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Molecular composition of films and solid particles polymerized
in fluorocarbon plasmas

Kazuo Takahashia) and Kunihide Tachibana
Department of Electronic Science and Engineering, Kyoto University, Yoshida-Honmachi,
Sakyo-ku, Kyoto 606-8501, Japan

~Received 22 June 2000; accepted for publication 30 October 2000!

In fluorocarbon~C4F8) plasmas, formation mechanisms of polymers were investigated by the
characterization with x-ray photoelectron spectroscopy~XPS! and gel permeation chromatography
~GPC!. The molecular compositions of the polymers in the films deposited on the substrate and in
the particles formed in the gas phase were elucidated by these chemical analyses. The XPS results
showed that the particles were carbon-rich and composed of highly branched molecules in contrast
to the film composition. From the GPC measurements, the particles were found to contain ultrahigh
mass polymers, whose molecular weights were around 100 000. On the contrary, the deposited film
contained polymers with molecular weights distributed below 2000, in which oligomers, monomers,
and fragmented products were included. Present study suggests that these polymers are involved in
the formation of crosslinked networks of the films and the particles via surface reactions, where the
crosslinking is enhanced by the ion bombardment. ©2001 American Institute of Physics.
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I. INTRODUCTION

In recent ultralarge scale integration~ULSI! device
manufacturing, fluorocarbon plasmas are applied not onl
selective etching of SiO2 over Si but also to chemical vapo
deposition~CVD! of fluorocarbon film as a low-dielectric
constant material.1–4 Surface processes occurring in the
plasmas are common for the formation of fluorocarbon po
mer films on the Si surface. Therefore, the understandin
polymer deposition mechanisms and their control are imp
tant for these technologies. Although small radicals~CFx ,
x51–3! and their ions have been measured systematicall
the gas phase by spectroscopic and mass spectrom
methods5–9 and chemical composition of surface film h
been extensively investigated by using x-ray photoelect
spectroscopy~XPS!,10 responsible surface reactions for th
polymer formation are still under discussion. It is due to t
complexity of the whole reactions that determine the de
sition rate and the chemical composition of the film. T
existence of intermediate precursors as associated mole
have also been suggested,11–13 which are produced by poly
merization reactions in the gas phase. For their measurem
we have developed electron attachment mass spectrom
~EAMS!,14–16 and showed the presence of a fairly lar
amount of larger molecular weight species in various fluo
carbon plasmas. However, the method is limited to spe
with the mass number of less than 1000 or so.

Since it is still suspected that further polymerized sp
cies are contributing to the deposition with a higher stick
probability, we try to apply gel permeation chromatograp
~GPC! in this work for the measurement of species with m
lecular weights of up to 107.17 Production of the polymerized
species may occur not only in the gas phase but also on

a!Electronic mail: ktaka@kuee.kyoto-u.ac.jp
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surface. Therefore, characterization by GPC is done for
particles produced in the gas phase as well as the depo
films on the substrate. The chemical compositions of fil
and particles are analyzed by XPS. From these experime
results the polymerization mechanisms and the contribu
of these polymers to the film deposition and the particle f
mation are discussed.

II. EXPERIMENTAL METHODS

In the present experiments, octafluorocycrobuta
(c-C4F8) was used as a kind of fluorocarbon compound. T
gas was supplied by a mass flow controller from an up
shower electrode into a parallel plate reactor as shown in
1. The gas flow rate was 1.7 standard cm3 per minute~sccm!.
The plasma reactor was evacuated by a turbomolecular p
~TMP! and a rotary vane pump~RP!. For the plasma genera
tion, a rf ~13.56 MHz! power supply was connected to th
upper electrode, of which the power density was maintain
at 0.15 W/cm2. The gas pressure in the chamber was var
between 23 and 250 mTorr.

A Si wafer was set on the lower electrode after all im
purities were rinsed out by ethanol and acetone. Then,
substrate was exposed to the plasma for 15 min by susp
ing it at a floating potential. In addition to this typical trea
ment, some substrates were treated on the powered elec
under the influence of the self-bias voltage (Vdc) by chang-
ing the rf power connection to the lower electrode. The p
ticle sample was prepared as follows; after the plasma tr
ment particles dropped on a Si substrate were raked up
a stainless steel spatula. Although it was difficult to avo
completely the inclusion of film flakes caused by the spatu
we tried to minimize the effect by a careful handling.

