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The chemistry of a CCl ,F, radio frequency discharge

W. W. Stoffels, E. Stoffels, M. Haverlag, G. M. W. Kroesen, and F. J. de Hoog
Department of Physics, Eindhoven University of Technology, 5600 MB Eindhoven, The Netherlands

(Received 24 October 1994; accepted 11 February )1995

A systematic study of the chemistry of stable molecules and radicals in a low pressyfe @&@io
frequency discharge for dry Si etching has been performed. Various particle densities have been
measured and modeled. The electron density, needed as an input parameter to modejRhe CCI
dissociation, is measured by a microwave cavity method. The densities of stable molecules, like
CCIR;, CF;, 1,2-GCI,F, and the etch product Sjf- are measured by Fourier transform absorption
spectroscopy. The density of the Ofadical is measured by means of absorption spectroscopy with
atunable diode laser. Its density is in the order df10 2. All density measurements are presented

as a function of various plasma parameters. Moreover, optical emission intensities of Cl and F have
been recorded as a function of plasma parameters. It appears that the fe€é@Qyds) is
substantially dissociate@about 70%—-90% in the discharge. Based on the obtained data the
dissociation rates of several molecules have been estimated. The measured total dissociation rate of
CCLF, is 810 ¥ m® s™1. For this molecule the dissociation rate is substantially higher than the
dissociative attachment raf@0 1> m®s 1). The dissociation rate for CCJfis 2x10 ®* m*s™?

and for CR about 3x10 ® m®s™ 1. The total dissociation rate of ,Cl,F, is higher than 5

x 107 ¥ m®s71, of which 2.5-0.5 x 10" m®s ! is due to dissociative attachment. Furthermore

it has been found that the presence of a silicon wafer strongly affects the plasma chemistry. Optical
emission measurements show that the densities of halogen radicals are significantly depleted in
presence of Si. Moreover, the densities of several halocarbon molecules display a negative
correlation with the density of the etch product SiF© 1995 American Vacuum Society.

[. INTRODUCTION istry. However, there is no literature data on the total electron
induced dissociation rate of C{, and related halocarbon
The widespread use of radio frequengf) plasmas for molecules. Therefore we have developed a simple model,
industrial surface modification requires a detailed study ofllowing the determination of these magnitudes by fitting the
the chemical nature of the active process gases under difreasured molecule densities and their dependencies upon
charge conditions. The large variety of chemical reactions irplasma parameters. The electron density, needed as an input
the gas phase and at the surface together with uncertainties yarameter for this model, is measured for all plasma condi-
the cross sections for these processes make it necessarytiions of interest. The details of this procedure together with
verify all modeling approaches experimentally. The obtainegossible mechanisms for CfE, dissociation are discussed
experimental data on the particle densities and reaction ratés Sec. Il. Furthermore, a comparison is made between etch-
can remove some of those ambiguous points if used to tesg conditions(in presence of a silicon wafer on the elec-
the numerical models. In this article the chemistry of £CI trode and a “pure” CCLF, plasma, without the Si substrate.
F,, including stable molecules, radicals, and their behavioiThe presence of a wafer appears to have a large influence on
under various plasma conditions, is treated.the plasma composition. Surface or plasma reactions of halo-
CCLF, is extremely efficient as an etchant and it is com-gen radicals with silicon result in a drastic reduction of their
monly used for the reactive ion etching of silicon, germa-densities; at the same time, etch products appear in the
nium and silicon oxidé.The mixtures of CGIF, with argon  plasma.
are especially useful, as they combine the chemical reactivity
of a molecular gas with the physical sputtering efficiency of
argon. These mixtures also attract much attention due to thé REACTIONS

formation of macroscopic clusters during the etching Even though CGF, is relatively inert in the gas phase, it
proces$:® Elimination of the unwanted dust contamination preaks up readily in the plasma to form a wide variety of new
can be realized only by a good understanding of the disspecies. As the C—F bond is stronger than the C—Cl bond
charge chemistry. (4.8 eV and 3.3 eV, respectivelythe dominant radicals and

