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Polymerization of fluorocarbons in reactive ion etching plasmas
W. W. Stoffels,a) E. Stoffels, and K. Tachibana
Department of Electronic Science and Engineering, Kyoto University, Yoshida-Honmachi, Sakyo-ku,
Kyoto 606-01, Japan

~Received 14 May 1997; accepted 3 October 1997!

Polymerization reactions in radio frequency fluorocarbon plasmas of CF4, C2F6, and C4F8 have been
studied by electron attachment mass spectrometry~EAMS!. In these plasmas polymerization occurs
readily and molecules containing up to ten carbon atoms~the mass limit of the mass spectrometer!
have been found. The densities of large polymers increase with increasing size of the parent gas. In
a fluorine-rich environment like a CF4 plasma the detected polymers are mainly fully saturated with
F ~CnF2n12). As the amount of fluorine in the parent gas decreases, also the degree of saturation of
the polymers decreases, which is clearly seen in C2F6 and C4F8 plasmas. The unsaturated polymers
are more reactive, so they can stick more easily to surfaces and possibly create thick polymer films,
which are often observed after discharge operation. The polymerization rate depends on the
chemical activity of the plasma, which can be easily enhanced by increasing the radio frequency
power. The positive ions, extracted from the plasma, are generally somewhat smaller than the
neutral polymers and their fluorine content is lower. This is probably due to dissociation of neutrals
during their ionization by plasma electrons and to ion collisions in the sheath region. Finally, we
have shown that EAMS has considerable advantages in the study of electronegative plasmas and
polymerization processes in comparison with traditional mass spectrometry. Unlike the traditional
mass spectrometry, employing ionization by high energy electrons, EAMS much better preserves
the structure of high polymers, allowing us to detect them as large negative ions. ©1998
American Vacuum Society.@S0734-2101~98!03601-X#
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I. INTRODUCTION

Reactive ion etching of semiconductor materials us
fluorocarbon gases is one of the most important surface
cessing methods in the semiconductor industry. In spite
the widespread usage of this technique and extensive
search effort invested in understanding plasma–surface in
actions, the exact etching mechanisms are still under dis
sion. In order to improve performance in technologica
important areas like selective etching of SiO2 over Si or
high-aspect ratio etching, one needs still more insight in
complex plasma chemistry and its impact on the surfa1

Numerous experimental studies of these chemical proce
have been performed, involvingin situ plasma diagnostics
such as infrared spectroscopy, mass spectrometry and
induced fluorescence, and surface diagnostics like ellips
etry, x-ray photoelectron spectroscopy, and attenuated
reflection Fourier transform infrared spectroscopy~see Refs.
2 and 3 and the references therein!. Moreover, elaborate
models for plasma chemistry and plasma surface interact
have been developed.4,5 Especially in reactive media like
fluorocarbon plasmas, the combined action of high ene
ions and active species is essential for a successful etc
process. Therefore most emphasis has been put on un
standing the ion and radical kinetics, while relatively litt
attention has been paid to plasma polymerization. Never
less it is clear that the latter process can drastically alter
plasma chemistry. The plasma-produced polymers hav

a!On leave from the Department of Physics, Eindhoven University of Te
nology, PO Box 513, 5600 MB Eindhoven, The Netherlands. Electro
mail: stoffels@discharge.phys.tue.nl
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lower ionization threshold and a higher electron attachm
cross section than the parent gas, so both positive and n
tive ion formation are enhanced in the presence of these
cies. Furthermore, polymerization reactions form a sink
radicals and can lead to formation of macroscopic structu
These dust grains have been found in many reactive etc
and deposition plasmas and they are responsible for sur
damage. Many studies have revealed that large grains ca
produced by gas-phase polymerization in low press
plasmas.6

Next to gas phase polymerization, formation of polym
films on the surface is an important issue in etching plasm
A clear example of this effect is side wall passivation in de
trench etching.7,8 Elaborate studies by Oehrleinet al.7 re-
vealed that the presence of such films has a major impac
the etching performance of the plasma. It influences the
sistivity of the coated surface, which will be reflected by
altered plasma impedance and consequently the effec
power input. Charging of a deposited layer influences
positive ion flux towards the surface.9 This leads to undes
ired effects in high aspect ratio etching, where charging
the layer deposited on a side wall of a trench reduces the
rate at the bottom and deteriorates the quality of the fa
cated structure. Moreover, large dust grains which can c
taminate the substrate surface, are often formed du
plasma processing by flaking or sputtering of the polym
layer.6 Finally, the presence of a polymer layer changes
surface conditions, which in many cases seriously affects
plasma chemistry by changing the sticking probabilities
plasma species and by introducing new surface reaction

