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The chemistry of a CCl 2F2 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 pressure CCl2F2 radio
frequency discharge for dry Si etching has been performed. Various particle densities have be
measured and modeled. The electron density, needed as an input parameter to model the CC2F2
dissociation, is measured by a microwave cavity method. The densities of stable molecules, lik
CClF3 , CF4 , 1,2-C2Cl2F4 and the etch product SiF4 , are measured by Fourier transform absorption
spectroscopy. The density of the CF2 radical is measured by means of absorption spectroscopy with
a tunable diode laser. Its density is in the order of 1019m23. All density measurements are presented
as a function of various plasma parameters. Moreover, optical emission intensities of Cl and F ha
been recorded as a function of plasma parameters. It appears that the feed gas~CCl2F2) is
substantially dissociated~about 70%–90%! in the discharge. Based on the obtained data the
dissociation rates of several molecules have been estimated. The measured total dissociation rat
CCl2F2 is 8310215 m3 s21. For this molecule the dissociation rate is substantially higher than the
dissociative attachment rate~10215 m3 s21). The dissociation rate for CClF3 is 2310215 m3 s21

and for CF4 about 3310216 m3 s21. The total dissociation rate of C2Cl2F4 is higher than 5
3 10215m3 s21, of which 2.560.53 10215m3 s21 is due to dissociative attachment. Furthermore
it has been found that the presence of a silicon wafer strongly affects the plasma chemistry. Optic
emission measurements show that the densities of halogen radicals are significantly depleted
presence of Si. Moreover, the densities of several halocarbon molecules display a negati
correlation with the density of the etch product SiF4 . © 1995 American Vacuum Society.
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I. INTRODUCTION

The widespread use of radio frequency~rf! plasmas for
industrial surface modification requires a detailed study
the chemical nature of the active process gases under
charge conditions. The large variety of chemical reactions
the gas phase and at the surface together with uncertaintie
the cross sections for these processes make it necessa
verify all modeling approaches experimentally. The obtain
experimental data on the particle densities and reaction r
can remove some of those ambiguous points if used to
the numerical models. In this article the chemistry of CC2

F2 , including stable molecules, radicals, and their behav
under various plasma conditions, is treate
CCl2F2 is extremely efficient as an etchant and it is com
monly used for the reactive ion etching of silicon, germ
nium and silicon oxide.1 The mixtures of CCl2F2 with argon
are especially useful, as they combine the chemical reacti
of a molecular gas with the physical sputtering efficiency
argon. These mixtures also attract much attention due to
formation of macroscopic clusters during the etchin
process.2,3 Elimination of the unwanted dust contaminatio
can be realized only by a good understanding of the d
charge chemistry.

A typical feature of a low pressure~5–500 mTorr! rf dis-
charge is that its electron temperature~2–3 eV!4 is much
higher than the heavy particle temperature, which does
differ much from room temperature.5 The electron density is
typically 1015 m23. In this work we show that even in this
low pressure weakly ionized plasma efficient dissociati
and conversion of the feed gas take place. The rate const
for these processes are essential in modeling discharge ch
2058 J. Vac. Sci. Technol. A 13(4), Jul/Aug 1995 0734-2101/95/
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istry. However, there is no literature data on the total elect
induced dissociation rate of CCl2F2 and related halocarbon
molecules. Therefore we have developed a simple mo
allowing the determination of these magnitudes by fitting t
measured molecule densities and their dependencies u
plasma parameters. The electron density, needed as an
parameter for this model, is measured for all plasma con
tions of interest. The details of this procedure together w
possible mechanisms for CCl2F2 dissociation are discusse
in Sec. II. Furthermore, a comparison is made between e
ing conditions~in presence of a silicon wafer on the ele
trode! and a ‘‘pure’’ CCl2F2 plasma, without the Si substrate
The presence of a wafer appears to have a large influenc
the plasma composition. Surface or plasma reactions of h
gen radicals with silicon result in a drastic reduction of the
densities; at the same time, etch products appear in
plasma.