A typical feature of a low pressur@®—500 mTory rf dis-  positive ions formed from CGF, are relatively fluorine rich.
charge is that its electron temperaty@-3 eV)* is much  The most abundant halocarbon radicals are expected to be
higher than the heavy particle temperature, which does natCIF, and CF;. As the former has an unpaired electron, it is
differ much from room temperatureThe electron density is expected to be reactive in the gas phase as well as at the
typically 10> m~3. In this work we show that even in this surface. The latter on€CF,) is relatively stable. Eventually,
low pressure weakly ionized plasma efficient dissociationstable molecules like ££I,F,, CCIF; and CR are formed as
and conversion of the feed gas take place. The rate constardsresult of radical recombination. The densities of chlorine
for these processes are essential in modeling discharge cheneh speciesCCl,, CCLF) are expected to be relatively low,
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as their production from CGF, requires replacing of a ,
strong C—F bond by a weaker one. Moreover, once formed, Egro‘md
these molecules are very quickly destroyed by dissociative
electron attachment. The absence of highly chlorinated spe-
cies in the plasma has been experimentally verified by
O'Neill et al® Chlorine stripped from the halocarbon mol-
ecules is expected to form large amounts of.Ch the pres-
ence of a silicon wafer various etch products are present in
the plasma. In analogy to halocarbons, the fluorine rich sili-
con halides are expected to be most abundant.

The total dissociation rate of CgH, by electrons is not

Si wafer

electrode electrode

known. However, this magnitudek) can be determined cooling cooling
from the measured dissociation degree of £€lin the

plasma if the electron densityf) is known. Let us consider F. 1. A schematic view of the open and closed electrode configurations.

the following production/destruction balance: The open configuration is used for absorption measurements, whereas the
closed system is used for the electron density measurements.

KaisneNcel,r, T V.7 Neekr,= V.7 Niotar Vasd Niota— NeclF,) s

)

wherev 5 is the reciprocal of the residence time of particles
in the plasma volume. For our plasma voluf®es dn? for

the open configurationv = 21X.77p, where the flow rate 1 ) L
7 is given in sccm and the pressysein mTorr. Hereny CFy).” In contrast to Cf, dissociative attachment to

denotes the total gas density, obtained from pressure, ardC2F2 IS an exothermic process with practically no energy

v.the association frequendthe formation of CGIF, from thres_hold, but it is much slower t_hgn attachment _to highly
other moleculés Equation(1) can be rewritten in the fol- chlorinated molecules. Therefore, it is not clear which of the

lowing form: mechanisms mentioned is important for dissociation of
CCl,F,. Although no data are available on the electron im-
pact dissociation cross section, the total dissociation rate,

(2)  determined from the measurements, can be used to evaluate
this magnitude.

Equation(2) has been used to fit the experimental data. The

association frequency,s, which in this case is a minor

correction, is estimated by extrapolating the ¢lfraction  [Il. EXPERIMENT

to.7 = 0.

It can be assumed that, in a low pressure discharge wit
cold heavy particles, the gas phase loss of stable molecules is Measurements have been carried out in a 13.56 MHz ca-
due to electron induced reactions. Possible mechanisms phcitively coupled plasma using two comparable geometries.
breaking up a molecular bond by electrons are electron imThe infrared spectroscopy has been performed in a parallel
pact dissociation and dissociative electron attachment. Alsqlate configuration with a 12.4 cm plate diameter and a vari-
ionization of a molecule can be followed by breaking one orable distance between the plat@gpically 5 cm. For the
more bonds. This is particularly true for halocarbon mol-electron and negative ion density measurements a plasma
ecules, as their parent ions are unstable and therefore alwalsx configuration has been used. The diameter of the pow-
dissociate. Cross sections for ionization and attachment amred electrode in this case is also 12.4 cm and the electrode
given by Pejcewet al.” Dissociative attachment can play an gap is 5 cm, but the diameter of the grounded box is 17.5 cm.
important role in a low temperature plasma, as it requiresA scheme of the two configurations is shown in Fig. 1. In
less electron energy than the “normal” dissociation. The ex-both cases the electrodes are made of aluminum. A 10 cm
act contribution of ionization is difficult to estimate, as this silicon wafer is placed on top of the lower, water cooled rf
process is strongly dependent on the electron temperatumdectrode in order to study the etching process. The gases are
and energy distribution. However, it is typically slower thanfed through mass flow controllers and introduced homoge-
electron impact dissociatidhlt is interesting to estimate to neously through a slit around the rf electrode. The pressure
what extent dissociative attachment contributes to the breakn the vacuum chamber is measured using an MKS baratron.
ing up of CCLF,. For highly chlorinated molecules like The gas pressure and flow can be varied independently from
CCl, and CC}F or radicals like CCIF, dissociative attach- 5 to 500 mTorr and from 0 to 100 sccm, respectively, using a
ment can be dominant with respect to electron impact dissahrottle valve in the pumping line of a turbomolecular pump.
ciation, as these species attach electrons almost at Langeviie plasma is sustained by an ENI rf generator combined
rates (1071 m® s71) .20 |t is therefore expected that these with an automatic matching network to optimize the power
molecules break up very efficiently under plasma conditionsdissipation in the discharge. The resulting input power can be
For other electronegative molecules like (¥ SiF,, disso- varied between 0 and 120 W. The values of the rf power
ciative attachment is much slower and requires a significantnentioned in Sec. IV are based on the power supplied by the

