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We present a simple technique for determining the absolute fluorine atom concentration in pure CF
capacitively coupled radio-frequency discharges. It is based on the measurement, by laser-induced
fluorescence, of the loss ratg of the CF, radical in the afterglow of a pulsed plasma. We first
demonstrate that in our conditions, £F lost only by gas phase recombination with F atdmith

a known rate constami.o) and by recombination at the reactor walls at a kgfg , independent of

the rf power injected. Hence, the total £Bss rate Kioss= KwaiT Kred F], varies linearly with[F]

when the rf power is increased. By recordikgss and the relative variation of the F atom
concentration(by optical emission actinometryas a function of rf powerk,,, and[F] can be
determined. These measurementfrdfcomplement previous guantitative measurements of CF and
CF, radicals[Boothet al., J. Appl. Phys85, 3097(1999); and Cunge and Booth, J. Appl. Ph§s,
3952(1999)]made in the same reactor for the same plasma condition20@L American Institute

of Physics. [DOI: 10.1063/1.1371940

I. INTRODUCTION The oldest and most widely used technique for monitor-
_ ) _ ing fluorine atom concentrations in plasmas is optical emis-
Radio-frequency discharges in low-pressure fluorocargjon actinometry, originally proposed by Coburn and Chen,
bon gases are widely used for the etching of thinS#&yers 1o monitorrelative variations of the F atom concentration. In
in microelectronic circuit fabrication. By careful adjustment s technique relative variations in ground state fluorine
of the gas compo.smor(u.smg mixtures OT CF. CiFs,  atom concentratiorfF] are assumed to be proportional to the
CHF;, G;Fs, etc.)it is possible to etch submicron features in rg|ative variations in the intensity of the optical emissign,
SiO, with vertical side walls and without etching the under- from excited state F atoms, normalized to the optical emis-
lying silicon layer. In the Si@etching process atomic fluo- sjon intensityl ,, resulting from the excitation of an actinom-
rine plays an important role_in for_ming volatile Siknd Si  eter gas such as Amtroduced in small concentratiofAr]),
etch products, thus removing silicon atoms from the subsg as to correct for electron density and temperature varia-
strate. S_imultaneously,X(EY ﬂuorocarb_on radicals and ions tjons. The technique is valid provided that) the optical
present in the gas phase form a thin polymer layer at th@mission is only produced by direct electron impact excita-
substrate surface, providing carbon atoms to remove the 0X¥jon of the atoms in each case af®) the ratio of the exci-

gen from the Si@ lattice to form COIk etch products under tation rates of both atoms remains constant, i.e.,
the influence of energetic ion bombardment. Unfortunately,

F atoms can also cause etching of the Si underlayer: the etch Ar

is only selective if the discharge deposits a thick enough [F]=[Ar]KeX°|—F=K[Ar]I—F 1)
i g . ) F .

fluorocarbon polymer film selectively on the Si layer there oxc | Ar Ar

fore blocking the etching of the latter. In our recent

. . I3 . ..
publications,™* we have shown that in capacitively coupled rpq validity of this technique in relatively high press8e0

discharges, the polymer precursors appear to be high magsror) cF,/0, capacitively coupled discharges has been

ions and/or neutrals formed in the gas phase by radicalsgnfirmed by titratior?:®

radical recombination reactions. Atomic fluorine plays a ma- |t the value ofK is known (either by calculatioh or
jor role in limiting the formation of these species, SO it IS |ibration)actinometry should also, in principle, allow ab-
important to develop a simple and reliable method to meag)te concentrations to be determined. In practicis, not a

sure its concentration. A number of techniques have beefjyersal constant: as the electron impact cross sections for
developed in the past but are either difficult to put on any,q g relevant excitation processes have somewhat differ-
absolute scale or are cumbersome and require sophisticatgg|; energy dependencig¢,depends on the electron energy

equipment. distribution function(EEDF), which can vary significantly as
a function of the plasma pressure, composition, or injected
2Electronic mail: chabert@Iptp.polytechnique.fr power. In particular, severe difficulties have been encoun-
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tered at low pressuréypically 1 mTor).2 A more detailed 1. TECHNIQUE

discussion of this point will be given in Sec. lII.
P g The technique is based on the determination of the rate