II. REACTIONS

Even though CCl2F2 is relatively inert in the gas phase,
breaks up readily in the plasma to form a wide variety of ne
species. As the C–F bond is stronger than the C–Cl bo
~4.8 eV and 3.3 eV, respectively!, the dominant radicals and
positive ions formed from CCl2F2 are relatively fluorine rich.
The most abundant halocarbon radicals are expected to
CClF2 and CF2. As the former has an unpaired electron, it
expected to be reactive in the gas phase as well as at
surface. The latter one~CF2) is relatively stable. Eventually,
stable molecules like C2Cl2F4 , CClF3 and CF4 are formed as
a result of radical recombination. The densities of chlori
rich species~CCl4 , CCl3F! are expected to be relatively low
205813(4)/2058/9/$6.00 ©1995 American Vacuum Society
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2059 Stoffels et al. : Chemistry of a CCl 2F2 rf discharge 2059
as their production from CCl2F2 requires replacing of a
strong C–F bond by a weaker one. Moreover, once form
these molecules are very quickly destroyed by dissocia
electron attachment. The absence of highly chlorinated
cies in the plasma has been experimentally verified
O’Neill et al.6 Chlorine stripped from the halocarbon mo
ecules is expected to form large amounts of Cl2 . In the pres-
ence of a silicon wafer various etch products are prese
the plasma. In analogy to halocarbons, the fluorine rich
con halides are expected to be most abundant.

The total dissociation rate of CCl2F2 by electrons is no
known. However, this magnitude (kdis) can be determine
from the measured dissociation degree of CCl2F2 in the
plasma if the electron density (ne) is known. Let us conside
the following production/destruction balance:

kdisnenCCl2F21nF nCCl2F25nF ntotal1nass~ntotal2nCCl2F2!,
~1!

wherenF is the reciprocal of the residence time of partic
in the plasma volume. For our plasma volume~0.6 dm3 for
the open configuration! nF 5213F /p, where the flow rate
F is given in sccm and the pressurep in mTorr. Herentotal
denotes the total gas density, obtained from pressure,
nassthe association frequency~the formation of CCl2F2 from
other molecules!. Equation~1! can be rewritten in the fol
lowing form:

nCCl2F2
ntotal

5
nF 1nass

kdisne1nF 1nass
. ~2!

Equation~2! has been used to fit the experimental data.
association frequencynass, which in this case is a mino
correction, is estimated by extrapolating the CCl2F2 fraction
to F 5 0.

It can be assumed that, in a low pressure discharge
cold heavy particles, the gas phase loss of stable molecu
due to electron induced reactions. Possible mechanism
breaking up a molecular bond by electrons are electron
pact dissociation and dissociative electron attachment. A
ionization of a molecule can be followed by breaking one
more bonds. This is particularly true for halocarbon m
ecules, as their parent ions are unstable and therefore a
dissociate. Cross sections for ionization and attachmen
given by Pejcevet al.7 Dissociative attachment can play
important role in a low temperature plasma, as it requ
less electron energy than the ‘‘normal’’ dissociation. The
act contribution of ionization is difficult to estimate, as th
process is strongly dependent on the electron temper
and energy distribution. However, it is typically slower th
electron impact dissociation.8 It is interesting to estimate t
what extent dissociative attachment contributes to the br
ing up of CCl2F2 . For highly chlorinated molecules lik
CCl4 and CCl3F or radicals like CClF2 , dissociative attach
ment can be dominant with respect to electron impact di
ciation, as these species attach electrons almost at Lan
rates~10213 m3 s21).9,10 It is therefore expected that the
molecules break up very efficiently under plasma conditio
For other electronegative molecules like CF4 or SiF4 , disso-
ciative attachment is much slower and requires a signifi
JVST A - Vacuum, Surfaces, and Films
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threshold energy.11 Therefore, these molecules are dissoci-
ated mainly by electron impact. As a result, the dissociation
degrees in such plasmas are very low~less than 1% in
CF4).

12 In contrast to CF4 , dissociative attachment to
CCl2F2 is an exothermic process with practically no energy
threshold, but it is much slower than attachment to highly
chlorinated molecules. Therefore, it is not clear which of the
mechanisms mentioned is important for dissociation of
CCl2F2 . Although no data are available on the electron im-
pact dissociation cross section, the total dissociation rate,
determined from the measurements, can be used to evaluat
this magnitude.

III. EXPERIMENT

A. Plasma reactor

Measurements have been carried out in a 13.56 MHz ca-
pacitively coupled plasma using two comparable geometries.
The infrared spectroscopy has been performed in a parallel
plate configuration with a 12.4 cm plate diameter and a vari-
able distance between the plates~typically 5 cm!. For the
electron and negative ion density measurements a plasma
box configuration has been used. The diameter of the pow-
ered electrode in this case is also 12.4 cm and the electrode
gap is 5 cm, but the diameter of the grounded box is 17.5 cm.
A scheme of the two configurations is shown in Fig. 1. In
both cases the electrodes are made of aluminum. A 10 cm
silicon wafer is placed on top of the lower, water cooled rf
electrode in order to study the etching process. The gases ar
fed through mass flow controllers and introduced homoge-
neously through a slit around the rf electrode. The pressure
in the vacuum chamber is measured using an MKS baratron.
The gas pressure and flow can be varied independently from
5 to 500 mTorr and from 0 to 100 sccm, respectively, using a
throttle valve in the pumping line of a turbomolecular pump.
The plasma is sustained by an ENI rf generator combined
with an automatic matching network to optimize the power
dissipation in the discharge. The resulting input power can be
varied between 0 and 120 W. The values of the rf power
mentioned in Sec. IV are based on the power supplied by the