threshold energlt Therefore, these molecules are dissoci-
ated mainly by electron impact. As a result, the dissociation
degrees in such plasmas are very Idl@ss than 1% in
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TaBLE |. Total electron impact dissociation and dissociative attachment rates Detector
for various species in a C¢H, plasma.
Plasma
Total dissociation Dissociative attach. M1 N IR Diode Laser
rate constant rate constant Fourier Transform| | lg . M2
Molecule (m*s™Y Ref. (mds™Y Ref. IR spectrometer I R S \
1 \M3

CCLF, 8x10° 15 measured 10t° 7,13 Detector :

CCIF, 2x10°% measured 410 14 O

C,Cl,F, >5x101° measured  250.5x10 1° 15 ;

CF, ~2x10° 16 measured 4 107 16 Wavelength | N eeeaenennd Monochromator]

10-16 17 Meter M4
CCLF 10728 9
ccl, 10718

Fic. 2. Experimental setup for the infrared absorption spectroscopy with a
Fourier transform infrared spectrometer and with a tunable diode laser.
These systems cannot be operated simultanedeisher mirror M, or M, is
dnstalled.

rf generator. It is estimated that only about 80% is couple
into the plasma; the rest is lost in the supply lines and in the
matching network.

The der?sit_ies of plas_ma_l spe(_:(mectronS, moleculese- Typically the spectrum is averaged over a few hundred scans
produce within 25%. This is mainly due to the history of the 5 gptain a good signal to noise ratio. The spectra are col-

reactor(e.g., the presence of a deposition layand the ir-  |ected with a wavelength resolution of 2 ¢ The densities
reproducibility of the matching conditions. The accuracy Of of nfrared active species have been determined using their
the diagnostic methods described below is better than 5% own absorption coefficientS.

The error in the measured rate constants, given in Table |, is The CF, radical density measurements have been per-
caused by the nonreproducibility of the plasma conditionssormed by measuring GFabsorption in the P branch of the
the error in the estimated plasma volume and the differencg_ pand at 1096—1096.7 ¢ with a Laser Photonics tun-

in the electron density between the open and closed configygie diode laser. The infrared laser beam is first directed
ration (see Fig. 1. We estimate that the absolute values ofyrough the plasmédouble passand then led througa 1 m

the measured rates are accurate within a factor of 2. Howmgnochromator, selecting the desired laser mode. The infra-
ever, the error in the relative values for the various rates i$eq signal is detected using a MCT detector. In order to in-

much lessabout 10%. crease the signal to noise ratio a first derivative technique has
been applied, in which the laser wavelength is modulated
B. Microwave resonance while scanning the absorption lines. This is achieved by

In order to measure the electron density a microwavénOdUIating the laser current. The signal from the detector is

resonance method has been used in which the plasma b8%ccessed using a lock-in amplifier. Absolute Qfensities
serves as a cavity. For this purpose a low power microwav&a@n be determined if the absorption coefficient and the den-

signal of variable frequency is coupled to the plasma box b)§ity distribution over the rotational levels are known. Details
means of an antenna, thereby exciting the gnode (fre- concerning the experimental technique as well as the method

. . - 12
quency~ 3 GH2). The transmission of the cavity is recorded [0F the density calculation are given by Haverkital.” The

by another antenna and processed by a digitizing oscilloP!aSma reactor is translated verticallydaa 1 mmsiit is
scope. The resonance frequency of the cavity, which depen ac.ed in the _Iaser beam n order to obtain axiah dEnsity i
on the number of free electrons inside, is determined by tunProfiles. In this case the distance between the electrodes is
ing the microwave frequency to maximum transmission./éduced to 3 cm.

