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Solid particles and agglomerates of the particles were found to be produced in
octafluorocyclobutane (c-C4F8) plasmas used for reactive ion etching of SiO2 and chemical vapor
deposition of low dielectric constant fluorocarbon films. Analyses of the solid products elucidated
a part of the chemical reactions related to the polymerization process in gas phase. The particle
production depended strongly on the feed gas pressure in the plasma. A marked increase of the
production was observed as the pressure became higher than 50 mTorr. The production
accompanied the pressure depression at the steady state in the discharge, indicating the depletion of
the gas species owing to polymerization. Furthermore, the partial pressure of stable molecules such
as CF4 and C2F6 produced in the plasma and the film deposition rate on surfaces changed drastically
at the critical pressure. These pressure dependencies suggest that polymerization reactions between
reactive species and source molecules in gas phase lead to the particle production. ©2001
American Vacuum Society.@DOI: 10.1116/1.1372901#
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I. INTRODUCTION

Surface processing using low-pressure plasmas is on
the most important techniques in semiconductor manufac
ing. Especially, reactive ion etching~RIE! and chemical va-
por deposition~CVD! using plasmas with reactive gases a
indispensable for fabrication of semiconductor devic
Since, recently, highly selective and anisotropic etching
required to obtain contact holes with high aspect ratio
ultralarge-scale integrated~ULSI! circuits. On the other
hand, low permittivity intermetal dielectrics are investigat
for the purpose of reducing the resistance capacitance
delay~RC delay!, which is getting more conspicuous due
shrinkage of the spacing between metal lines in high-den
multilayer integrated circuits. From these industrial requi
ments, fluorocarbons, e.g., C4F8, are being applied to plasm
etching and CVD processes. In the fluorocarbon plasma
was shown that highly polymerized molecules were form
which were detected by electron attachment mass spect
etry ~EAMS!.1–3 Mechanisms analogous to cluster formati
in silane discharges,4 polymerized molecules may have hig
sticking probability, and may cause formation of powder a
dust particles in the gas phase as well as thin film on
surface.5–7 Since such dusts can damage semiconductor
vices on the wafer, investigation of solid particle producti
is significant for purification of the processing plasmas
semiconductor fabrication. In this work, the particle produ
tion is examined by direct observation of solid particl
dropped on the wafer prepared in the fluorocarbon plasm
In addition, plasma-polymerized films~hereafter, polymer
films! on the surface are sampled to measure deposition
and to determine the chemical composition with x-ray ph

a!Present address: Department of Aeronautics and Astronautics, Kyoto
versity, Yoshida-Honmachi, Sakyo-ku, Kyoto 606-8501, Japan; electr
mail: takahashi@kuaero.kyoto-u.ac.jp
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toelectron spectroscopy~XPS!. Finally, the correlation in po-
lymerization between reactions in gas phase and on sur
is studied, and the mechanism of the solid particle format
is discussed.

II. EXPERIMENTAL METHODS

Our experimental setup is shown in Fig. 1. A conve
tional parallel-plate type reactor was used in this study. T
plasma reactor was evacuated by a turbomolecular pump
a rotary vane pump. The rf powered electrode at the up
side was a plate of 15 cm in diameter, surrounded b
grounded metal shield. This electrode also worked a
shower head to feed source gases. The other electrode
set below the rf electrode with a separation of 3 cm. T
electrode was not grounded, having a floating potentia
discharge. A load–lock chamber was attached to the pla
reactor, which was evacuated by another rotary vane pu
Si wafers were transported between the chamber and rea
when keeping the reactor at high vacuum. A capacitiv
coupled plasma was generated by a 13.56 MHz rf pow
source with ap-type matching network. The discharg
power was measured at the output of the generator, so
the losses in the matching network and cables were not ta
into account. The nominal value of the power density w
typically maintained at 0.15 W/cm2. Then,c-C4F8 gas was
supplied by a mass flow controller to the upper shower-h
electrode. The typical flow rate was 1.7 sccm. In this co
figuration, the residence time is relatively long being of t
order of a few~1–10! min. This condition is preferable fo
the polymerization, since it allows the produced species
accumulate in the plasma. The gas pressure measured
Baratron manometer was set in the range from 23 to
mTorr.

Si wafers were rinsed by a solvent to remove the impu
ties such as house dust before the plasma treatment. A w
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was mounted on the lower electrode and exposed to the
charge for 15 min with no external bias voltage. Thin film
fluorinated amorphous carbon (a-C:F) was deposited on th
wafer surface, and particles and agglomerates fell down f
the trapped region near the plasma-sheath boundary to
surface during the discharge. After the treatment, the sur
morphology of the substrate was observed by an optical
croscope~differential interference contrast microscope! and a
scanning electron microscope~SEM!. The chemical compo-
sition of the films and particles was also measured by X
The thickness of the polymer films deposited on the waf
was measured by stylus profilometry.