FIG. 1. A schematic view of the open and closed electrode configurations.
The open configuration is used for absorption measurements, whereas the
closed system is used for the electron density measurements.



l
t

h

o
5
I
n
n
fi
o
o
s

a

il

u

y

g
d
f
o
c
-
r
v
l-
.

s
l-

ir

r-

d

a-
-
as
d
y
s

-

d

is

a

a
r.

2060 Stoffels et al. : Chemistry of a CCl 2F2 rf discharge 2060
rf generator. It is estimated that only about 80% is coup
into the plasma; the rest is lost in the supply lines and in
matching network.

The densities of plasma species~electrons, molecules! re-
produce within 25%. This is mainly due to the history of t
reactor~e.g., the presence of a deposition layer! and the ir-
reproducibility of the matching conditions. The accuracy
the diagnostic methods described below is better than
The error in the measured rate constants, given in Table
caused by the nonreproducibility of the plasma conditio
the error in the estimated plasma volume and the differe
in the electron density between the open and closed con
ration ~see Fig. 1!. We estimate that the absolute values
the measured rates are accurate within a factor of 2. H
ever, the error in the relative values for the various rate
much less~about 10%!.

B. Microwave resonance

In order to measure the electron density a microwa
resonance method has been used in which the plasma
serves as a cavity. For this purpose a low power microw
signal of variable frequency is coupled to the plasma box
means of an antenna, thereby exciting the TM020 mode~fre-
quency; 3 GHz!. The transmission of the cavity is recorde
by another antenna and processed by a digitizing osc
scope. The resonance frequency of the cavity, which depe
on the number of free electrons inside, is determined by t
ing the microwave frequency to maximum transmissio
From the shift of the resonance frequency with respect to
value in vacuum the average electron density in the cavit
deduced. A detailed treatment of this technique is given
Refs. 18 and 19.

C. Infrared spectroscopy

Infrared absorption spectra have been collected usin
Bruker IFS-66 Fourier transform infrared spectrometer an
Laser Photonics tunable diode laser system. A scheme o
setup is shown in Fig. 2. The parallel beam exiting the F
rier transform spectrometer is directed through the rea
~single pass! on which BaF2 windows are mounted. After
wards the beam is focused onto a mercury cadmium tellu
~MCT! photo-conductive detector, which is sensitive to wa
numbers higher than 800 cm21. This means that some mu
tiply chlorinated species~CCl4 , SiCl4) cannot be detected

TABLE I. Total electron impact dissociation and dissociative attachment r
for various species in a CCl2F2 plasma.

Molecule

Total dissociation
rate constant

~m3 s21! Ref.

Dissociative attach.
rate constant

~m3 s21! Ref.

CCl2F2 8310215 measured 10215 7,13
CClF3 2310215 measured 43 10217 14
C2Cl2F4 .5310215 measured 2.560.5310215 15
CF4 '2310216 measured 43 10217 16

10216 17
CCl3F 10213 9
CCl4 10213 9
J. Vac. Sci. Technol. A, Vol. 13, No. 4, Jul/Aug 1995
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Typically the spectrum is averaged over a few hundred scan
to obtain a good signal to noise ratio. The spectra are co
lected with a wavelength resolution of 2 cm21. The densities
of infrared active species have been determined using the
known absorption coefficients.20

The CF2 radical density measurements have been pe
formed by measuring CF2 absorption in the P branch of the
n3 band at 1096–1096.7 cm21 with a Laser Photonics tun-
able diode laser. The infrared laser beam is first directe
through the plasma~double pass! and then led through a 1 m
monochromator, selecting the desired laser mode. The infr
red signal is detected using a MCT detector. In order to in
crease the signal to noise ratio a first derivative technique h
been applied, in which the laser wavelength is modulate
while scanning the absorption lines. This is achieved b
modulating the laser current. The signal from the detector i
processed using a lock-in amplifier. Absolute CF2 densities
can be determined if the absorption coefficient and the den
sity distribution over the rotational levels are known. Details
concerning the experimental technique as well as the metho
for the density calculation are given by Haverlaget al.12 The
plasma reactor is translated vertically and a 1 mmslit is
placed in the laser beam in order to obtain axial CF2 density
profiles. In this case the distance between the electrodes
reduced to 3 cm.

tes

FIG. 2. Experimental setup for the infrared absorption spectroscopy with
Fourier transform infrared spectrometer and with a tunable diode lase
These systems cannot be operated simultaneously~either mirror M1 or M2 is
installed!.