From the shift of the resonance frequency with respect to its

value in vacuum the average electron density in the cavity is

deduced. A detailed treatment of this technique is given in

Refs. 18 and 19. 1.60 3
- ¢
T L1207 o !
C. Infrared spectroscopy .na .
. . - 0.80 t A
Infrared absorption spectra have been collected using a = 2 ®
Bruker IFS-66 Fourier transform infrared spectrometer and a ., 040 s
Laser Photonics tunable diode laser system. A scheme of the = 0.00 b2 ¢

setup is shown in Fig. 2. The parallel beam exiting the Fou-
rier transform spectrometer is directed through the reactor
(single passon which Bak windows are mounted. After- f power (W)

wards the beam is focused onto a mercury cadmium telluride

(MCT) phoFo—conductlve d({[eCtor’, which is sensitive to WaveFIG. 3. Electron density as a function of rf input power in a 200 mTorr
numbers higher than 800 crh. This means that some mul- ccr, plasma. The gas flow is 30 sccf®) Density with and(A) without
tiply chlorinated specie$CCl,, SiCl,) cannot be detected. a silicon wafer on the rf electrode.

0 20 40 60 80 100
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Fic. 6. Typical absorption spectra obtained with the Fourier transform in-
frared spectrometer. Transmittance is defined-ds(l/1y), where (/1) is

the transmission. The C{H, gas spectrum at 200 mTo(solid curve is
compared with the plasma spectrum at 200 mTorr and 100 W power @put
times enlarged, dashed cujvén the plasma the CGlF, absorption is re-
duced, from which the dissociation degree can be determined. Note the

IV. RESULTS AND DISCUSSION presence of absorption bands of Gf 1280 cm*, CCIF, at 1110 and 1215
cm™ ! and Sif at 1030 cm' L.

Fic. 4. Electron density as a function of pressure in agEgtischarge. The
rf input power is 100 W and the gas flow is 30 scd®) Density with and
(A) without a silicon wafer on the rf electrode.

A. Electron density

Since in a low pressure discharge chemically active spe- . ) ) )
cies are formed mainly in electron induced reactions, knowl{WeeN an electr%pzolsmve and an electronegative discharge is
edge of the electron density is essential to model the disgiven elsewheré> "It should be noted that the presence of
charge chemistry. The data, obtained from microwav he Si wafer has only a very little influence on the electron

resonance measurements, are used to explain the dependdfRNSity- A slightly lower density with Si can be attributed to
cies of the CGJF, dissociation degree on various p|‘,:L,3m(,ipoorer power coupling into the plasma due to the presence of

parameters. Below we present the electron density and i@ dielectric layer on the electrode.

dependence on rf power input, pressure, gas flow and argon
admixture. B. Dissociation of CCl ,F,

The electron density increases almost linearly with the rf . o< ciation of CGF, and subsequent formation of
por:/ver (Fig. _3)' lTh'S feature ?ZS bﬁeré%(;bser\fled for mfanyother molecules have been studied by means of Fourier
other gases in r?w pressure rt disc k?r Sa unc’qon OF  transform infrared spectrometry. Typical absorption spectra
pressuren, reaches a maximum at about 200 mT@'g'.4)' are given in Fig. 6. It can be seen that the fraction of
Fgrthermore, the electron dens_|ty does not vary S|gn|f|cantl3tC|2F2 remaining in the plasma is low. As expected, fluorine
with the gas flow. Only a small increasemfis observed for .1 "nolecules like CCIE, C,Cl,F, and CFK, appear in sig-
extrgmely low flows & 2 scen). . nificant amounts. Furthermore, in the presence of a Si wafer

Finally the de.pendence of the glectron ,den,s'ty %Non the rf electrode SifFabsorption is detected.

CCl,F, admixture in an argon plasma is shown in Fig. 5. A Figure 7 shows the fraction of C{E, in the plasma as a
drastic decrease in electron density is observed when evenia o of the gas flow at 200 mTorr and 100 W input
small amount of CGF; is added to an argpn_plasma. Thisis yower. Extrapolation of the flow dependence to zero flow
due to a fast loss of electrons by dissociative attachment t ields a relation between dissociation and association fre-

CCLF,. A more detailed explanation of this transition be- quencies:v,.=0.05x kydn, . Substituting this relation into

12
. [ a 0.30
on [ 3 =}
[ 9 ‘= 0.24 1
g e
R N & 0187
g s 012
3r . [\
é) Y N ) 6 0.06
0 ' ' Y 000 . .
0 5 10 15 20 0 10 20 30 40
% CCl1,F, flow (sccm)