Absolute fluorine atom concentrations can, in principle, o
) . ?f loss of the CFk radical in the afterglow due to the gas-
be determined from the resonance absorption at 95 nm, al- e )
hase recombination reaction

though the absence of any transparent window materials gt
this wavelength makes this difficult. However, Sasaikal® M
have used the UV light generated by a compact plasma dis- CF+F——— CF;. ()
charge in Cl to measure the 95 nm resonant absorptionina  ag the rate constant for this reaction is kno%rthe
helicon source. In this technique uncertainty arises from thyorine atom concentration can be deduced. Howevey, CF
need to know the spectral profiles of both the source and thgan also be lost by other processes, notably wall-catalyzed
absorber, and the technique has a limited dynamic ranggecombination, so the rate of loss due to react@must be
However, they estimated that their results were reliable tgeparated from these. After the first few milliseconds of the
within 50%. Furthermore, they followed F atom Kinetics afterglow (during which the concentration profile collapses
with time resolutiont®!! Subsequently, Kawagt al'? used  to the fundamental diffusion motfe the CF, concentration
resonance absorption to test fluorine actinometry in a helicodecays exponentially with time
soqrce. They showed that for a glven worlgng gas relative [CF,]=[CF,]oe *osd. 3)
actinometry measurements are reliable to within a factor of 2
as the rf power is varied, but that the absolute valuk p§ee ~ The first order decay rate constdqiss can be expressed as
Eqg. (1)] dgpends strongly. on .the feedstock gas used. Kioss= Kgast Kuall - (4)
Tachibana and Kamisui have probed the resonance )
transition using VUV laser absorption spectroscopy. FreH€reKgasrepresents the sum of all gas-phase reaction rates
quency mixing techniques were used to produce a spectral@nd kwan represents the diffusive loss to the walls of the

narrow laser beam around 95 nm, which could be tuned ove£2ctor, where CHs destroyed by surface-catalyzed recom-

the absorption line profile, allowing the background absorp—bmat.'on' In an oblate cylindrical reacté,q is mostly de
. . ; termined by axial diffusion to the parallel powered and
tion signal from other plasma species to be subtracted. How- L

: o . grounded electrode surfaces. The surface recombination co-
ever, a complex laser system is needed, and it is also possi

. : SSI0ficients at each surfacgd; and B,, can be determined
that saturation of the absqrpt|on can occur when' USING & om the axial concentration profile at a fixed time in the
spectrally sharp laser to excite a strong atomic transition: th'ﬁfterglowzz and the loss rate due to axial diffusion can then

couI0114Iead to underestimation of the Concgntratlon. Herring,e estimated with knowledge of the diffusion coefficient. If
etal™™ have performed two photon laser induced fluores+ne cF, concentration is not perfectly homogeneous across
cence of fluorine atoms at 175 nm. Unfortunately, thisine radius(due, for example, to plasma density inhomogene-
method does not give absolute values directly, and has n@d;) there can, in addition, be loss due to radial diffusion.
been applied so far tm situ plasma conditions due to its low However, if the electrode spacing is small compared to the
sensitivity. electrode radius, this term will be small.

Finally, threshold ionization mass spectroscopy has been |f the only gas-phase reaction consuming,@Freaction
used to determine absolute fluorine concentrations i CF(2) (see discussion belgwthen we have
discharges$®1" However, the signal from atomic fluorine is Kenm k oI ] 5
very weak, and reliable absolute calibration is problematic. gas Tredt b
Generally the measurements are put on an absolute scale ere the rate constamte.=1.8<10"* cm 3 s™! (from
calibration against the F signal produced by dissociative Ryan and Plumf and corrected for a bath gas pressure of
ionization of a stable molecule.g., CR), given knowledge 200 mTorr CR) with an uncertainty of+15%. From Eqgs.
of the relative electron impact cross sections. However, retl), (4), and(5), we obtain
cent work has shown that this can give results that are false

. I
by orders of magnitude due to the dependence of the mass ki .= Kyai+ krecK[Ar]_F- (6)
spectrometer transmission on the kinetic energy of the disso- Ar
ciative ionization product® Furthermore, desorption of F The total CF; loss ratek,,ss, and the actinometric ratio

atoms physisorbed on the walls inside the mass spectrometgr/| ,. are then measured as a function of the rf power. As-
can lead to errors unless multistage differential pumping anduming thatk, k. andk,.y are independent of the rf power
beam chopping are uséd. (see discussion belgwa plot of k.5 againstl /1 5, will be
In the present article we report on a simple technique tdinear, with a slopes given by

determine the absolute fluorine atom concentration in a ca- 5=k, K[Ar] &
pacitively coupled discharge in pure £FThe technique can re
only be applied to particular plasma conditions, that is to sayallowing the F atom density to be determined from Eds.
pure CR plasmas with a low degree of dissociation. How- and(7)
ever, it has the advantage of being straightforward and reli-