FIG. 3. Electron density as a function of rf input power in a 200 mTorr
CCl2F2 plasma. The gas flow is 30 sccm.~d! Density with and~m! without
a silicon wafer on the rf electrode.
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IV. RESULTS AND DISCUSSION

A. Electron density

Since in a low pressure discharge chemically active s
cies are formed mainly in electron induced reactions, kno
edge of the electron density is essential to model the d
charge chemistry. The data, obtained from microwa
resonance measurements, are used to explain the depen
cies of the CCl2F2 dissociation degree on various plasm
parameters. Below we present the electron density and
dependence on rf power input, pressure, gas flow and ar
admixture.

The electron density increases almost linearly with the
power ~Fig. 3!. This feature has been observed for ma
other gases in low pressure rf discharges.18 As a function of
pressurene reaches a maximum at about 200 mTorr~Fig. 4!.
Furthermore, the electron density does not vary significan
with the gas flow. Only a small increase ofne is observed for
extremely low flows (, 2 sccm!.

Finally the dependence of the electron density
CCl2F2 admixture in an argon plasma is shown in Fig. 5.
drastic decrease in electron density is observed when ev
small amount of CCl2F2 is added to an argon plasma. This
due to a fast loss of electrons by dissociative attachmen
CCl2F2 . A more detailed explanation of this transition be

FIG. 4. Electron density as a function of pressure in a CCl2F2 discharge. The
rf input power is 100 W and the gas flow is 30 sccm.~d! Density with and
~m! without a silicon wafer on the rf electrode.

FIG. 5. Electron density in Ar/CCl2F2 mixtures as a function of the
CCl2F2 admixture. The rf power is 50 W, the total gas flow is kept consta
at 30 sccm and the pressure is 200 mTorr. The electron density does
change significantly between 20% and 100% CCl2F2 . ~d! Density with and
~m! without a silicon wafer on the rf electrode.
JVST A - Vacuum, Surfaces, and Films
e-
l-
is-
e
den-
a
its
on

rf
y

tly

n

n a

to
-

tween an electropositive and an electronegative discharge
given elsewhere.19,21 It should be noted that the presence of
the Si wafer has only a very little influence on the electron
density. A slightly lower density with Si can be attributed to
poorer power coupling into the plasma due to the presence
a dielectric layer on the electrode.

B. Dissociation of CCl 2F2

The dissociation of CCl2F2 and subsequent formation of
other molecules have been studied by means of Fouri
transform infrared spectrometry. Typical absorption spectr
are given in Fig. 6. It can be seen that the fraction o
CCl2F2 remaining in the plasma is low. As expected, fluorine
rich molecules like CClF3 , C2Cl2F4 and CF4 appear in sig-
nificant amounts. Furthermore, in the presence of a Si wafe
on the rf electrode SiF4 absorption is detected.

Figure 7 shows the fraction of CCl2F2 in the plasma as a
function of the gas flow at 200 mTorr and 100 W input
power. Extrapolation of the flow dependence to zero flow
yields a relation between dissociation and association fre
quencies:nass'0.053kdisne . Substituting this relation into

t
not

FIG. 6. Typical absorption spectra obtained with the Fourier transform in
frared spectrometer. Transmittance is defined as2 ln(I/I0), where (I /I 0) is
the transmission. The CCl2F2 gas spectrum at 200 mTorr~solid curve! is
compared with the plasma spectrum at 200 mTorr and 100 W power input~5
times enlarged, dashed curve!. In the plasma the CCl2F2 absorption is re-
duced, from which the dissociation degree can be determined. Note th
presence of absorption bands of CF4 at 1280 cm

21, CClF3 at 1110 and 1215
cm21 and SiF4 at 1030 cm21.