The deposition mechanisms of these polymer films are

-
c

878/16 „1…/87/9/$10.00 ©1998 American Vacuum Society



a
en

te
a

at
ce
ne
re
th

th
c

tte
ve
o
ea

e
-

th
ux
tiv
th

th
ion
e

th
ic
-
ffi

th
on
th
tiv
o
h

as
le
re

on
-

ha

ri
ce

i
h

er

ti

em-
ov-
side
ng
the

of

are
lec-

n to
rgy
ns.
ol-
ages
rly

t
re-

ich
ent
the

tive
e-
e,

l as
has

an
r is

mp.

er-
the

BP
is a

88 Stoffels, Stoffels, and Tachibana: Polymerization of fluorocarbons 88
present poorly understood. Polymer layers on the surface
easily formed in fluorocarbon discharges with high conc
trations of radical species, like CF, CF2, and CF3.

10–12How-
ever, generally these radicals themselves do not contribu
the polymer film formation. Contrariwise, in many cases
net radical fluxfrom the surfaceinto the plasma glow has
been observed.10,11,13This together with the observation, th
small radicals stick poorly on a polymer-coated surfa
gives a strong indication that they are not the building sto
of the polyfluorocarbon films, the deposition mechanism
maining thus an open question. It has been established
small radicals are predominantly formed close to or at
surface and several production mechanisms have been
sidered: surface conversion of radicals, ion-induced spu
ing of the polymer layer, reactions with high energy positi
ions in the sheath, etc. Chemical conversion of radicals fr
the plasma has been excluded, as all these species app
be produced at the surface.10 Purely physical sputtering by
energetic ions has also been ruled out, based on the abs
of radical fluxes from a polymer film, exposed to ion bom
bardment in an argon plasma. However, the importance
positive ions in the radical production process is clear:
ouflux of radicals from the surface is correlated to the fl
and energy of the ions, reaching the electrode. A quantita
analysis reveals that the net outflux of radicals away from
surface exceeds the influx of positive ions.10 Therefore, a
single ion must create several~up to ten! radicals. It has been
suggested that a positive ion gains enough energy in
sheath region to produce many radical species by collis
with neutrals. Indeed, energy-resolved mass spectrom
shows that positive ions undergo many collisions in
sheath under the same conditions in which a high rad
outflux is observed.14 This mechanism certainly can contrib
ute to radical production, yet it requires a considerable e
ciency of the ion-induced process in order to explain
effect quantitatively. At present, knowledge of such collisi
processes and their cross sections is very limited. Ano
way to produce several small radicals from a single posi
ion involves fragmentation of ions containing several carb
atoms. Although mass spectrometric measurements s
that in most fluorocarbon plasmas CF3

1 is the dominant posi-
tive ion,14 also high polymeric ions are present in these pl
mas, as discussed further in this work. Finally, comp
chemical sputtering of the polymer film has been conside
in which both positive ions and radicals~e.g., fluorine! are
involved. In this kind of process the yield of radicals per i
can be much larger than unity.15 Thus, this scheme can pro
vide an explanation for ion-induced radical production.

The remaining problem is the actual deposition mec
nism of the polymer layer. Recently, Boothet al.16 have sug-
gested that this process is related to gas phase polyme
tion. The growth of a fluorocarbon film on the surfa
proceeds by sticking of large polyfluorocarbons, formed
the discharge and diffusing towards the surface. This mec
nism can be verified by checking the presence of polym
species in the discharge.

As discussed above, a study of gas phase polymeriza
J. Vac. Sci. Technol. A, Vol. 16, No. 1, Jan/Feb 1998
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processes can provide valuable insights in the plasma ch
istry. Many important aspects of etching plasmas are c
ered: understanding of deposition processes leading to
wall passivation and surface radical production; clarifyi
formation mechanisms of dust particles; and testing
plasma chemical models. In this work we present a study
polymer formation in CF4, C2F6, and C4F8 low-pressure ra-
dio frequency discharges. The polymeric neutral species
detected by means of a newly implemented technique: e
tron attachment mass spectrometry~EAMS!. While the tra-
ditional mass spectrometry uses electron impact ionizatio
transform neutrals to positive ions, EAMS uses low-ene
electrons, which attach to neutrals and yield negative io
The EAMS technique, when applied to electronegative m
ecules, has been recently proven to have many advant
over ionization mass spectrometry, one of them is its clea
less destructive character.17 The traditional electron impac
ionization mass spectrometry applied to heavy molecules
sults in a very complicated fragmentation pattern, in wh
heavy ions are rather scarce. In contrast, only a few differ
negative ions are produced from a given neutral parent,
fragmentation is limited and consequently heavy nega
ions are readily visualized in EAMS. This structur
preserving feature of EAMS facilitates detection of larg
fragile molecules, like polymers.

