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Molecular composition of films and solid particles polymerized
in fluorocarbon plasmas
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In fluorocarbon(C,Fg) plasmas, formation mechanisms of polymers were investigated by the
characterization with x-ray photoelectron spectroscOfyS) and gel permeation chromatography
(GPQO. 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. 2@1 American Institute of Physics.
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I. INTRODUCTION surface. Therefore, characterization by GPC is done for the
particles produced in the gas phase as well as the deposited
In recent ultralarge scale integratio)LSI) device fiims on the substrate. The chemical compositions of films
manufacturing, fluorocarbon plasmas are applied not only tend particles are analyzed by XPS. From these experimental
selective etching of SiQover Si but also to chemical vapor results the polymerization mechanisms and the contribution
deposition(CVD) of fluorocarbon film as a low-dielectric of these polymers to the film deposition and the particle for-
constant materidl-* Surface processes occurring in thesemation are discussed.
plasmas are common for the formation of fluorocarbon poly-
mer films on the Si surface. Therefore, the understanding of
polymer deposition mechanisms and their control are imporll- EXPERIMENTAL METHODS
tant for these technologies. Although small radicél$s, |y the present experiments, octafluorocycrobutane
x=1-3 and their ions have been _measured systematically "@_C-C4F8) was used as a kind of fluorocarbon compound. The
the gas _gphase by spectroscopic and mass spectrometfcg \as supplied by a mass flow controller from an upper
methods and chemical composition of surface film has ghoyer electrode into a parallel plate reactor as shown in Fig.
been extensively investigated by using x-ray photoelectron The gas flow rate was 1.7 standarcfquer minute(sccm).
spectroscopyXPS),"” responsible surface reactions for the tpq plasma reactor was evacuated by a turbomolecular pump
polymer formation are still under discussion. It is due to the(TMP) and a rotary vane pumiRP). For the plasma genera-
complexity of the whole reactions that determine the depoﬁon, a rf (13.56 MH2 power supply was connected to the
sition rate and the chemical composition of the film. Theupper electrode, of which the power density was maintained

existence of intermediate precursors as associated moleculgsg 15 W/cri. The gas pressure in the chamber was varied
have also been suggested;*which are produced by poly- patveen 23 and 250 mTorr.

merization reactions in the gas phase. For their measurement a g wafer was set on the lower electrode after all im-

we havemd?g/eloped electron attachment mass spectrometty rities were rinsed out by ethanol and acetone. Then, the
(EAMS), ™ and showed the presence of a fairly large g psirate was exposed to the plasma for 15 min by suspend-
amount of larger molecular weight species in various fluoroyng jt ot 4 floating potential. In addition to this typical treat-
carbon plasmas. However, the method is limited to Speciefent some substrates were treated on the powered electrode
with t_he mass nu_mber of less than 1000 or so. . under the influence of the self-bias voltagé;f by chang-
Since it is still suspected that further polymerized spe+,q the rf power connection to the lower electrode. The par-
cies are contributing to the deposition with a higher sticking;;q|o sample was prepared as follows; after the plasma treat-
probab'ility,'we try to apply gel permeation chro'mato'graphyment particles dropped on a Si substrate were raked up with
(GPQ in this work for the7 measurement of species with mo-, giainless steel spatula. Although it was difficult to avoid
lecular weights of up to 10" Production of the polymerized  ;,mpetely the inclusion of film flakes caused by the spatula,
species may occur not only in the gas phase but also on thge tried to minimize the effect by a careful handling.
The molecular weight distribution of the products con-
dElectronic mail: ktaka@kuee.kyoto-u.ac.jp tained in the film sample and the particle sample was ana-
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FIG. 1. Schematic of the experimental setup.
not hindered from discussing molecular weight distribution
of the fluorocarbon molecule qualitatively.
On the other hand, the insoluble components of the film
d particle samples were characterized by XPS for the
chemical bond compositions. The XPS spectra were taken by
using the MK a-line with an acceleration energy of 13 keV.

lyzed by GPC. For the GPC measurement, these sampl
were dipped in a small amount of tetrahydrofur@HF)
solvent for 5 min at room temperature, and soluble compo
nents were extracted from the samples. Since a carbon atom

and a fluorine atom form strong chemical bonds; the bondll. RESULTS
energies of C—F, C—-C, and=C are 83, 116, and 146 kcal/
mol, respectively® we expect that the fluorocarbon poly- roc