FIG. 7. Fraction of CCl2F2 in the plasma~ratio of partial to total pressure! as
a function of CCl2F2 gas flow rate. The pressure is 200 mTorr and the input
power is 100 W.~d! Density with and~m! without a silicon wafer on the rf
electrode. The solid curve denotes the fit to the data points obtained usin
Eq. ~2!.
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2062 Stoffels et al. : Chemistry of a CCl 2F2 rf discharge 2062
Eq. ~2! and assuming thatnassis flow independent, we obtain
kdisne 5 12 Hz, which, in combination with the experiment
electron density in these conditionsne 5 1.531015 m23,
gives kdis 5 8310215 m3 s21. As the dissociative attach
ment and ionization rates are only about 10215 m3 s21, this
result suggests that electron impact dissociation is the m
dissociation process for CCl2F2 in an rf discharge.

In Fig. 8 the fraction of CCl2F2 left in the plasma as a
function of power is shown. It can be seen that this fract
decays with increasing rf power input. This can be expec
as the electron density increases linearly with power, res
ing in an increasing dissociation frequency. Introducing
experimental dependence ofne on power together with the
previously determinedkdis andnassinto Eq. ~2!, a good fit to
the data points from Fig. 8 is obtained. This indicates that
dissociation process can be described well by the propo
simple model. Furthermore, as the power dependence o
dissociation degree has been fitted using a constant~power
independent! dissociation rate, we conclude that there is
significant change of electron temperature with rf power.

The same procedure can be applied to the pressure de
dence of the dissociation degree~see Fig. 9! using the ex-
perimental pressure dependence of the electron density
Fig. 4. However, in this case one has to account for
pressure dependent electron temperature. The latter ca

FIG. 8. Fraction of CCl2F2 in the plasma as a function of rf input power. Th
pressure is 200 mTorr and the CCl2F2 flow rate is 30 sccm.~d! Density with
and~m! without a silicon wafer on the rf electrode. The solid curve deno
the fit to the data points obtained using Eq.~2!.

FIG. 9. Fraction of CCl2F2 in the plasma as a function of pressure in pre
ence of a silicon wafer. The CCl2F2 flow rate is 30 sccm and the power inpu
is 100 W. The solid curve denotes the fit to the data points obtained u
Eq. ~2!.
J. Vac. Sci. Technol. A, Vol. 13, No. 4, Jul/Aug 1995
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higher at low pressures, which results in an increased dis
ciation of CCl2F2 under these conditions. Therefore, th
amount of CCl2F2 left in the plasma at low pressures can b
lower than that predicted by the model, which neglects t
temperature variations. This effect can be seen in Fig. 9.

C. Formation of stable molecules in a CCl 2F2
discharge

From both Figs. 7 and 8 it can be seen that the presenc
a Si wafer on the electrode has no significant influence on
dissociation degree of CCl2F2 . This conclusion, however, is
not valid for products of the CCl2F2 conversion. In Figs. 10
and 11 the densities of various molecules are plotted a
function of gas flow in the presence and absence of a silic
wafer. The densities of halocarbon species are a factor o
lower in the presence of a silicon wafer on the electrod
Also, the intensities of emission lines of Cl (l 5 725.7 nm!
and F (l 5 685.6 and 703.7 nm! in the presence of Si are
reduced by the same factor. This suggests that Si is a sink
halogen radicals.

In a pure CCl2F2 discharge, without Si, the density o
CF4 decreases with the flow rate approximately asF 21.
This molecule is formed by gas phase or surface radical

es

-

ing

FIG. 10. Densities of reaction products in the plasma as a function
CCl2F2 flow rate. The pressure is 200 mTorr and the input power
100 W; no silicon wafer is present. The CClF3 density is fitted
with 1231020/(0.11F 13); the CF4 density is fitted with 2.631020/
(0.11F 10.4). The constant term in the denominator equals the frequen
of the gas phase losses@Eq. ~4!#.

FIG. 11. Densities of reaction products in the discharge as a function
CCl2F2 flow rate. The pressure is 200 mTorr, input power is 100 W and
silicon wafer is placed on the rf electrode. The SiF4 density is fitted with
F 22.
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stronger in CCl2F2 mixtures with Ar. In Fig. 14 the power
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sociation ~e.g., CF3 1 F! and lost by flow and gas phas
dissociation. Its density can therefore be described by

n5
P

nF 1kdisne
. ~3!