Fic. 5. Electron density in Ar/CGF, mixtures as a function of the Fic. 7. Fraction of CCJF, in the plasmdratio of partial to total pressuras
CCl,F, admixture. The rf power is 50 W, the total gas flow is kept constanta function of CC}F, gas flow rate. The pressure is 200 mTorr and the input
at 30 sccm and the pressure is 200 mTorr. The electron density does npbwer is 100 W(®) Density with and A) without a silicon wafer on the rf
change significantly between 20% and 100% (¢! (®) Density with and electrode. The solid curve denotes the fit to the data points obtained using
(A) without a silicon wafer on the rf electrode. Eq. (2).
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1.00 .
g " (;'\ 4.0
g 080 ¢ LT
[
= 0.60 . Q
& S L0l . CCIF,
n‘.‘N 0.40 | ° :
o 020} ‘ g 10 C,CLF, CF,
© g

0.00 3 0.0 . . .

0 20 40 60 80 100 0 10 20 30 40
f power (W) CCl1, F, flow (sccm)

Fic. 8. Fraction of CGJF, in the plasma as a function of rf input power. The Fig. 10. Densities of reaction products in the plasma as a function of

pressure is 200 mTorr and the GEJ flow rate is 30 sccm(@®) Density with ~ CCLF, flow rate. The pressure is 200 mTorr and the input power is

and(A) without a silicon wafer on the rf electrode. The solid curve denotes100 W; no silicon wafer is present. The CGlFdensity is fitted

the fit to the data points obtained using E8). with 12x10P%(0.117+3); the CR density is fitted with 2.&10%%
(0.117+0.4). The constant term in the denominator equals the frequency
of the gas phase lossE&qg. (4)].

Eq. (2) and assuming that,gis flow independent, we obtain
Kgisne = 12 Hz, which, in combination with the experimental
electron density in these conditiomg = 1.5 10" m™3,
gives kgs = 8x10 1 m®s™1. As the dissociative attach-
ment and ionization rates are only about ¥om?s™1, this
result suggests that electron impact dissociation is the maj
dissociation process for C£H, in an rf discharge.

In Fig. 8 the fraction of CGIF, left in the plasma as a
function of power is shown. It can be seen that this fractionC. Formation of stable molecules in a CCl  ,F,
decays with increasing rf power input. This can be expecteddischarge

as the electron density increases linearly with power, result- £rom both Figs. 7 and 8 it can be seen that the presence of
ing in an increasing dissociation frequency. Introducing the, s;j wafer on the electrode has no significant influence on the
experimental dependence of on power together with the gjissociation degree of CgH,. This conclusion, however, is
previously determineéys and v,gsinto Eq.(2), a good fitto ot valid for products of the CGF, conversion. In Figs. 10
the data points from Fig. 8 is obtained. This indicates that theng 11 the densities of various molecules are plotted as a
dissociation process can be described well by the proposgginction of gas flow in the presence and absence of a silicon
simple model. Furthermore, as the power dependence of th@afer. The densities of halocarbon species are a factor of 2
dissociation degree has been fitted using a con$fEWer  |ower in the presence of a silicon wafer on the electrode.
independentdissociation rate, we conclude that there is NOA|so, the intensities of emission lines of Ol (= 725.7 nm
significant change of electron temperature with rf power. gnq E (. = 685.6 and 703.7 ninin the presence of Si are
The same procedure can be applied to the pressure depgyyced by the same factor. This suggests that Si is a sink for
dence of the dissociation degrésee Fig. 9 using the ex- halogen radicals.
perimental pressure dependence of the electron density from |, 4 pure CCJF, discharge, without Si, the density of
Fig. 4. However, in this case one has to account for theCF4 decreases with the flow rate approximately.@s 1.
pressure dependent electron temperature. The latter can Bgis molecule is formed by gas phase or surface radical as-

higher at low pressures, which results in an increased disso-
ciation of CCLF, under these conditions. Therefore, the
amount of CCJF, left in the plasma at low pressures can be
lower than that predicted by the model, which neglects the
%mperature variations. This effect can be seen in Fig. 9.

o 1.00 ~ -
o « 0.9 6 «
s 0380 oa g
& 060 8 o6 4 8
: (=]
S 0.40 | oo z
R .03 2 =
y— L -
g 020 ] B
© .00 : 800 °o &
0 100 200 300 400 0 10 20 30 40
pressure (mTorr) CCl,F, flow (sccm)

Fic. 9. Fraction of CGJF, in the plasma as a function of pressure in pres- FiG. 11. Densities of reaction products in the discharge as a function of
ence of a silicon wafer. The C&H, flow rate is 30 sccm and the power input  CCLF, flow rate. The pressure is 200 mTorr, input power is 100 W and a
is 100 W. The solid curve denotes the fit to the data points obtained usingilicon wafer is placed on the rf electrode. The Sdensity is fitted with