In C4F8 plasma, stable molecules such as CF4 and C2F6

can be produced. Therefore the amount of these molec
was measured by using infrared laser absorption spec
copy. The absorption lines of then3 mode at 1283 cm21 and
then7 mode at 1250 cm21 were used for the measurement
CF4 and C2F6, respectively.8–10

III. RESULTS

In the observation by SEM, particles and agglomera
were found on the surface of a Si substrate treated in
pressure range higher than 50 mTorr. The particles w
spherical and their diameter was distributed between 0.5
2.3 mm. The shape of the particles, unlike flakes of film
deposited on the electrode and the chamber wall, means
the particles were generated in the gas phase. As seen in
2, agglomerates composed of spherical primary partic
were observed. Figure 3 shows the pressure dependenc
the particle diameter and the number of particles included
an agglomerate. As the figure shows, the number of parti
composing an agglomerate increases as the pressur
creases more than 50 mTorr. The aggregation mechan
seems to be complicated.11 Particles in plasmas, generall
were charged owing to the difference in the mobility of ele
trons and ions. The mechanism can be strongly affected
Coulomb repulsion force between charged particles and
netic energy. Therefore, it is difficult to grasp the press
dependence of particle generation only from the numbe
component particles, as the charge state of particles va

FIG. 1. Schematic of the experimental setup.
J. Vac. Sci. Technol. A, Vol. 19, No. 5, Sep ÕOct 2001
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with plasma parameters depending on pressure, particle
ameter, and density.12 However, the collision frequency o
particles increases as the particle density increases, so
number of component particles of an agglomerate co
sponds to the amount of particle production in a certain
gime. In these experiments, the particle charge is estim
to be on the order of 100 electrons and does not cha
much in the pressure range. Therefore, the increases o
component particle number with pressure can be correla
with increase of particles produced in the plasma. On
other hand, the deposition rate of the polymer films was m
sured. The rate shows complex dependence on feed gas
sure~Fig. 4!. In the high pressure region where a large nu
ber of the particles were produced, the deposition r
decreased with rising pressure.

Furthermore, in order to understand plasma reactio
gas-phase products were observed. The total pressure m
tored by the manometer was decreased for a few min
after plasma ignition under every pressure condition. T
pressure change was not caused by the fluctuations of pu

FIG. 2. SEM micrographs of~a! particles and~b! an agglomerate compose
of many spherical particles. These were found on a wafer prepared at
mTorr in c-C4F8 plasma.
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ing and feeding of the gas but by chemical reactions in
plasma. The pressure depression increased with feed
pressure as shown in Fig. 5. The depression meant the d
tion of gas species due to polymerization reaction, that is,
transformation of gaseous components into solid matter
addition, CF4 and C2F6 molecules were found to be produce
in C4F8 plasmas. The presence of these molecules has
been identified by measurements with Fourier transform
frared spectroscopy~FTIR!.13 The density of these molecule
was measured by infrared laser absorption spectroscop
steady state after the initial pressure depression. The pa
pressure of these molecules increased monotonously
feed gas pressure~Fig. 6!. Figure 6 also shows the partia
pressure of gaseous components except CF4 and C2F6 mol-
ecules. It did not change monotonously but changed dra
cally as the feed gas pressure increased above a critical v
of 50 mTorr for the particle formation.

The chemical bond composition of the polymer films d
posited on the surface and the particles produced in the
phase was analyzed by XPS. The measurement was do
two parts of a wafer prepared at 250 mTorr; a clean surf
and a dirty one contaminated by particles~Fig. 7!. The XPS
spectra~Fig. 8! show that the chemical composition is di
ferent between thea-C:F films and the particles. In the spe

FIG. 3. Pressure dependence of the diameter of primary particles~open
circles! and the number of particles composing an agglomerate~closed
circles!. For the diameter, the error bars indicate the values of dispers
The maximum and the minimum values of the number of particles are
shown by squares and triangles, respectively.

FIG. 4. Pressure dependence of the film deposition rate.
JVST A - Vacuum, Surfaces, and Films
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tra, five peaks assigned by chemical shift correspond to
chemical bond components, C–C at 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.14,15 The spectrum of particles as dropped on the surf
during the treatment was the same as that of the film,
cause the particles were covered witha-C:F films after drop-
ping on the wafer. In order to remove the films found
particles, Ar ion sputtering was performed in the XPS s
tem, using a low-energy ion beam to avoid the change of
chemical composition. The spectra after sputtering indic
that the particles include a larger amount of C–CFx bond
than the films, implying that the particles were formed
cross-linked molecules.

IV. DISCUSSION

The deposition rate of the polymer film on the surfa
depended on feed gas pressure. The pressure dependen
the rate was changed drastically by the presence of the
ticles in the pressure region higher than 50 mTorr. Es
cially, the deposition rate was reduced by the particle p
duction. This fact indicates that polymer film precursors c
be consumed mainly in the particle formation in the g
phase. In addition, the feed gas pressure dependence o
deposition rate was similar to that of the partial pressure

n.
o

FIG. 5. Pressure dependence of the pressure depression caused by po
ization reaction at an initial state of the discharge.

FIG. 6. Pressure dependence of the partial pressure of CF4 and C2F6 pro-
duced inc-C4F8 plasmas. Also shown on right axis is the dependence of
partial pressure of gaseous components except CF4 and C2F6 molecules.
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2058 K. Takahashi and K. Tachibana: Solid particle production in fluorocarbon plasmas 2058
the gaseous components except molecules such as CF4 and
C2F6, where molecules can be formed by the three-body
sociation given by the following equations:

CF31F1M→CF41M , ~1!