As the radical densities are fairly flow independent~see Sec.
IV D, Figs. 19 and 20!, the CF4 productionP is expected to
be constant with flow, at least for higher flows. Therefor
the observed flow dependence of CF4 can be explained only
if this species is flushed out of the discharge volume by
gas flow. This implies that the gas phase loss processes
CF4 (kdisne) are slower than the flow losses. The best fit
the data points shown in Fig. 10 is found for P5 2.6
31020 m23 s21 and a dissociation frequency of 0.4 Hz. Su
stituting our electron density gives a dissociation rate co
stant for CF4 of about 2310216 m3 s21, which agrees,
within the experimental error, with the literature data.17

The CClF3 density also decreases with increasing flow. A
its flow dependence is much weaker than this of CF4 , a more
accurate estimate can be made for the dissociation rate of
molecule. The best fit, based on Eq.~3!, is obtained for a
production frequencyP of 1.231021 m23 s21 and a disso-
ciation ratekdis of 2310215 m3 s21. Finally, the density of
the dimer ~1,2-C2Cl2F4) does not depend on flow, which
suggests that its gas phase loss frequency is higher than
Hz (kdis.5310215 m3 s21). In analogy to CCl2F2 , the loss
rates evaluated this way can be compared with the co
sponding attachment rates~see Table I!. For instance, it can
be seen that for CClF3 attachment comprises only a sma
contribution to the total dissociation rate.

The presence of a silicon wafer not only affects the ab
lute molecular densities but also their dependencies on
flow ~Figs. 10 and 11!. At low flow rates even the densitie
of stable halocarbons~CF4) are depleted. The drastic reduc
tion of halocarbon species at low flow rates correlates w
the decrease of the halocarbon radical densities observed
der these conditions~see Sec. IV D!. The density of SiF4
increases quadratically with decreasing flow. We will pr
pose an explanation for this interesting feature, based on
production/destruction balance. As SiF4 is a stable molecule,
it is lost mainly by flow in analogy to CF4 . It has been
shown that, apart from positive ions, small halogen radic
are responsible for the etching of Si.1,22 As the positive ion
flux as well as the densities of halogen radicals are fai
constant with flow~except for extremely low flows!, the etch
rate is also expected to be flow independent. Therefore
SiF4 were formed directly at the Si surface, its productio
rate would be flow independent. In this case we could exp
a F 21 dependence of the SiF4 density, similar to that of
CF4 . As the observed dependence is much stronger t
F 21, we have to conclude that SiF4 is not the first stable
product of the etching process. This first etch product,
precursor of SiF4 , can be either a stable Si containing rad
cal, like SiF2 , or a partially chlorinated molecule. The latte
is more likely, considering the composition of the reactio
layer at the Si surface, which contains 15 times more Cl th
F.1 If this primary species is produced in a flow independe
etching process and flushed out of the discharge volume
density will be inversely proportional to the flow rate~like in
JVST A - Vacuum, Surfaces, and Films
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the case of CF4). Still, a small fraction of these molecules
can react to form SiF4 . In this case the SiF4 production rate
is inversely proportional toF , while its destruction rate is
proportional to the flow. This yields the observedF 22 de-
pendence of the SiF4 density. Estimating the etch rates pro-
vides the additional argument that SiF4 is not the main stable
etching product. The measured SiF4 density together with the
residence time in the plasma allows one to evaluate a hypo-
thetical etch rate. The value obtained assuming that SiF4 is
the main Si containing species in the plasma does not exceed
1 Å/s. However, the etch rates determined from the heights
of etch residues on the wafer surface are at least ten times
higher.3 Therefore it can be concluded that SiF4 is only a
secondary etch product and, consequently, its flow depen-
dence can be understood.

Figure 12 shows that the molecule densities increase with
the rf power following the increase of the electron density
~see Fig. 3!. In contrast to chlorine containing molecules, the
dependence of CF4 density on power does not show satura-
tion at high power levels. The previously analyzed flow de-
pendence has shown that CF4 is a stable product that is de-
stroyed mainly by the gas flow. Its effective production rate
from CCl2F2 must increase with increasing electron density,
even though its formation involves more than one reaction
step. Eventually the CF4 density will also saturate with
power if the electron density becomes high enough to induce
significant gas phase losses of this molecule. The chlorinated
molecules are produced in a way similar to CF4 and there-
fore their production rates should also increase with increas-
ing power input. However, these molecules are less stable in
the gas phase than CF4 and therefore they are at least partly
destroyed by electron induced dissociation. The frequency of
the latter process is also proportional to the electron density.
This explains the saturation of the chlorinated species densi-
ties at high power levels. Note that, if a given molecule is
destroyed mainly by electron impact~C2Cl2F4), its density is
fairly independent of the power input.

The power dependence of the molecule densities in pres-
ence of a Si wafer, shown in Fig. 13, resembles the one
shown in Fig. 12. Only at higher input powers halocarbon
densities tend to decrease as SiF4 emerges. This effect is

FIG. 12. Densities of reaction products in a CCl2F2 discharge as a function
of rf input power. The pressure is 200 mTorr and the gas flow rate is 30
sccm. No silicon wafer is present.
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dependencies of molecule densities are shown in an etc
mixture containing 10% CCl2F2 in Ar. The density of SiF4
increases linearly with power input.