The molecular weight distribution of the products co
tained in the film sample and the particle sample was a
© 2001 American Institute of Physics
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lyzed by GPC. For the GPC measurement, these sam
were dipped in a small amount of tetrahydrofuran~THF!
solvent for 5 min at room temperature, and soluble com
nents were extracted from the samples. Since a carbon a
and a fluorine atom form strong chemical bonds; the bo
energies of C–F, C–C, and C5C are 83, 116, and 146 kca
mol, respectively,18 we expect that the fluorocarbon poly
mers can be extracted from the film and particle samp
without fragmentation of the molecular structures in t
treatment. No chemical reaction occurs between the
tracted molecules without radical sites and the THF solve
since the chemical composition of polymerized fluorocarb
molecules is similar to polytetrafluoroethylene~PTFE! being
known as a chemically stable substance to the solvent. H
ever, free radicals can be included in plasma polymeri
polymer and may lead some chemical reactions. One
radical will be involved in a few plasma polymerize
molecules.19 In such a large molecule detected in the GP
measurement, the radical site can be ignored for determi
molecular weight distribution of the polymerized fluoroca
bon molecule.20 The prepared sample in the THF solutio
was injected into the GPC column after a filtration process
remove insoluble substances. The column separated the
posites of the sample into several groups depending on
molecular sizes. The fluorocarbon molecules passed thro
the column were detected by two methods based on the
ferential refractive index~RI! and the absorption of ultravio
let ~UV! light. To determine the wavelength of UV light, th
optical property of a THF solution held in a silicate gla
tube was measured with a spectrophotometer from UV
visible regions. The absorption spectrum of fluorocarb
molecules showed a broad increasing peak toward the sh
wavelength region below 600 nm as shown in Fig. 2. Fr
this result, the wavelength for the GPC measurements
set at 340 nm, where both the absorption and the UV int
sity were at reasonable levels. The relation between the
tention time of a fluorocarbon molecule in the column a
the molecular weight was determined by using a polystyr
standard sample. Although the retention time may depend
molecular shape such as linear and branched chain, we

FIG. 1. Schematic of the experimental setup.
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not hindered from discussing molecular weight distributi
of the fluorocarbon molecule qualitatively.

On the other hand, the insoluble components of the fi
and particle samples were characterized by XPS for
chemical bond compositions. The XPS spectra were take
using the MgKa-line with an acceleration energy of 13 keV

III. RESULTS

In the whole tested gas pressure range, amorphous
rocarbon film was deposited irrespective of the substrate c
dition. Solid particles, however, were observed only at
pressure higher than 50 mTorr, whose diameter ranged
tween 0.5 and 2.3mm.21 The particle production was en
hanced and the agglomerates such as shown in Fig. 3
peared when the pressure was increased. The agglome
were composed by many particles of a few micrometer
their diameter.

Figures 4 and 5 show GPC curves of extracted spe
detected by the UV and RI methods, respectively. The no
tions of ‘‘Film-L’’ and ‘‘Film-H’’ indicate the signals of the
film samples prepared in the condition at low pressure of
mTorr and at high pressure of 250 mTorr, respective
‘‘Particle-H’’ indicates the GPC curve of the extract from
particles produced in the same condition as in the case
Film-H. The responsibilities of the UV and RI signals in th
measurements depend not only on the density of each fl

FIG. 2. Absorption spectrum of fluorocarbon molecules extracted by T
treatment.

FIG. 3. Optical microscope image~differential interference contrast! of sur-
face morphology of Si substrate exposed to C4F8 plasma for 15 min under
the condition of 1.7 sccm, 200 mTorr, and 0.15 W/cm2, showing the pres-
ence of agglomerates of particles.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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895J. Appl. Phys., Vol. 89, No. 2, 15 January 2001 K. Takahashi and K. Tachibana
rocarbon molecule in the solution but also on its spec
efficiency. Thus, the appearance of molecular weight dis
bution measured by the UV absorption method is not nec
sarily the same as that measured by the RI method eve
the measurement of the same sample. Therefore, we
both methods complementarily to estimate the possible
lecular weight distribution of polymers.