II. EXPERIMENTAL SETUP

A detailed description of the experimental setup as wel
of the electron attachment mass spectrometry technique
been published previously.17,18 In summary, a capacitively
coupled low-pressure 13.56 MHz plasma is generated in
open configuration, as shown in Fig. 1. The plasma reacto
evacuated by a roots blower and a turbo molecular pu
The powered electrode is a square (737 cm) aluminum
plate, separated from a grounded aluminum shield und
neath by 5 mm ceramic spacers in the upper part of

FIG. 1. Schematic view of the experimental setup; TMP, RP, and M
indicate turbo molecular, roots, and mechanical booster pumps, MFC
mass flow controller.
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89 Stoffels, Stoffels, and Tachibana: Polymerization of fluorocarbons 89
reactor, where the diagnostic system is mounted. The e
trode is connected to a vacuum manipulator, which allows
to adjust the position of the electrode. The plasma is ge
ated using a RF Power Products RF10S-type generator a
homebuilt p-type matching network. The power levels r
ported in this work are the nominal values, not corrected
the losses in the matching network and cables. The stain
steel walls of the reactor and the quadrupole mass spect
eter ~QMS! head act as the grounded electrode. Process
is supplied by a Tylan mass flow controller and a typic
flow rate is 2–4 sccm. In this open configuration the re
dence times can be relatively long~about 10 s at the lowes
applied flow rate!, which is optimal for plasma polymeriza
tion, as it allows the produced species to accumulate in
discharge. The gas pressure, measured by a Baratron
nometer, is typically 15–30 mTorr. The measurements
performed using a Hiden EQP500-type QMS with an i
energy selector. In our setup the grounded QMS orifice~150
mm diameter! is situated about 5 cm away from the power
electrode. The electron filament in the QMS, normally us
as an ionization source, is now operated at low electron
ergies to allow for electron attachment to sampled plas
species. The pressure in the attachment~or ionization! cham-
ber is kept below 1026 Torr. The design of the Hiden ion
ization cage allows for an electron energy resolution of ab
0.1 eV. Negative ions, formed from plasma species by
tachment of filament electrons, are detected by the QMS
case of F2 detection, a background signal must be subtrac
from the data. This signal, emerging at electron energ
higher than 8 eV, is ascribed to sputtered material of
heated electron filaments. For other ions no background
nal has been observed. The maximum mass, detectabl
the QMS is 510 amu and the sensitivity of the system
creases substantially with increasing ion mass. Mass de
dent transmission can be accounted for by calibration w
some known source gases and according to the Hiden s
fications it decreases approximately as 102M /100, whereM is
the mass in amu. This correction has not been incorpor
in the data presented below, which means that the rela
densities of large polymers are substantially higher than
dicated by their count rates. The differences in the atta
ment efficiencies of the various ions have not been taken
account, mainly due to the absence of quantitative cro
section data for the polymeric species. In this work we c
sider large polymers, typically attaching at low electron e
ergies~0–2 eV!. For these species it can be assumed that
absolute values of the attachment cross sections incr
slightly with increasing number of carbon atoms.19 The
EAMS data are collected by making an electron energy s
from 0 to 10 eV. When the resonances from different spec
are well pronounced, the count rates of ions produced fr
the corresponding molecules are separated. For exampl
case of a CF4 plasma, the contributions of CF4, C2F6, and
C3F8 can be distinguished in the electron energy depend
signals of F2 or CF3

2 ions. However, when no fine structur
JVST A - Vacuum, Surfaces, and Films
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is visible in the resonances, the count rates presented her
integrated over the electron energy. This is the case for m
heavy ions detected.

Alternatively, neutral polymeric species have been d
tected by the traditional mass spectrometry, using elec
impact ionization. The system is tuned for maximum det
tion and an electron energy of 50–70 eV is used. In t
range the corresponding ionization cross sections are h
On the other hand, the polymers are easily dissociate
these high energies and consequently only few heavy m
ecules can be detected. The detection of large polymer
ionization mass spectrometry cannot be improved by us
lower energy electrons, as in this case the ionization cr
sections are also low.

Finally, the study is completed with measurements
positive ion fluxes from the plasma. To determine the co
rate of positive ions, the Hiden QMS settings are optimiz
for each mass. The ions are collected at an energy of 20
which is close to the plasma potential under the conside
conditions.