The behavior of various molecular densities in A
CCl2F2 etching mixtures is shown in Fig. 15. The fraction
CCl2F2 remaining in the plasma decreases significantly
large argon admixtures. This can be expected, as the ele
density is higher under these conditions~see Fig. 5!. The
peak of the SiF4 density at low partial pressures of CCl2F2
reflects an increased etch rate in Ar/CCl2F2 mixtures. These
are also the conditions under which cluster formation fr
the etch products occurs.2,3 It is known that positive ion flux
to the substrate increases with a decreasing partial pres
of halocarbon.19,21 If we assume that, in the etching proce
both radicals and positive ions are involved, the maximum
the etch rate at low CCl2F2 fractions can be understood as
compromise between the increasing ion flux and the decr
ing halogen radical densities. The increased etch rate
consequently, the increased density of Si containing spe
correlate with a depletion of the halogen radicals, which
turn lowers the density of halocarbon molecules. This eff
can be seen for the CClF3 density in Fig. 15.

D. CF2 densities

CF2 is relatively stable and therefore it is expected to
one of the most abundant halocarbon radicals in our

FIG. 13. Densities of reaction products in a CCl2F2 discharge as a function
of rf input power. The pressure is 200 mTorr, the gas flow rate is 30 s
and a silicon wafer is placed on the rf electrode.

FIG. 14. Densities of CF4 , CClF3 and SiF4 as a function of the rf power
input in a discharge containing 10% CCl2F2 in argon. The pressure is 20
mTorr and the total gas flow rate is 30 sccm.
J. Vac. Sci. Technol. A, Vol. 13, No. 4, Jul/Aug 1995
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charge. Its density has been measured for various discha
conditions by absorption spectroscopy using a tunable dio
laser. The axial profiles of the CF2 density are shown in Fig.
16. The peculiar increase of this density towards the wa
indicates that CF2 is formed mainly at the electrodes. This
occurs when the less stable radicals, like, CClF2 , convert at
the wall to a more stable CF2 , which then diffuses into the
discharge. A more detailed treatment of this effect, which h
been observed in many halocarbon discharges, is given
Haverlaget al.12 An interesting conclusion following from
the density profile in Fig. 16 is that CF2 is actuallydestroyed
in the plasma. Destruction by electron impact dissociation
attachment is unlikely due to a high dissociation energy for
C–F bond and an inert electronic configuration of this rad
cal. A possible destruction mechanism for CF2 is recombina-
tion with other radicals, e.g., Cl and F. Even though thes
reactions are three body processes, they are fast eno
~10239m6 s21 for CF3 1 F and 10241m6 s21 for CF2 1 F!23

to contribute significantly to the destruction of halocarbo
radicals. Figure 17 shows that the CF2 density is practically
independent of the applied rf power, except for the low
power regime. Similar dependencies have also been o
served for some chlorinated stable molecules lik

cm
FIG. 15. Fraction of CCl2F2 remaining in the plasma and densities of reac
tion products in an Ar/CCl2F2 discharge as a function of CCl2F2 partial
pressure. The total pressure is 200 mTorr, the rf input power is 100 W a
the total~Ar 1 CCl2F2) gas flow rate is 30 sccm. A silicon wafer is placed
on the rf electrode.

FIG. 16. Axial profile of the CF2 radical density in a CCl2F2 discharge. The
pressure is 200 mTorr, the rf input power is 100 W and the gas flow rate
30 sccm. The rf electrode is at 0 mm and the grounded electrode is at
mm. ~d! Density with and~m! without a silicon wafer on the rf electrode. In
both cases the densities increase towards the electrodes.
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C2Cl2F4 ~see Fig. 12!. This kind of behavior is expected fo
molecules and radicals, which are produced and destroye
similar processes. CF2 is clearly an intermediate product o
radical reactions. It is produced from other radicals at
wall and possibly also in the discharge, and destroyed a
by radical recombination. Consequently, the CF2 density is
expected to be only weakly dependent on plasma parame
Indeed, from Figs. 18 and 19 it follows that the CF2 density
does not change much with pressure and flow rate. Howe
it is interesting to study the difference in the behavior of t
CF2 density as a function of flow with and without a silico
wafer on the rf electrode. In the presence of a silicon wa
the CF2 density at high flow rates is higher than in a pu
plasma without a wafer. This implies that, at higher flow
either the CF2 production is increased due to a more efficie
conversion at the silicon surface~e.g., CF2Cl 1 Si → CF2
1SiCl! or the destruction is reduced, which can be due t
lower density of halogen radicals in the presence of Si. T
latter seems very likely, as the emission intensities of Cl a
F are a factor of 2 lower in the presence of Si~see Fig. 20!.
This is due to an enhanced loss of halogen radicals at th
surface. At low flow rates a significant depletion of the C2
and halogen density is observed~Figs. 19 and 20!. Under
these conditions the source gas and the halocarbon mole