A. Structure of surface film

According to the GPC curves of Film-L and Film-H
shown in Figs. 4 and 5, it is seen that the extracted com
nents of the deposited films do not depend on the pres
condition. The molecular weight distribution extends up
2000 in the UV measurement. In the RI measurement, h
ever, the signal around 2000 was small while a sharp p
appeared around 300. The reason of this different appear
between UV and RI methods is not clear, but may be att
uted to the fact that the difference in refractive indexes
fluorocarbon polymers and THF is very small.~The refrac-
tive indexes of both THF and hexafluorobenzene as a re
ence of polymer molecules are around 1.4 as measure
using D lines of Na around 589 nm.22! Although we could
not estimate the amount of molecule corresponding to e
peak in GPC curves since concentration of solution was
possible to be measured, it is true that the molecular we
has a broad distribution from 100 to 2000. This indicates t

FIG. 4. GPC curves of THF extracts from three samples measured by
transmittance method at two retention periods:~a! from 5 to 17 min and~b!
later than 16 min. Notations ‘‘Film-L,’’ ‘‘Film-H,’’ and ‘‘Particle-H’’ cor-
respond to film and particle samples prepared at low pressure of 23 m
~indicated with L! and high pressure of 250 mTorr~H!.
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the plasma polymerized film contains oligomers, monome
and other reaction products with relatively small molecu
weights.

In the THF treatment, it turned out that the film wa
composed of not only the soluble substance but also the
soluble substance. The THF solubilities of the films prepa
at a low pressure condition of 23 mTorr and a high press
of 250 mTorr were 33% and 75% in their weights, respe
tively. Generally, the interaction between a Si substrate an
fluorocarbon molecule by the van der Waals force is prop
tional to the size of the molecule. For a larger fluorocarb
molecule the interaction tends to exceed the solvability
THF, and it remains on the substrate as the residue prob
in the form of a porous film. Besides, there may be a
difference in the chemical bond composition between
soluble substance and the insoluble residue. Therefore,
XPS analysis was employed to compare the composition
the as-deposited film and the residue after the THF wash

The XPS spectra of C1s signal from the film prepared a
23 and 250 mTorr are shown in Figs. 6 and 7, respectiv
where ~a! and ~b! indicate the spectra of as-deposited fil
and that of washed one, respectively. The spectra were
convoluted into five chemical bond components; C–C
285.0 eV, C–CFx at 287.3 eV, CF at 289.5 eV, CF2 at 292.1
eV, and CF3 at 294.0 eV.23 The composition ratio of these
bonds was estimated as shown in Fig. 8, where each com
nent was assumed to have a Gaussian distribution. Tab
lists the overall atomic ratio of fluorine to carbon, F/C, d
rived from the XPS analysis. The ratio did not depend on

V

rr

FIG. 5. GPC curves for the same three samples as in Fig. 4 measured
method.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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THF treatment so much for the films prepared in both l
and high pressure conditions. However, the chemical b
composition of the film prepared at a high pressure of 2
mTorr showed a noticeable change after the THF treatm
~For the film prepared at a low pressure of 23 mTorr, th
was almost no change after the THF treatment, since
solubility of the film in THF was small.! It was noted that the
THF treatment washed out the CF3 bond component and
exposed the CF bond component as seen in Figs. 7~a!, 7~b!,
and 8~b!. Since the size of a molecular unit composing t
crosslinked film is large and insoluble in the THF treatme
it is imagined that the remaining part has a high
crosslinked structure with much abundant CF bonds. La
molecules are produced possibly by the reactions on the
face rather than the reactions in the gas phase, because
large molecules should form solid particles if they are p
duced in the gas phase. On the other hand, the soluble
stance may be regarded as the reaction products in the
phase.

This change in the spectrum by the THF treatment in
cates the difference in chemical compositions between
surface product and the gas phase product. The insol
residue in the film includes more CF bonds than CF3 bonds
due to its crosslinked network, while the substance extrac
by the THF solvent includes more CF3 bonds. Thus, it is
suggested that the species produced in the gas phase co
more CF3 bonds and, therefore, have shorter molecu
chains with the molecular weights below 2000.

FIG. 6. XPS spectra of C1s measured for a film sample prepared at lo
pressure~23 mTorr! condition ~dotted curve!: ~a! as-deposited film and~b!
residue after THF treatment. Solid curve indicates the fitted result with
Gaussian peaks for chemical bond components corresponding to C–
285.0 eV, C–CFx at 287.3 eV, CF at 289.5 eV, CF2 at 292.1 eV, and CF3 at
294.0 eV.
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In order to see the effect of ion bombardment to t
polymerization, some samples were prepared on the pow
electrode by changing the rf power density from 0.079
0.71 W/cm2. The THF solubility of these films is shown in

FIG. 7. XPS spectra of C1s measured for a film sample prepared at hig
pressure~250 mTorr! condition~dotted curve!: ~a! as-deposited film and~b!
residue after THF treatment. Solid curve shows the fitted result as in Fig

FIG. 8. Comparison of chemical bond composition between as-depos
film and residue after THF treatment derived from XPS analysis for sam
prepared at~a! low pressure~23 mTorr! and ~b! high pressure~250 mTorr!
conditions.
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Fig. 9. The absolute value of self-bias voltage,uVdcu, in-
creased from 4 to 27 V with the rf power, and the solubil
decreased with the increase ofuVdcu. This result clearly
shows that the crosslinking reactions within the depos
film are enhanced on the surface by increasing the bomb
ing ion energy, indicating that the kinetic energy deposi
by the ion bombardment can contribute to the polymer n
work formation.