CF31CF31M→C2F61M , ~2!

whereM is the third body. These reactions have relative
high rates of 2.831021 and 1.031025cm6/mol2 s,
respectively.16,17 These reactions are effective even at lo
pressure below 750 mTorr.18 The production of such mol
ecules is a chain termination reaction forming a nonreac
site for polymerization. These molecules are chemica

FIG. 7. Surface morphology of a wafer treated at 250 mTorr, observed b
optical microscope. The wafer included two parts of~a! a clean and~b! a
dirty surface contaminated by the particles. In these images, black spot
parts indicate the contaminated regions.
J. Vac. Sci. Technol. A, Vol. 19, No. 5, Sep ÕOct 2001
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stable compared with C4F8. The stable molecules easily ac
cumulate in the plasma and their loss rate is close to a t
constant determined by the pumping speed. In the pre
study, pure CF4 and C2F6 plasmas produced neither polym
films nor particles. Therefore, it can be safely said that
film formation results from chemical reactions related to t
reactive gaseous components except CF4 and C2F6. On the
other hand, the particles were found to be formed by
cross-linked molecules as suggested in the XPS meas
ment. These molecules have molecular weights distribu
around 100 000~Ref. 19! and sizes of a few nanometer
which should be a cluster of solid matter. The cluster form
tion caused the depression of total pressure. Since the clu
can be charged and trapped in the discharge, they are gr
up to micron-sized particles owing to the deposition of re

n

nd

FIG. 8. XPS spectra of~a! polymer films on the surface and~b! particles
produced in the gas phase. The XPS measurements were done befor
after Ar ion sputtering to remove the polymer film on the particles. F
peaks were assigned to correspond to five chemical bond components,
at 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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tive gaseous components of molecular weights below 20
which form the surface films on the substrate as well as
the particles.18 Figure 9 shows the particle productio
scheme as mentioned above. The particle production and
total pressure depression strongly depend on feed gas
sure. The fact that the particle production increased mon
nously with feed gas pressure may imply that the polym
ization reaction correlates with the density of source
molecules or the products resulted from first order reactio
As a scheme to grow a polymer chain, the following react
is suggested:18

CnFk
21C4F8→Cn14Fk181e. ~3!

This reaction means that polymerization by associative e
tron detachment can proceed in C4F8 plasmas. At high pres
sures, supersaturation of the source gas molecule and
polymer precursor causes nucleation for the particle prod
tion.

Here, reaction products are generated in the transfor
tion from source gas (C4F8) molecule to plasma-polymerize
polymers. In this study, the reaction products are divided i
three groups~Fig. 10!. The first group are such stable mo
ecules as CF4 and C2F6. These molecules are insufficient
reactive to form plasma polymers. Gaseous components
cept the stable molecules are included in the second gr

FIG. 9. Schematic describing a scheme for the particle production. H
Mw means a molecular weight.

FIG. 10. Schematic for the transformation from source gas molecule
polymers. Components before and after ignition of the plasma are re
sented by pie charts.
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This group is composed of radicals, ions, and molecu
larger than source gas in molecular weight. These prod
are reactive and candidates for the polymer formation of
film deposition and the particle growth. Solid-like specie
whose formation causes the pressure depression belon
the last group. The species are high molecular weight fl
rocarbon compounds and a solid matter acting as the par
nuclei.

V. CONCLUSIONS

In c-C4F8 plasma, particle production was caused at h
pressures above a critical value of 50 mTorr. The product
should be noted especially in CVD processes, e.g., for
formation of films with low dielectric constant. In order t
avoid contamination of process plasmas, it is necessar
maintain reactors at low pressures. On the other hand,
possible to use the fluorocarbon particles as a material w
low dielectric constant. Since more C–CFx bond content was
included in the particles rather than in the films, the partic
are expected to have high thermal stability required in se
conductor processing. Furthermore, a composite of the
ticles can be porous media suitable for low permittivity m
terials. The composite is one of promising interlay
dielectrics for ULSI circuits.

From observation of particles, polymerization reactio
were partly elucidated in the gas phase. The particle prod
tion accompanied by pressure depression was induced b
formation of clusters acting as nuclei of the particles. T
nuclei trapped in the plasma can be grown up to micron-s
particles, owing to the deposition of polymer film precurso
According to the feed gas pressure dependence of the d
sition rate, it is suggested that these precursors must be
active gaseous components and not stable molecules su
CF4 and C2F6. The presence of clusters was confirmed
chemical characterization with XPS, but their formatio
mechanism is not clear. Since the source gas (c-C4F8) mol-
ecule and products dissociated in first order reactions
form plasma polymer, other measurements detecting s
molecules, e.g., FTIR spectroscopy, are required. Furt
more, it is indispensable to confirm the nuclei formation
gas phase diagnosis in order to elucidate the whole me
nism of the particle production in fluorocarbon plasma
These subjects will be studied in the following work.
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