. . . . s g
able in this particular system. The results, presented in Sec. [F]= — —. (8
IV, are in reasonable agreement with the literature. Krec  ar

£¥:7L:EL ¥20Z Aeniged gz
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FIG. 1. Concentration profiles of the GFadicals recorded 3 ms in the FIG. 2. Logarithm of the Cfradical concentration as a function of time in
afterglow of 30 and 100 W plasmas. The concentration gradients near thehe afterglow of a 200 mTorr, 100 W plasma at 30 and 100 W, together with
walls (at 0 and 3.3 crnare independent of the rf power used during the rf on the exponential fit used to deduce the radical loss rates.

period, indicating that the surface loss probability of,@Fthe afterglow is
independent of the rf power.

probability 8 is inversely proportional to the lengtk, de-
The proportionality constariK can also be determined from fined as the intersection of the linear extrapolation of the
the slopes and[Ar] [from Eqg. (7)]. It should be noted that, profile beyond the wall at the concentratiof axis?! Figure
although the determination of the absolute value of the conl shows that the values of on both the powered and the
stantK depends on absolute values f@rl 5, (i.e., on accu- grounded counterelectrode are independent of the rf power to
rate knowledge of the wavelength sensitivity of the detectiorbetter than 10%, validating our hypothesis. Tjgatloes not
system)and of the Ar gas density, these two quantities factordepend on the rf power is initially somewhat surprising.
out in the determination diF] for a given reactor and detec- However, most of the radicals lost on the walls ar in-
tor system. Therefore, the absolute F atom concentration deorporated into a polymer filnithere is almost no polymer
pends only ork,.c andsX g/l 4, (an error in the wavelength deposition in a pure GFplasma)but are directly recycled
sensitivity of the detectivity will have an inverse effect sn into the gas phase in the form of £FAs a consequence, the

and onl g/l 4., and will factor out). surface loss probability is expected to depend mostly on the
We shall now discuss the four major assumptions upordensity of F atoms available at the surface. In a fluorine-rich
which this technique reposes. plasma the surface will become quickly saturated in F atoms

(1) There must be no significant gas-phase reaction conn the absence of ion bombardment so that the surface loss
suming Ck except reactior(4). Plumb and Rya&1?* have probability in the afterglowis independent of the rf power,
investigated the possible reactions that can occur ip CFexplaining our observation. This assumption also depends
plasmas. In low pressure fluorine-rich conditions with pureupon the value of the diffusion coefficient being constant,
CF, feedstock gas the concentration of QBdicals is kept which means that the gas temperature must be constant in
low by gas-phase and surface recombination with fluctine.time and uniform across the reactor. Whereas this assump-
Therefore reactions of GFwith these speciegespecially tion has been shown to be reasonable in low-density capaci-
CF,) will be insignificant. Furthermore, the concentrations oftively coupled plasma®, it is clearly not the case in higher-
oligomeric GF, species is kept low3 The rate constant for density inductively coupled plasmas, where significant gas
the reaction of CFwith molecular &, (which may well be  heating can occtf®
present in significant concentration under these conditisns (4) Actinometry must be a reliable indicator of the rela-
very small(less than X 10 cn?® s1).2° In the absence of tive change in the F atom density. First, the value of the
any impurities (for example, oxygenjthis assumption is actinometry proportionality constaktmust not vary, at least
therefore reasonable. over the parameter range explored in this study.

(2) The fluorine atom concentratidir] must be in ex- The value of K is given by
cess off CF,], so that its concentration does not vary during
the decay rate measurement. The absoluted@Rcentration o o
has been measured under the same conditions by UV K=f oal(€) \/;f(f)dﬁ/ f o (€) Jef(e)de.  (9)
absorptioA? (and is of the order of %10 cm®), so this 0 0
assumption can be verifieal posteriori. In Eq. (9), o(€) and oa(€) denote the excitation cross