B. Structure of gas phase particle

From the GPC results shown in Figs. 4 and 5, it beca
clear that the particles formed in gas phase contained p
mers of ultralarge molecular weights around 100 000. In
dition, species with molecular weights less than 2000 w
also observed in the extract from the particles as in the c
of the deposited film. In order to explain the difference in t
molecular weight distribution between the film and partic
samples found in the GPC measurements, the chemical b
composition of those samples was measured by XPS.

In the first measurement, the XPS spectrum of the p
ticles was almost the same as that of the film, because
particles were possibly covered with the fluorocarbon fil
after dropping on the wafer.21 In order to remove the films on
the particles, Ar ion sputtering was performed in the X
system using a low-energy ion beam so as to avoid the tr
formation of the chemical composition. The XPS spectr
of the particles so obtained is obviously different from th
of the film as shown in Fig. 10. The chemical bond comp
sitions also show a clear distinction between them~Fig. 11!;
the content of C–CFx bond in the particles was more tha
that in the film. This result indicates that the branching
carbon network was promoted in the precursor molecu
composing the particles. This is also consistent with the G
result that the particles are composed of the ultralarge
lecular weight polymers. On the other hand, the atomic ra

TABLE I. The atomic ratio of fluorine to carbon, F/C, in fluorocarbon film

Pressure~mTorr! as-deposited THF treated

23 1.28 1.37
250 1.29 1.25

FIG. 9. THF solubility~wt %! of films prepared on powered electrode plo
ted as a function of rf power. Self-bias voltage appearing at the electro
shown on the right vertical axis.
Downloaded 16 Apr 2008 to 130.54.110.22. Redistribution subject to AIP
d
d-
d
t-

e
y-
-
e
se

nd

r-
he
s

s-

t
-

f
s
C
o-
o

of fluorine to carbon, F/C, in the particles was 1.13, whi
was smaller than all values listed in Table I. This result
carbon-rich content in the particles also shows that they
composed of crosslinked large molecules. Since a C–F b
is weaker than a C–C bond, the result also implies the p
sibility that the gas phase reaction progresses with taking
fluorine atoms.

IV. DISCUSSION

The film structure investigated by the THF treatmen
enables us to elucidate a part of the polymerization proce
in fluorocarbon plasmas. In gas phase reactions, the prim
molecules as the film precursors are produced, whose
lecular weights are distributed below 2000. These prim
molecules may result from the polymerization betwe
smaller molecules of the size of parent molecules, since
film was found to include much content of the species w
molecule weights of around 200@Fig. 5~b!#. The vapor pres-
sure of the primary molecule may be extremely low, sin
melting point of a substance composed of such large m
ecule exceeds 100 °C, e.g., melting point of perfluorote
cosane~C24F50) is around 190 °C. Therefore, one can expe
that such molecules will be adsorbed on the surface im
diately after production of the molecule. When the prima
molecules reach to the surface, the polymerization reactio
initiated between them and the crosslinked network is c
structed to result in the formation of polymer film. The su
face reaction of the adsorbates must be induced or enha

is

FIG. 10. XPS spectrum of a particle sample~dotted curve!. Solid curve
shows the fitted result as in Fig. 6.

FIG. 11. Comparison of chemical bond composition between as-depo
film and particle samples prepared at the same high pressure~250 mTorr!
condition.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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by activating them with the irradiation of ions and radica
from the plasma. In addition to their chemical potentials,
kinetic energy released by the ion irradiation can also c
tribute to the reaction. Thus, we suggest a model for the
formation on the surface as shown schematically in Fig.
First, primary molecules are produced by mutual reaction
radicals, ions, and parent molecules in the gas phase. T
these primary molecules stick on the surface. These m
ecules associate each other with the help of the ion and r
cal bombardments. Finally, the crosslinked network
formed, but a part of the primary molecules is left unlinke