FIG. 17. CF2 radical density in a CCl2F2 discharge as a function of rf powe
~no Si wafer!. The measurements have been performed 2 cm above th
electrode, with an electrode distance of 5 cm. The pressure is 65 mTor
the gas flow rate is 30 sccm.

FIG. 18. CF2 radical density in a CCl2F2 discharge as a function of pressu
~no Si wafer!. The measurements have been performed 2 cm above th
electrode, with an electrode distance of 5 cm. The rf input power is 10
and the gas flow rate is 30 sccm.
JVST A - Vacuum, Surfaces, and Films
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densities are also depleted~see Figs. 7 and 11! and converted
into halosilicides~see Fig. 11!. As the loss rate of the radicals
at the surface is not expected to be strongly flow depende
the negative correlation between the radical densities and t
SiF4 density as a function of flow suggests a gas phase lo
process of both halocarbon and halogen radicals with Si.

A similar effect can be seen in Fig. 21, where the CF2

density as a function of CCl2F2 admixture in argon is shown
with and without a silicon wafer. Without a wafer the density
is fairly constant except for very small admixtures. In the
presence of a wafer the density is higher for large admixture
but decreases much faster with increasing argon density. T
is consistent with the previously discussed flow dependen
~Fig. 19!, since the SiF4 density increases with decreasing
CCl2F2 partial pressure~until it reaches a maximum at 10%
CCl2F2). Consequently, the radical and halocarbon molecu
densities are strongly depleted at low CCl2F2 partial pres-
sures in the presence of a Si wafer~Figs. 15 and 21!.

V. CONCLUSIONS

The plasma chemistry of CCl2F2 has been studied in a
pure CCl2F2 discharge and in CCl2F2 mixtures with argon.
These mixtures attract special attention due to their enhanc
etching capacity. Electron impact dissociation, dissociativ
attachment and ionization reactions drive most of the chem

e rf
and

e
e rf
W

FIG. 19. CF2 radical density in a CCl2F2 discharge as a function of the gas
flow rate. The measurements have been performed 1.5 cm above the
electrode, with an electrode distance of 3 cm. The rf input power is 100 W
and the pressure is 200 mTorr.~d! Density with and~m! without a silicon
wafer on the rf electrode.

FIG. 20. Emission intensities of Cl (l5725.7 nm! and F (l5703.7 nm! as
a function of the gas flow. The intensities are denoted by~d! ~in presence of
Si! or ~m! ~without Si!.
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cal processes in these plasmas, which makes the elec
density a very essential plasma parameter. The electron d
sity is proportional to the input power; it does not vary wit
gas flow and it is weakly dependent on pressure. In mo
cases a large fraction of the source gas is dissociated an
wide variety of new species is formed. The fluorine ric
halocarbons, in particular, are readily formed due to the
thermodynamical stability. From the dependence of molec
lar densities on gas flow rates the total dissociation rate
several molecules can be deduced~Table I!. In the presence
of a silicon wafer the chemistry is strongly affected, as th
silicon consumes halogen radicals. This may enhance or
crease the densities of a particular species depending
whether this species is produced from or destroyed by
halogens. All measurements performed with a Si wafer sh
a negative correlation between the density of the etch pro
uct SiF4 and the halogen radical or halocarbon molecule de
sities, such as Cl, F and CClF3 . Moreover, at very low flow
rates and in the presence of Si even the CF2 density de-
creases. From the dependence of the SiF4 density on the flow

FIG. 21. CF2 radical density in an Ar/CCl2F2 discharge as a function of the
CCl2F2 admixture. The measurements have been performed 1.5 cm ab
the rf electrode, with an electrode distance of 3 cm. The rf input power
100 W, the pressure is 200 mTorr and the total gas flow rate is 30 sccm.~d!
Density with and~m! without a silicon wafer on the rf electrode.
J. Vac. Sci. Technol. A, Vol. 13, No. 4, Jul/Aug 1995
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rate it can be concluded that SiF4 is not the primary etch
product, but it is formed from other Si containing specie
that are released from the surface.
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