III. RESULTS AND DISCUSSION

A. Dissociative attachment processes

Before discussing polymerization processes, we s
show some features of electron attachment mass spect
etry. The method is based on electron attachment to e
tronegative species. In contrast to electron impact ionizat
attachment is a resonant process, which requires a w
defined electron energy. The negative parent ion, formed
this process often carries a substantial internal energy. In
absence of collisions with a third particle, small negati
ions can stabilize by dissociation, yielding a lighter ion an
neutral. The fragments carry away the excess kinetic ene
which is the sum of the kinetic energies of the neutral a
electron before attachment and the electron affinity of
neutral minus the dissociation energy. For example, atta
ment to CF4 with maximum cross sections at electron en
gies between 6–8 eV, results in the formation of F21CF3,
F21CF21F, or F1CF3

2. In the first case (F21CF3) the F2

ion has a significant kinetic energy~1–2 eV!, which influ-
ences its detection.17 For larger molecules, attaching onl
low-energy electrons such energy effects are not pres
Moreover, large molecules have many internal degrees
freedom, into which the excess energy can be distributed
the parent ion may stabilize without dissociation. In su
cases the parent neutral can be also observed as a neg
ion, like, e.g., SF6

2, resulting from nondissociative attach
ment to SF6. For fluorocarbon polymers, however, we ha
no evidence of nondissociative attachment. At least, pa
negative ions of fully saturated fluorocarbons (CnF2n12

2 )
have not been observed, most likely due to their unfavora
electronic configuration.

The resonant character of the attachment process
great advantage of EAMS. Even if several species in a m
ture produce the same negative ion, their contributions
often be separated, as each component yields a ra
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90 Stoffels, Stoffels, and Tachibana: Polymerization of fluorocarbons 90
peaked, distinct resonance at his own electron energy. S
separation is much more troublesome in ionization m
spectrometry, where the cross sections are broad and o
lapping is inevitable. In Fig. 2, the EAMS count rate of F2 in
a CF4 plasma is shown. The resonance at 8 eV is due
dissociative electron attachment to CF4. The signal at lower
energies is observed only in the presence of the plasma,
based on the electron energy it is attributed to dissocia
attachment to C2F6 at 4 eV and to C3F8 at 3 eV.19 A similar
resonance due to plasma-produced C2F6 is identified in the
CF3

2 signal, but the C3F8 contribution is absent. Separatio
and detection of species present in a plasma is only
example, demonstrating the advantage of EAMS. Anot
important application is the study of the negative ion che
istry in a plasma. The same negative ions, detected du
the EAMS measurements are also abundantly present in
plasma. In the considered CF4 discharge F2 and CF3

2 are
formed by dissociative attachment from the same neutrals
in the QMS system; F2 is the dominant plasma anion. Neg
tive ions are the major negative charge carriers in low pr
sure fluorocarbon plasmas, with densities exceeding the e
tron density by more than an order of magnitude20

Naturally, such high negative ion densities influence ma
plasma properties and clarifying the ion formation mec
nisms is essential for a good understanding of the discha
The negative ion signal, shown in Fig. 2 represents the
fective cross section for F2 formation by dissociative attach
ment in a discharge. In combination with the electron ene
distribution function in the plasma, this allows us to det
mine the negative ion formation rate, without knowing t
density of the various contributing species and/or their
tachment cross sections. It can be easily seen in Fig. 2 th
this CF4 plasma, with a typical electron temperature of abo
3 eV, dissociative attachment to the parent gas is not
dominant process for negative ion formation. Instead,
conversion products C2F6 and C3F8, with their higher cross
sections for dissociative attachment and lower electron
ergy thresholds provide the bulk of the negative ions, e
though the C2F6 and C3F8 densities are at most a few perce
of the CF4 density.17 This directly confirms previous indirec
measurements, relating infrared absorption data of C2F6 with

FIG. 2. EAMS of F2 observed in a 20 W CF4 plasma at 15 mTorr pressur
and 2 sccm flow rate. The peak at 8 eV is due to dissociative attachme
CF4, while the peaks at 3 and 4 eV result from dissociative attachmen
C3F8 and C2F6 formed in the plasma.
J. Vac. Sci. Technol. A, Vol. 16, No. 1, Jan/Feb 1998
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negative ion densities and their formation rates, determi
by laser-induced photodetachment.20 In future studies the
EAMS data will be compared with mass spectrometric m
surements of negative ion fluxes from the plasma. Genera
extraction of negative ions from a discharge is difficult,
these species cannot pass the potential barrier, created b
plasma. Many successful attempts have been made to co
the negative ions in the afterglow.21 However, the major
drawback is that this is not anin situ method and the ac
quired data may be influenced by some afterglow effects

After this introduction to the EAMS technique we pro
ceed with the discussion on neutral and ionic polym
formed in CF4 discharge, followed by a comparison wit
C2F6 and C4F8 plasmas.