Eq. (2). F 72
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sociation(e.g., Ck + F) and lost by flow and gas phase o 2.00
dissociation. Its density can therefore be described by g 160 CCIF,
(=
N 3 g 1

v+ KgidNe Y oso0f Cc,CLF, CF |
As the radical densities are fairly flow independésde Sec. ’2; 0.40 | '
IV D, Figs. 19 and 2 the CF, productionP is expected to 3 0.00
be constant with flow, at least for higher flows. Therefore, 0 20 40 60 80 100
the observed flow dependence of Gfan be explained only
if this species is flushed out of the discharge volume by the tf power (W)

gas flow. This implies that the gas phase loss processes for

CF, (kgishe) are slower than the flow losses. The best fit toFic. 12. Densities of reaction products in a G&l discharge as a function
the data points shown in Fig. 10 is found for P 2.6 of rf input power. The pressure is 200 mTorr and the gas flow rate is 30
x 10 m~3s ! and a dissociation frequency of 0.4 Hz. Sub- S¢cm- No silicon wafer is present,

stituting our electron density gives a dissociation rate con-

stant for Ch of about 2<107'® m®s™!, which agrees,

within the experimental error, with the literature dafa.

The CCIR density also decreases with increasing flow. Asthe case of Cfj. Still, a small fraction of these molecules
its flow dependence is much weaker than this of C&more  can react to form Sif In this case the SifFproduction rate
accurate estimate can be made for the dissociation rate of this inversely proportional to7, while its destruction rate is
molecule. The best fit, based on H@), is obtained for a proportional to the flow. This yields the observed 2 de-
production frequency of 1.2x10°! m™3s ! and a disso- pendence of the SjFdensity. Estimating the etch rates pro-
ciation ratekys of 2x 107> m®s™1. Finally, the density of vides the additional argument that $iE not the main stable
the dimer(1,2-G,Cl,F,) does not depend on flow, which etching product. The measured gikensity together with the
suggests that its gas phase loss frequency is higher than #ésidence time in the plasma allows one to evaluate a hypo-
Hz (kgis>5%10"® m3 s71). In analogy to CGJF,, the loss thetical etch rate. The value obtained assuming thaj BiF
rates evaluated this way can be compared with the corraghe main Si containing species in the plasma does not exceed
sponding attachment ratésee Table)L For instance, it can 1 A/s. However, the etch rates determined from the heights
be seen that for CClattachment comprises only a small of etch residues on the wafer surface are at least ten times
contribution to the total dissociation rate. higher® Therefore it can be concluded that $ils only a

The presence of a silicon wafer not only affects the absosecondary etch product and, consequently, its flow depen-
lute molecular densities but also their dependencies on gatence can be understood.
flow (Figs. 10 and 1L At low flow rates even the densities Figure 12 shows that the molecule densities increase with
of stable halocarbon&CF,) are depleted. The drastic reduc- the rf power following the increase of the electron density
tion of halocarbon species at low flow rates correlates with(see Fig. 3. In contrast to chlorine containing molecules, the
the decrease of the halocarbon radical densities observed udependence of GFdensity on power does not show satura-
der these conditiongsee Sec. IV ) The density of SiF  tion at high power levels. The previously analyzed flow de-
increases quadratically with decreasing flow. We will pro-pendence has shown that i a stable product that is de-
pose an explanation for this interesting feature, based on th&royed mainly by the gas flow. Its effective production rate
production/destruction balance. As $iB a stable molecule, from CCLF, must increase with increasing electron density,
it is lost mainly by flow in analogy to CF It has been even though its formation involves more than one reaction
shown that, apart from positive ions, small halogen radicalstep. Eventually the GFdensity will also saturate with
are responsible for the etching of ‘S As the positive ion  power if the electron density becomes high enough to induce
flux as well as the densities of halogen radicals are fairlysignificant gas phase losses of this molecule. The chlorinated
constant with flow(except for extremely low flowsthe etch  molecules are produced in a way similar to,G¥d there-
rate is also expected to be flow independent. Therefore, ifore their production rates should also increase with increas-
SiF, were formed directly at the Si surface, its productioning power input. However, these molecules are less stable in
rate would be flow independent. In this case we could expedhe gas phase than €Bnd therefore they are at least partly
a.7 ~! dependence of the SjFdensity, similar to that of destroyed by electron induced dissociation. The frequency of
CF,. As the observed dependence is much stronger thathe latter process is also proportional to the electron density.
7 1, we have to conclude that Sjfs not the first stable This explains the saturation of the chlorinated species densi-
product of the etching process. This first etch product, theaies at high power levels. Note that, if a given molecule is
precursor of Sifr, can be either a stable Si containing radi- destroyed mainly by electron impa@,CI,F,), its density is
cal, like SiF,, or a partially chlorinated molecule. The latter fairly independent of the power input.
is more likely, considering the composition of the reaction The power dependence of the molecule densities in pres-
layer at the Si surface, which contains 15 times more Cl thaence of a Si wafer, shown in Fig. 13, resembles the one
F.L If this primary species is produced in a flow independentshown in Fig. 12. Only at higher input powers halocarbon
etching process and flushed out of the discharge volume, idensities tend to decrease as ,S#merges. This effect is
density will be inversely proportional to the flow ratie in stronger in CCJF, mixtures with Ar. In Fig. 14 the power
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Fic. 13. Densities of reaction products in a GEJ discharge as a function Fic. 15. Fraction of CGIF, remaining in the plasma and densities of reac-

