu 928 photomultiplier. The op
cal emission intensities were corrected for the wavelen
dependence of the detectivity.

IV. RESULTS AND DISCUSSION

In the following discussion, the term ‘‘fluorine rich’
refers to measurements in a pure CF4 plasma, without a wa-
fer being etched in the reactor, whereas the term ‘‘fluorin
poor’’ refers to measurements in a CF4 plasma with Si or
SiO2 wafers on the powered electrode.

A. Fluorine-rich plasma conditions

The time variation of the natural logarithm of@CF2# in
the afterglow for two discharge powers~30 and 100 W!is
shown in Fig. 2. In both cases the decay is single exponen
after the first few milliseconds of the afterglow, and the slo
~in the log scale!can be determined accurately. The none
ponential decay during the first 2 ms of the afterglow is d
to the relaxation of higher order diffusion modes~we mea-
sure the concentration in the middle of the cell, but the hig
est concentration in the steady state plasma is adjacent t
powered electrode!.1 Thus kloss was obtained by fitting the
exponential part of the decay, ignoring the first 2 ms. T
single exponential decay shows that wall losses (kwall) and
radial diffusion losses (krad) do not change during the after

.
he
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glow. It also demonstrates that volume recombination w
species in small concentrations~for example CF21CF2 or
CF1CF2) is unlikely. The increased decay rate observed
higher discharge power can therefore be attributed to
increased F atom concentration due to higher dissocia
degree of the parent gas.

Figure 3 showskloss as a function of the actinometri
ratio I F /I Ar . The value of this ratio was varied by varyin
the rf power from 30 to 150 W. The curve in Fig. 3 is linea
which is a strong justification of the validity of the techniqu
It demonstrates that wall losses (kwall), radial diffusion
losses (krad) and the ratio of excitation coefficientK do not
change significantly with the rf power@point ~3! and ~4! of
paragraph 3#. From slope of the line@see Eq.~7!# we find a
value of 4.1 for the parameterK. This is very similar to that
deduced experimentally (K54.3) by Kawaiet al.12 in a CF4

helicon plasma operating at low power, similar to our capa
tively coupled plasma. However, it is 7 times higher than
value (K50.56) calculated by Jenget al.7 from excitation
cross-section data. Finally, the extrapolation atI F /I Ar50 of
the line Fig. 3 gives a value forkwall1krad5170 s21 ~see
Fig. 3!. This shows that CF2 volume losses represent on
10% of the total losses at 30 W, but become signific
~about 40% of the total losses!at 150 W.

Figure 4 shows the fluorine atom concentration as
function of rf power, deduced from Eq.~8!. As expected, the
fluorine atom concentration increases with rf power.
should also be noted that the value of@F# increases mono
tonically throughout this power range, which shows that
plasma is far from being fully dissociated. At 150 W,@F#
56.631014 cm23 which corresponds to a partial pressure
20 mTorr ~the CF4 pressure when the plasma is off is 20
mTorr!.

B. Extrapolation to fluorine-poor plasma conditions

The absolute F atom concentration for the various co
binations of plasma parameters corresponding to the pla
conditions described in Refs. 1 and 2 are listed in Tabl
completing the data on CFX radicals in CF4 discharges. The
relative F atom concentrations were obtained from rela
actinometry and put on an absolute scale using the v
determined in an empty reactor at 200 mTorr/100 W (@F#
53.631014 cm23). Unfortunately, a direct measure und
fluorine-poor conditions~when a substrate is etched!is not
possible since additional CF2 loss processes becom
important.2

TABLE I. Absolute fluorine atom concentration in CF4 plasmas, in units of
1014 cm23, for various discharge conditions and etched substrates.

@F# (1014 cm23)

Pressure
~mTorr!

Power
~W!

Al
~no substrate!

SiO2

~substrate!
Si

~substrate!

50 30 0.3 0.29 0.15
100 1.8 1 0.5

200 30 1.3 1.2 1.1
100 3.6 3.4 1.5
h

t
e
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e
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As expected, the results show that the fluorine atom c
centration is lower when a substrate is etched~loading ef-
fect!. The lowest value of 1.531013 cm23 is obtained at low
power and low pressure when a silicon substrate is etche
seems that the absolute F concentration at 200 mTorr du
the etching of a Si substrate~fluorine-poor conditions since
the silicon depletes the F concentration by forming SiFX spe-
cies! is about 1.531014 cm23, that is only 2.4 times lower
than without substrate. This suggests that the spectac
change that occurs in the plasma chemistry when a Si s
strate is introduced1,2 is caused by a fairly small change i
the F atom concentration. Nevertheless, it is impossible
rule out the possibility of a significant contribution to th
fluorine actinometry signal by dissociative excitation of t
feedstock gas under fluorine-poor conditions, which wo
result in overestimation of the fluorine atom concentratio

V. CONCLUSION

The absolute concentration of F atoms has been m
sured in a pure CF4 capacitively coupled plasma using
technique based on CF2 loss kinetics. This approach can b
used in fluorocarbon plasmas under F-rich conditions w
the dominant chemical reaction consuming CF2 radicals is
recombination with F atoms, and when wall and radial d
fusion losses are independent of rf power. Under these
cific conditions, we estimate that the results are reliable
within 50%, equivalent to the uncertainty of other techniqu
such as VUV absorption.
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