B. The CF4 plasma

Figure 3 shows the polymers, extracted from a C4

plasma at 30 mTorr, 4 sccm, and 9 W, and detected using
EAMS technique. The counts of CnF2n2k are integrated over
an electron energy scan of the QMS and the results are
sented as a function ofn andk. Thusn denotes the numbe
C atoms and a higherk corresponds to species with les
fluorine than the fully saturated fluorocarbon~CnF2n12 , k
522!. In our case CnF2n11 (k521) is the largest detecte
anion for a givenn; parent ions of fluoroalkanes have n
been observed. Figure 3 shows clearly that polymer form
tion readily occurs, as molecules with up to nine carbon
oms are observed. Nevertheless, the dominant fluoroca
anion is CF3

2, which has more than an order of magnitu
more counts than C3F7

2, the next most abundant anion. No
that mainly anions with an odd number of fluorine atom
have been detected. Species like CnF2m11

2 have no unpaired
electrons, so their formation is energetically preferred.
can be seen, saturated anions (k521) are relatively abun-
dant in a CF4 plasma. The resonances of CnF2n11

2 for n.2
appear at low electron energies~0–2 eV!. The fact that little
energy is needed to form a heavy polymeric ion suggests
no extensive fragmentation of the parent molecule occ

to
to

FIG. 3. EAMS count rates of polymers, formed in a 9 W, 30mTorr, 4 sccm
CF4 plasma. The data are arranged in series CnF2n2k . Thus a largen im-
plies a larger polymer, while a largek denotes relatively little fluorine. The
EAMS counts for each species are integrated over an energy scan o
attaching electrons.
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91 Stoffels, Stoffels, and Tachibana: Polymerization of fluorocarbons 91
during dissociative attachment. This gives some clues in
identification of the parent neutral species in the complica
mixture, which is formed in the plasma. Thus, it is likely th
the observed ions originate from fluoroalkanes (CnF2n12).
The ions with k50, although energetically less favorab
than series with an oddk, are still visible, especially for
lower n values. At highern values also some fluorine
stripped negative ions emerge (k51,3), although their coun
rates are considerably lower. In contrast to the CnF2n11

2 ions,
more electron energy is needed to form the unsaturated i
This indicates that these unsaturated anions are ma
formed from saturated parent molecules in an attachm
process, followed by multiple bond breaking, e.g.,

CnF2n121e→CxFy
21Cn2xFz1~2n122y2z!F.

Of course, some unsaturated ions may also be formed f
unsaturated parent neutrals. However, in a fluorine-rich
vironment like a CF4 plasma unsaturated species, contain
relatively little F, are not expected to be abundant. For
same reason polymerization is not very efficient, as all d
gling bonds are readily saturated by the excessively pre
fluorine and consequently the growth of the carbon chai
terminated. Thus, in comparison with less fluorine-rich C2F6

and C4F8 chemistries, discussed below, the count rates
large polymers and especially unsaturated species in a4
plasma are relatively low. In a CF4 chemistry only limited
deposition of polymer layers has been observed. Theref
the above measurements support the idea of film depos
by sticking of polymers to the surface.

It is remarkable that C2F5
2 has a significantly lower coun

rate than the next higher anion C3F7
2. This feature, which is

observed also in C2F6 and C4F8 discharges, must be relate
to the specific formation process of C2F5

2. Its major produc-
tion channel is dissociative attachment to C2F6. This reaction
has indeed a low cross section and the preferred dissoci
attachment channels of C2F6 yield F2 ~see Fig. 2! and CF3

2

with cross sections about 1000 and 300 times high
respectively.19 Of course, most fluorocarbon species, inclu
ing large polymers, can form F2 by dissociative attachmen
and consequently many resonances contribute to the EA
signal of F2. These numerous resonances overlap, wh
makes the analysis of the F2 signal less convenient for th
study of polymer formation in plasmas. On the other ha
the F2 signal is the most interesting one in the study
negative ion formation in the discharge, where F2 is the
dominant negative ion.