of rf input power. The pressure is 200 mTorr, the gas flow rate is 30 sccrtion products in an Ar/CGF, discharge as a function of C(, partial

and a silicon wafer is placed on the rf electrode. pressure. The total pressure is 200 mTorr, the rf input power is 100 W and
the total(Ar + CCLF,) gas flow rate is 30 sccm. A silicon wafer is placed
on the rf electrode.

dependencies of molecule densities are shown in an etching
mixture containing 10% CGF, in Ar. The density of Sif
increases linearly with power input.

The behavior of various molecular densities

charge. Its density has been measured for various discharge
in Ar/ conditions by absorption spectroscopy using a tunable diode
laser. The axial profiles of the GRlensity are shown in Fig.

CCl,F, etching mixtures is shown in Fig. 15. The fraction of L . .
S P 6. The peculiar increase of this density towards the wall
bF he pl ficantly for-2: | . .
CClF, remaining in the plasma decreases significantly fo dicates that Cfis formed mainly at the electrodes. This

| ixtures. Thi t the electrd | )
; er?];;rg?gnh%dhneurx L:Jr:zzr thSSZag obnedﬁi);)?;:ee%i ; 55 ?”? eew{))ccurs when the less stable radicals, like, GClEonvert at

peak of the Sif density at low partial pressures of GE} ;[jhe \;]vall toAa moredst?b_lledC%I,: Wth'Ch tth(?rtlhq#fuﬁsest mtﬁ. tEeh
reflects an increased etch rate in Ar/Gll mixtures. These b|sc arge. meFe ctal eh :ea mben ?j. Ihs etiect, whic abs
are also the conditions under which cluster formation from>cc" OPSEVET In Many halocarbon discharges, 1S given by

the etch products occufs.It is known that positive ion flux Haverlaget al.™ An interesting conclusion following from

to the substrate increases with a decreasing partial pressutnee density profile in F'g' 16 is that QFs.actuaIIy(.jestr(')ygd
of halocarbort®?! If we assume that, in the etching processm the plasma. Destruction by electron impact dissociation or

both radicals and positive ions are involved, the maximum inattachment is unlikely due to a high dissociation energy for a

the etch rate at low CGF, fractions can be understood as aC—F bond and an inert electronic configuration of this radi-

compromise between the increasing ion flux and the decreag?l' A possible destruction mechanism ford& recombina-

ing halogen radical densities. The increased etch rate anHO” with other radicals, e.g., Cl and F. Even though these

consequently, the increased density of Si containing s ec'er actions are three body processes, they are fast enough
quenty. ! Y ! ning sp I(%0*39m‘5§1forCF3+Fand 104 mb s~ 1for CF, + F)®

correlate with a depletion of the halogen radicals, which in

turn lowers the density of halocarbon molecules. This effec{0 contribute significantly to the destruction of halocarbon
can be seen for the CGJRlensity in Fig. 15 radicals. Figure 17 shows that the LCéfensity is practically
T independent of the applied rf power, except for the low

power regime. Similar dependencies have also been ob-

served for some chlorinated stable molecules like
CF, is relatively stable and therefore it is expected to be

one of the most abundant halocarbon radicals in our dis-

D. CF, densities
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Fic. 16. Axial profile of the Ck radical density in a CGF, discharge. The
pressure is 200 mTorr, the rf input power is 100 W and the gas flow rate is
Fic. 14. Densities of CF, CCIF; and Sif as a function of the rf power 30 sccm. The rf electrode is at 0 mm and the grounded electrode is at 30
input in a discharge containing 10% GE€} in argon. The pressure is 200 mm.(®) Density with and A) without a silicon wafer on the rf electrode. In
mTorr and the total gas flow rate is 30 sccm. both cases the densities increase towards the electrodes.
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Fic. 17. CF, radical density in a CGF, discharge as a function of rf power Fic. 19. CF, radical density in a CGF, discharge as a function of the gas