On the other hand, the particles formed in the gas ph
are composed of the ultralarge polymers with molecu
weights of around 100 000. This fact indicates that su
polymers are produced while they are suspended in
phase and become the precursor of the particle formation
the plasma, an electron can attack a carbon atom or its b
at a random site in a large molecule and produce a rad
site. Then, the radical site works as a polymerization site
the crosslinking of the molecule in the gas phase. The la
a molecule is, the more radical sites for the polymerizat
are formed in the molecule. As a result of the series of
lymerization reactions, a large molecule tends to form a c
ter. The cluster can be charged negatively due to the dif
ence in the mobility between electrons and ions in
plasma. The charged clusters thus formed are trapped
accumulated in the plasma by the balance of various fo
acting on them: electrostatic force, gravity, ion drag for
etc.24

Here, we try to evaluate the geometrical dimension o
polymer chain with a molecular weight of 100 000. Unpe
turbed molecular dimension is estimated in the simp
model for a linear chain.25 In this calculation, it is assume
that theC–C–Cbond angle and length in a fluorinated ca
bon structure are the same as in a hydrogenated carbon s
ture and the shape of the whole molecular chain is de
mined by the successive combination ofC–C–Cunits. The
root-mean-square end-to-end distance of a free rotati
chain is given by the following equation:25

FIG. 12. Conceptual illustration of film structure formed on Si substra
(Mw is molecular weight of polymers estimated from GPC measureme!
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wheren, a, andu are the number of CF2 as the smallest uni
of the fluorocarbon chain, the bond length of C–C~0.154
nm17! and the bond angle of theC–C–Cstructure~109.5 °!,
respectively. Because the molecular weight of CF2 is 50, n
becomes 2000 for a chain with molecular weight of 100 0
Thus, the root-mean-square end-to-end distance of the c
(r 0

2)1/2 is calculated to be 9.7 nm. This value indicates t
geometrical scale of the chain, although the interaction
tween polymers and the larger diameter of a fluorine at
than a hydrogen atom enlarges the distance actually.
charging state of a cluster of this size can be estima
crudely by a charge balance equation based on the orb
motion-limited probe theory26 and plasma neutralization
condition.27 The calculation predicts that a cluster is charg
up with a few electrons in a typical plasma condition, whe
the plasma density, the electron temperature, and the
temperature are assumed to be 109 cm23, 3 eV, and 0.03 eV,
respectively.28 It is also assumed that the number density
the clusters is less than a half of the plasma density. S
the charge of a cluster increases with its size, a larger clu
tends to be trapped more easily in the plasma. The trap
clusters continue to grow up by the mutual aggregation
by deposition of film precursor around the clusters to p
ticles with micrometer sizes until they are separated w
each other by the Coulomb repulsive force.29

V. CONCLUDING REMARKS

By the GPC measurement, it has been verified that
lymerized species with molecular weights up to 2000
contained in the deposited film, and further polymerized s
cies with molecular weights around 100 000 are containe
particles grown up in the gas phase. This suggests that
polymerization up to 2000 molecular weights proceeds f
quently in the gas phase. These products are transporte
the substrate surface and taken into the crosslinking react
with the assistance of ion bombardments. On the other h
those remained in the plasma continue to grow by mut
aggregation with more effective ion bombardments up
100 000 molecular weights and tend to be trapped by
electron charging. The aggregation between these largely
lymerized species leads to the formation of micrometer si
particles.

It is found by the XPS measurement that the F/C atom
ratio of the reaction products as both thin films and so
particles is reduced markedly in a comparison with that
the source monomer. This indicates that a C–F bond
weaker than a C–C bond, and a fluorine atom is more lik
to be taken off than a carbon atom from the product
electron, radical, or ion collision in the gas phase. The a
vated site of the monomer and the oligomer by the fluor
removal enhances the formation of the highly branched
crosslinked molecules. In particular, in the solid particle fo
mation, its precursor stays in the gas phase for a longer t
than in the case of film formation. Therefore, the detachm

.
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of fluorine atoms progresses more likely in the molec
composing the particle due to more frequent bombardm
of reactive species. Consequently, the particles include m
carbon atoms than the thin film deposited on the surface

A part of polymerized molecules produced in the g
phase reach to the surface and the rest continue polyme
tion while staying in the gas phase. On the surface, the
lymerized molecules construct crosslinked network in
film through the activation process induced by ion irradiat
from the plasma. Thus, the film is composed of the polym
network as well as smaller unlinked species like monom
oligomer, etc. On the other hand, the molecules staying
the gas phase become ultralarge polymers with the molec
weight of about 100 000. These are trapped by charging w
electrons in the plasma, leading to the rapid growth of so
particles.

Besides the polymerization mechanisms, it is sugges
from the present experiment that the porous structure of
THF washed film prepared at higher pressure may be in
esting for an application to low-dielectric constant mater
Therefore, the microscopic structure is under investigatio
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