(3) The diffusion loss raté,,; must be independent of sections of F and Ar atoms by electron impact to their
the rf power injected. The surface loss probability of, @R  ground statéat energye), andf(e€) is the EEDF. The thresh-
the powered and grounded electrodes can be determinedd and cross sections of Ar and F atoms are slightly differ-
from the axial concentration profiles of €k the afterglow  ent which implies thaK is dependant on the EEDF shape.
of a pulsed discharge. The profiles are shown in Fig. 1, foHowever, experiments by Kawat al!? in a helicon plasma
discharges at rf powers of 30 and 100 W. The surface lossource have shown that, although the valueKoflepends
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800 — CHF;+e—CHF,+F* +e,
050 | K ' | becomes important. However, this assumption appears to be
S~ ] reasonable in fluorine-rich conditions.
200 | " _
. Faen Il 3 . EXPERIMENT
%150_ \ . The experimental setup and apparatus used in this ex-
-‘2100- ] periment has been described in detail elsewRerghe
Kooy + Ky ] plasma reactor is a typical 30 cm diameter reactive ion etch-
sol ] ing chamber composed entirely of aluminum. The 11 cm
diameter powered electrode, fed with rf power at 13.56 MHz,
0 . ! . . . . . ; . is surrounded by a coplanar annulus, and is faced by a
0.0 02 04 06 0.8 1.0 grounded electrode that is parallel to both surfaces with a
I/, (arb.units) spacing of 3.3 cm. Fused silica windows in the reactor side

_ _ o walls allow the passage of the laser beam and the detection
FIG. 3. CF, loss rate as a function of the actinometric ratjdl,,. The of induced fluorescence.

value of this ratio was varied by changing the rf power from 30 to 150 W. . . .

The dash-dot line indicates the constant loss rate due to diffusion to the Al €xperiments were _Camed out at a discharge pressure

reactor wallsKy=170 s of 200 mTorr of Cz gas with 5 mTorr of Argon added as the
actinometer. The discharge power was 100% modulated at
10 Hz (80 ms on/20 ms off)in order to perform time-

resolved measurements in the afterglow. The @Eical was

somewhat on the feedstock gas, actinometry measuremerfigtected by laser-induced fluorescen@eF) using an
are fairly reliable for a given gas unless the mode of theexcimer-pumped dye laser system with frequency doubling
discharge regime changes frofn(capacitive)to H (induc- O produce pulsed radiation at 234 frithe axial concentra-
tive) to W (wave sustained), i.e., unless there is an importantion profiles of Ci; between the electrodes were obtained at
change in the EEDF shape induced by a heating mode tra@bitrary times during the on/off cycle by translation of the
sition or a change in the gas-phase chemistry. In our experf€actor relative to the LIF optics?” The decay rateoss of
ment, we use actinometry to deduce the relative variation ofhe CF concentration in the afterglow was measured in the
[F] for very similar plasma conditiongsame parent gas, center of the chamber by monitoring the LIF signal as a
same pressure, pure capacitive dischargad we assume function of time in the afterglow at this position and fitting
that the power variation is small enough to keep roughly théhe logarithm of the data. Simultaneously, the optical emis-
same EEDF shape for both conditions. sion from fluorine(703.7 nm)and argon(750.4 nm)atoms
Second, the excited states of the F and Ar atoms tha¥/as monitored using a 60 cm Jobin—Yvon monochromator,
produce the observed optical emission must be populate@duipped with a Hamamatsu 928 photomultiplier. The opti-
only by electron impact from the ground state ataarsd not cal emission intensities were corrected for the wavelength
by dissociative excitation of the feedstock gas, or by multi-dependence of the detectivity.
step excitation). Hancockt al?” have shown that dissocia-
tive excitation can become a significant proportion of the)y. RESULTS AND DISCUSSION
actinometry signal in fluorine-poor plasmas, for example

when CHFR; feedstock is used, when the process: In the following discussion, the term “fluorine rich”
refers to measurements in a pure,Qifasma, without a wa-

fer being etched in the reactor, whereas the term “fluorine-
poor” refers to measurements in a £plasma with Si or
SiO, wafers on the powered electrode.