Figure 4 shows the radio frequency power dependenc
the count rates of saturated polymeric anions (CnF2n11

2 ) in a
CF4 plasma. The electron density increases with increas
power level,22 resulting in an increased chemical activity
the plasma. This leads to enhanced dissociation and poly
ization, which is reflected by an increase of polymeric an
signals with power. In Fig. 4~a! the total electron energy
integrated count rates are displayed, so count rates of h
ions increase faster with power than the CF3

2 and F2 signals.
The increase of the latter signals is due to resonances, em
ing at low electron energies. The signals resulting from d
JVST A - Vacuum, Surfaces, and Films
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sociative attachment to CF4 stay roughly constant, as there
no significant depletion of the parent gas under these co
tions. This can be seen in Fig. 4~b!, where the major low-
energy resonances in the CF3

2 and F2 signals, attributed to
C2F6, and the CF4 resonance are shown separately. Anoth
contribution to the F2 count rate is dissociative attachment
F2 at 0–1 eV. The latter is readily formed in the fluorine-ric
CF4 discharge and can be easily monitored by EAMS.

The polymerization reactions in low pressure plasmas
relatively slow. In a CF4 plasma, the saturated polymer
products are removed from the discharge region by the
flow rather than transformed into even larger species or
stroyed at the surface. This is visualized in Fig. 5, where
gas flow dependence of some polymer signals is shown f
20 W, 30 mTorr CF4 plasma. The polymer density decreas
with increasing gas flow, indicating that flow is the maj
destruction process for these species. Note that in indus
reactors the residence times at the applied high flow rates
shorter, but also the power densities are substantially hig
Thus efficient gas phase polymer formation is expected
occur during industrial surface processing.

In order to compare the neutral chemistry with the i
chemistry, we have collected the positive ions, arriving at
QMS head. This is representative for the ion flux, reach
the grounded electrode. The measured CnF2n2k

1 ion count
rates in a 30 mTorr, 30 W, and 4 sccm CF4 plasma are shown
in Fig. 6. These results should be compared with the EA
data shown in Fig. 3. The most striking difference is t

FIG. 4. ~a! EAMS count rates of some selected polymers, formed in a C4

plasma at 30 mTorr pressure and 4 sccm flow rate for 5, 10, 20, and 3
radio frequency power inputs.~b! The count rate of CF3

2 formed by disso-
ciative attachment to CF4 in gas~0 W! and plasma, and CF3

2 and F2 formed
by dissociative attachment to plasma produced C2F6 as a function of power.
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large amount of unsaturated positive ions. The domin
negative ions, observed by EAMS are saturated species
CF3

2, C2F5
2, and C3F7

2, whereas in the positive ion mas
spectrum small ions like CF2

1 and CF1 are abundant. More
over, larger ions with a highk value, like C3F3

1 are readily
observed. Possibly, these ions are created in a dissoci
ionization process or fluorine is stripped from saturated i
as they collide in the sheath region. Another difference is
much faster, monotonous decrease of the ion count rate
increasing number of carbon atoms. Even though the pos
ion data is collected at a higher power level than the EAM
data ~Fig. 3!, conditions in which polymerization is mor
efficient ~see Fig. 4!, large positive ions (n.5) are not
present in the plasma. Presumably, this is also due to f
mentation during the ionization step and dissociative co
sions with neutrals in the sheath region. Note that ion fr
mentation due to collisions will be more efficient in th
sheath at the powered electrode, due to a higher sheath
age. Thus, the positive ions, arriving at the powered e
trode are expected to be smaller. Polymeric ions and neu
have been investigated by Howlinget al.23 in a SiH4 deposi-
tion plasma and similar observations have been made. T
authors have performed an extensive study of plasma ch
istry and dust particle formation, by means of mass sp
trometry of positive ions and neutrals. Large negative io

FIG. 5. EAMS count rates of some selected polymers, formed in a4
plasma at 30 mTorr pressure and 20 W radio frequency power input f
gas flow rate from 1 to 6 sccm.

FIG. 6. Polymeric positive ions formed in a CF4 plasma at 30 mTorr pres
sure, 30 W radio frequency power, and 4 sccm gas flow rate. The ions
arranged in CnF2n2k

1 series. The fluorine ion F1 is cross hatched atn50,
k51.
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and negatively charged dust particles have been detecte
this radio frequency silane plasma, while no large posit
ions nor neutrals have been visualized. The lack of he
neutrals may be due to the detection method by elec
impact ionization mass spectrometry, in which polyme
molecules easily fragmentize.