(no Si wafej. The measurements have been performed 2 cm above the flow rate. The measurements have been performed 1.5 cm above the rf

electrode, with an electrode distance of 5 cm. The pressure is 65 mTorr anelectrode, with an electrode distance of 3 cm. The rf input power is 100 W

the gas flow rate is 30 sccm. and the pressure is 200 mTo(®) Density with and(A) without a silicon
wafer on the rf electrode.

C,CI,F, (see Fig. 12 This kind of behavior is expected for
molecules and radicals, which are produced and destroyed
similar processes. GHs clearly an intermediate product of

nsities are also depletéske Figs. 7 and 1Jnd converted
into halosilicideqsee Fig. 11 As the loss rate of the radicals
at the surface is not expected to be strongly flow dependent,

radical reactions. It is produced from other radicals at the . . . o

wall and possibly also in the discharge, and destroyed aga@e negatl_ve correlatlon between the radical densities and the
by radical recombination. Consequently, the,Gfensity is IF density as a function of flow suggests a gas phase_loss
expected to be only weakly dependent on plasma parametet%r.oces.S 0 f both halocarbon and halogen radicals with Si.
Indeed, from Figs. 18 and 19 it follows that the £density A _5|m|Iar effect_ can be seen n Fig. .21' wher_e the,CF
does not change much with pressure and flow rate. Howeveg,?ns'ty asa funct|or_1_of Cerr, adm|_xture In argon 1S showr_1

it is interesting to study the difference in the behavior of th W'th and without a silicon wafer. Without a water the density

CF, density as a function of flow with and without a silicon Is fairly co?stantfex;:r?ptjfor .‘t’efy hs_m:" ?drTlxtures(,j. Iptthe
wafer on the rf electrode. In the presence of a silicon wafeﬁresence ora water the density IS higher for farge admixtures

the CF, density at high flow rates is higher than in a pure’ ut dec_reases much faster.with inc_reasing argon density. This
plasma without a wafer. This implies that, at higher flows,'(T:.Conlsgﬁer.]t W|t}[1htheS.prZV|oqfly_dlscussed flii)k\:vddependlence
either the Ck production is increased due to a more efficient 9. 19, since the Si density increases wi ecreasing

X o : 0
conversion at the silicon surfade.g., CRCl + Si — CF, CCI,F, partial pressuréuntil it reaches a maximum at 10%

+SiCl) or the destruction is reduced, which can be due to aCCIZFZ)' Consequently, the radical and halocarbon molecule

lower density of halogen radicals in the presence of Si. Théjen5|t|_es are strongly deplet_ed at .IOW &Fl partial pres-

latter seems very likely, as the emission intensities of Cl angures n the presence of a Si waféigs. 15 and 2]l

F are a factor of 2 lower in the presence of(See Fig. 20

This is due to an enhanced loss of halogen radicals at the & CONCLUSIONS

surface. At low flow rates a significant depletion of the,CF ~ The plasma chemistry of C¢H, has been studied in a

and halogen density is observélligs. 19 and 20 Under pure CC}F, discharge and in CGF, mixtures with argon.

these conditions the source gas and the halocarbon moleculéese mixtures attract special attention due to their enhanced
etching capacity. Electron impact dissociation, dissociative
attachment and ionization reactions drive most of the chemi-
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Fic. 18. CK, radical density in a CGF, discharge as a function of pressure

(no Si wafej. The measurements have been performed 2 cm above the ffic. 20. Emission intensities of C\(=725.7 nm and F (=703.7 nn) as
electrode, with an electrode distance of 5 cm. The rf input power is 100 Wa function of the gas flow. The intensities are denote{@y(in presence of
and the gas flow rate is 30 sccm. Si) or (A) (without Si.
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rate it can be concluded that Qifs not the primary etch
0.90 product, but it is formed from other Si containing species
that are released from the surface.
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