6.0x10" i A. Fluorine-rich plasma conditions

The time variation of the natural logarithm pE€F,] in
the afterglow for two discharge powe(30 and 100 W)is
4.0x10" 1 shown in Fig. 2. In both cases the decay is single exponential
| after the first few milliseconds of the afterglow, and the slope
/ (in the log scalexan be determined accurately. The nonex-
2 ox10™ F /. . ponential decay during the first 2 ms of the afterglow is due
- to the relaxation of higher order diffusion modese mea-
] sure the concentration in the middle of the cell, but the high-
00 C - PR est concentration in the steady state plasma is adjacent to the
0 2 40 60 80 100 120 140 180 powered electrode).Thus ke Was obtained by fitting the
RF power (W) exponential part of the decay, ignoring the first 2 ms. The

FIG. 4. Fluorine atom concentration as a function of rf power for 3 CF single gqunential decay shows that wall |05§'§§a|0 and
plasma at 200 mTorr and without a substrate in the reactor. radial diffusion lossesli,9 do not change during the after-

[F] (cm™)
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TAI‘?LE_I.3 Absolutt_a quori_ne atom conc_erltration in €plasmas, in units of As expected, the results show that the fluorine atom con-
10" cm™3, for various discharge conditions and etched substrates. centration is lower when a substrate is etclfledding ef-
[F] (104 cm ) fect). The lowest value of 1.5%0' cm™3 is obtained at low
b o A so, - power and low pressure when a silicon substrate is etched. It
ressure ower | | . .
(mTorn w) (no substrate)  (substrate)  (substrate) seems that the absolute F concentration at 200 mTorr during

the etching of a Si substratéuorine-poor conditions since
50 30 0.3 0.29 0.15 the silicon depletes the F concentration by forming,Sipe-

100 18 1 0.5 cies)is about 1.5>0" cm™3, that is only 2.4 times lower
200 30 13 1.2 11 h ithout substrate. Thi ts that th tacul
o0 26 34 15 than without substrate. This suggests that the spectacular

change that occurs in the plasma chemistry when a Si sub-
strate is introducéd is caused by a fairly small change in
the F atom concentration. Nevertheless, it is impossible to
glow. It also demonstrates that volume recombination withrule out the possibility of a significant contribution to the
species in small concentratiotifor example Ck+CF, or  fluorine actinometry signal by dissociative excitation of the
CF+CHh) is unlikely. The increased decay rate observed afeedstock gas under fluorine-poor conditions, which would
higher discharge power can therefore be attributed to th&esult in overestimation of the fluorine atom concentrations.
increased F atom concentration due to higher dissociation
degree of the parent gas.

Figure 3 showsk,ss as a function of the actinometric
ratio 1/ 5,. The value of this ratio was varied by varying V- CONCLUSION
the rf power from 30 to 150 W. The curve in Fig. 3 is linear,
which is a strong justification of the validity of the technique.
It demonstrates that wall lossek,f), radial diffusion
losses K;,9 and the ratio of excitation coefficiett do not
change significantly with the rf powgpoint (3) and (4) of
paragraph 3]. From slope of the lifigee Eq(7)] we find a

The absolute concentration of F atoms has been mea-
sured in a pure CJcapacitively coupled plasma using a
technique based on GHoss kinetics. This approach can be
used in fluorocarbon plasmas under F-rich conditions when
the dominant chemical reaction consuming,CG&dicals is
recombination with F atoms, and when wall and radial dif-

value of 4.1 for the paramet&. This is very similar to that tusion | ind d £ rf Under th
deduced experimentally(=4.3) by Kawaiet al!?in a CF, usIon 10Sses are indepen ent of rf power. Under t ese spe-
cific conditions, we estimate that the results are reliable to

helicon plasma operating at low power, similar to our capaci-". ~. _ . .
tively coupled plasma. However, it is 7 times higher than theW|th|n 50%, equwalen_t to the uncertainty of other techniques
value (K=0.56) calculated by Jengt al.” from excitation such as VUV absorption.
cross-section data. Finally, the extrapolatiorn @l ,,=0 of
the line Fig. 3 gives a value fok,+Kag—=170 s (see
Fig. 3). This shows that GFvolume losses represent only | _
10% of the total losses at 30 W, but become significant gigégooth,e.c:unge, P. Chabert, and N. Sadeghi, J. Appl. B&y8097
(about 40% of the total losseaj 150 W. 2G. Cunge and J. P. Booth, J. Appl. Phgs, 3952 (1999).
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tonically throughout this power range, which shows that the®R. A. Gottscho and V. M. Donnelly, J. Appl. Phys6, 245 (1984).
plasma is far from being fully dissociated. At 150 \\F] 7J.S. Jeng, J. Ding, J. W. Taylor, and N. Hershkowitz, Plasma Sources Sci.
=6.6X10% cm~2 which corresponds to a partial pressure of g -ccinol-3, 154(1994)

. - P. Chabert, R. W. Boswell, and C. Davis, J. Vac. Sci. Techndl6A78
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