C. The C2F6 and C4F8 plasmas

Figure 7 shows the EAMS data in a C2F6 plasma at radio
frequency power levels of 7 and 20 W, respectively. As in
CF4 plasma ~Fig. 3!, the species belonging to the seri
CnF2n11

2 are most abundant for lown values. In the low
power case@Fig. 7~a!# C3F7

2 and C4F9
2 have higher count

rates than CF3
2. This indicates that the first polymerizatio

step C2F51C2F5→C4Fx1••• is quite efficient. Furthermore
it can be easily seen that the degree of saturation with fl
rine is lower than in the CF4 plasma, especially in the high
power case@Fig. 7~b!#. Larger saturated species~k521, n
.7! are not observed, while in comparison to CF4 there are
many more unsaturated polymers, also with highn values.
This result is not an artifact of the EAMS method, but
fundamental difference between the CF4 and C2F6 plasma
chemistries. Saturated species are present in both plas
but in a C2F6 plasma, with a lower fluorine content, unsatu
ated neutrals are also expected to be well represented
addition, the resonances of the unsaturated negative ions
pear at low electron energies, which suggests limited fr
mentation of parent species~see discussion above!. It is thus
plausible to assume, that the negative ions with highk val-
ues, detected in the C2F6 case, originate from unsaturate

a

re

FIG. 7. Polymer formation, studied by EAMS in a C2F6 plasma at 20 mTorr
pressure, 2 sccm flow rate, and~a! 7 W and ~b! 20 W radio frequency
power. The polymers are arranged in CnF2n2k series. The series with an
evenk number have very low count rates, so they are not displayed he
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molecules/radicals. Note that in a C2F6 plasma large poly-
mers~regardless ofk! are more abundant than in CF4. This is
again the consequence of a lower fluorine content of C2F6,
which enhances polymerization, as the number of term
tion reactions with fluorine atoms is lower. Abundant fil
deposition on the surface has been observed in a C2F6

plasma, which is an evidence of correlation between
phase polymer formation and film deposition.

The count rates of positive ions arriving from the C2F6

plasma, collected by the QMS, are shown in Fig. 8. T
extracted positive ions are slightly smaller than the neutr
detected by EAMS in C2F6 ~Fig. 7!. This is similar to the CF4
case~see Figs. 3 and 6!. As in CF4, positive ions contain less
fluorine than neutrals. Again the dominant positive ion
CF3

1, but also C2F5
1, C2F4

1, and C2F3
1, which are directly

formed from the C2F6 parent gas, are abundant. Note th
there is a clear preference to form ions with paired electr
(CnF2m11

1 ), as these are more stable. For the negative io
formed in the EAMS method, this effect is even more p
nounced, as ions with an unpaired electron are not obse
~see Figs. 3 and 7!, with an exception ofk50 series in a CF4
plasma. This agrees well with the negative ion format
reactions, reported by Spyrouet al.24

Figures 9 and 10 show the neutral and positive ion d
obtained in a C4F8 plasma. The ratio of F to C for the pare
molecule is lower than in the case of C2F6 and CF4. This is
reflected by an even lower fluorine content of the polym

FIG. 8. Polymeric positive ions formed in a C2F6 plasma at 20 mTorr pres
sure, 4 sccm gas flow rate, and 7 W radio frequency power. The ions ar
arranged in CnF2n2k

1 series.

FIG. 9. Polymer formation, studied by EAMS in a C4F8 plasma at 15 mTorr
pressure, 4 sccm flow rate, and 8 W radio frequency power. The polymer
are arranged in CnF2n2k series.
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than in the previously discussed plasmas. It is especi
clear for the positive ions, reaching the surface~Fig. 10!.
Positive ion chemistry in this plasma is very complicated a
the presence of cations of fully saturated fluorocarbon~
CnF2n12

1 , k522! is striking. As the parent gas is already
large molecule, significantly larger polymers can be form
in this system. Unfortunately the mass limit of our system
510 amu, so we cannot detect species with more than e
or nine carbon atoms. The presence of even larger struct
can nevertheless be expected, based on the comparison
count rates in a C4F8 plasma with those observed in C2F6 and
CF4. In the latter cases a fast decrease of the count rate
neutrals and ions with increasing number of carbon atom
observed, while in a C4F8 plasma the count rate distributio
is flat and high polymeric species still yield considerab
signals. Note that as the transmission of the QMS sys
significantly decreases with increasing ion mass, the ac
densities of the high polymers are even higher than indica
here. In C4F8 formation of polymer layers on the surface
more efficient than in the chemistries discussed above, a
supporting the proposed film deposition mechanism by po
mer sticking. Unlike CF4 and C2F6, in C4F8 also some poly-
mers with an unpaired electron~evenk! are detected, though
their count rates are much lower than those of the spe
with paired electrons. Nevertheless, this interesting fea
can be a consequence of a high radical density in a C4F8

plasma. As the fluorine content in this plasma is low, neu
species with dangling bonds (CnF2m11) are expected to be
relatively abundant. These species are very reactive and
readily form negative ions. Even though CnF2m

2 are not the
most favorable negative ions, attachment to radicals can
sult in formation of detectable amounts of these species.

Finally, we want to demonstrate the advantage of EAM
over the traditional detection method by electron impact io
ization of neutrals. Figure 11 shows the data collected us
electrons of 50 eV to transform the neutral polymers form
in a C4F8 plasma into positive ions. This figure should b
compared with Fig. 9, which shows the neutral species
tracted from the discharge under identical conditions and
tected by means of EAMS. It is obvious that in ionizatio
mass spectrometry the high energy electrons cause fragm
tation of the polymers and consequently the maximal det
able size is only about half of that for EAMS. Moreove

FIG. 10. Polymeric positive ions formed in a C4F8 plasma at 15 mTorr
pressure, 4 sccm gas flow rate, and 8 W radio frequency power. The ions ar
arranged in CnF2n2k

1 series.
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large amounts of fluorine are stripped during ionization a
consequently all possible combinations of C and F
present in the mass spectrum. As a result, there is virtu
no structure left in these data and the only information o
can obtain is that there are some polymers present in
plasma, but no conclusions can be drawn about their
distribution and degree of saturation with fluorine. Anywa
the high polymers, which are most interesting from the po
of view of polymer deposition or dust particle formatio
remain hidden. Similar data sets to the one presented in
11 have been also collected in CF4 and C2F6 plasmas. How-
ever, in contrast to the EAMS method, no significant diffe
ences in the polymer chemistry of the considered fluoroc
bon gases have been found using ionization m
spectrometry. Applying lower energy electrons to perfo
the ionization might be a way to limit the undesired fragme
tation. This is clear from the comparison of the data fro
Fig. 11 with the positive ion count rates from the plasm
~Fig. 10!. Positive ions are produced in the plasma, where
electron temperature is a few eV. Ionization is performed
the electrons from the tail of the energy distribution functio
with energies just above the threshold of the ionization. C
sequently, there is significantly less fragmentation and la
positive ions are present in the plasma. However, for
detection of neutrals by ionization mass spectrometry low
ing the electron energy is not a practical solution, as
ionization cross sections at the threshold are extremely l

IV. CONCLUDING REMARKS

We have shown that fluorocarbon gases easily polyme
in low pressure discharges. Both polymeric neutrals a
positive ions have been detected; heavy neutrals appear
relatively abundant. The study has been performed by me
of a new technique: electron attachment mass spectrom
which is proven to be extremely efficient for the detection
electronegative polymers.

We have found that the polymerization proceeds m
rapidly in fluorine-poor conditions. It has been establish

FIG. 11. Polymer formation in a C4F8 plasma at 15 mTorr pressure, 4 scc
flow rate, and 8 W radio frequency power, studied by ionization mass sp
trometry. The polymers are arranged in CnF2n2k series. These data are ob
tained using 50 eV electrons to ionize the neutral polymeric species
detect the resulting positive ions, which in contrast to the data obtaine
EAMS under the same conditions~Fig. 9! results in a much poorer detectio
of polymeric species.
J. Vac. Sci. Technol. A, Vol. 16, No. 1, Jan/Feb 1998
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before that the presence of silicon in the plasma drastic
lowers the fluorine content, mainly due to efficient formati
of the etching product SiF4.

22 Therefore, it is expected tha
polymer formation will be especially efficient in an etchin
environment, in which a silicon substrate is inserted. Mo
over, the polymers formed in a fluorine-poor environme
are less saturated and they may contain dangling bonds.
makes the gas phase formed polymers especially reac
which will enhance the deposition of fluorocarbon films
areas, which are not exposed to a heavy ion bombardm
such as reactor walls, grounded electrodes, and side wal
trenches on a processed wafer.

For the formation channels of the observed polymers s
eral processes can be considered. In all cases small rad
play a crucial role, either as building blocks or in terminati
reactions. This means that apart from the question of
radical formation process at the surface, discussed in the
troduction, the density of radicals and polymers are anyw
strongly linked. As gas phase polymerization under plas
conditions has many important implications for surface p
cessing, it cannot be neglected in a study of plasma che
try of processing discharges. More research effort should
put in clarifying the polymerization mechanisms and und
standing the influence of polymers on the plasma and
face.
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