Mers can be extrapted from the film and particle S‘_"‘rr1r)|‘3‘aition. Solid particles, however, were observed only at the
without fragmentation of the molecular structures in the

. . ressure higher than 50 mTorr, whose diameter ranged be-
treatment. No chemical reaction occurs between the ex:

tracted molecul ithout radical sit d the THE sol ween 0.5 and 2.3:m.2! The particle production was en-
racted moiecules without radical sites and the SOVeNt, anced and the agglomerates such as shown in Fig. 3 ap-

lecules is similar t Vietrafl thvlefRTED bei rIaeared when the pressure was increased. The agglomerates
molecules IS simiiar 1o polytetrafiuoroe yle(leTFB being were composed by many particles of a few micrometer in
known as a chemically stable substance to the solvent. Hovéheir diameter

ever, free radicals can be included in plasma polymerize

po(;ymclar a}lr:dbma_y Ie?d dso.me cr;emma}l react|on|s. On_e f(;eaetected by the UV and RI methods, respectively. The nota-
radical wit: b€ Involved In a Tew plasma pOlymenzed y,,s of “Fijm-L” and “Film-H” indicate the signals of the

9 .
molecules.” In such a large molecule detected in the GF)Cfilm samples prepared in the condition at low pressure of 23

measurement.’ the r.adi'cal 'site can be ignoreq for dEterrninin|Q1Torr and at high pressure of 250 mTorr, respectively.
molecular W?ght distribution of the po_lymerlzed quoroc_ar- “Particle-H” indicates the GPC curve of the extract from
bon _m_olecul - The prepared sample in t_he THF solution articles produced in the same condition as in the case of
was |njef:ted into the GPC column after a filtration process t iim-H. The responsibilities of the UV and RI signals in the
remove insoluble subsf[ances. The column separat_ed the co measurements depend not only on the density of each fluo-
posites of the sample into several groups depending on their

molecular sizes. The fluorocarbon molecules passed through
the column were detected by two methods based on the dif-
ferential refractive indexRI) and the absorption of ultravio-

let (UV) light. To determine the wavelength of UV light, the
optical property of a THF solution held in a silicate glass
tube was measured with a spectrophotometer from UV to
visible regions. The absorption spectrum of fluorocarbon
molecules showed a broad increasing peak toward the shorter
wavelength region below 600 nm as shown in Fig. 2. From
this result, the wavelength for the GPC measurements was
set at 340 nm, where both the absorption and the UV inten- —
sity were at reasonable levels. The relation between the re- 100 pum
tention time of a fluorocarbon molecule in the column and

. P . IG. 3. Optical microscope imadeifferential interference contrgsbf sur-
the molecular weight was determined by using a pOIyStyrenéce morphology of Si substrate exposed t#{plasma for 15 min under

standard sample. AlthOUgh_ the retention time may _depend Ofe condition of 1.7 sccm, 200 mTorr, and 0.15 Wicshowing the pres-
molecular shape such as linear and branched chain, we weggce of agglomerates of particles.

In the whole tested gas pressure range, amorphous fluo-
arbon film was deposited irrespective of the substrate con-

Figures 4 and 5 show GPC curves of extracted species
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FIG. 4. GPC curves of THF extracts from three samples measured by U\{Fnlghga GPC curves for the same three samples as in Fig. 4 measured by R

transmittance method at two retention perio@:from 5 to 17 min andb)
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 mTorr
(indicated with L) and high pressure of 250 mTaltH).
the plasma polymerized film contains oligomers, monomers,

and other reaction products with relatively small molecular
weights.

rocarbon molecule in the solution but also on its specific  In the THF treatment, it turned out that the film was
efficiency. Thus, the appearance of molecular weight districomposed of not only the soluble substance but also the in-
bution measured by the UV absorption method is not necessoluble substance. The THF solubilities of the films prepared
sarily the same as that measured by the RI method even @&t a low pressure condition of 23 mTorr and a high pressure
the measurement of the same sample. Therefore, we us®fl 250 mTorr were 33% and 75% in their weights, respec-
both methods complementarily to estimate the possible mdively. Generally, the interaction between a Si substrate and a
lecular weight distribution of polymers. fluorocarbon molecule by the van der Waals force is propor-
tional to the size of the molecule. For a larger fluorocarbon
molecule the interaction tends to exceed the solvability in

According to the GPC curves of Film-L and Film-H THF, and it remains on the substrate as the residue probably
shown in Figs. 4 and 5, it is seen that the extracted compan the form of a porous film. Besides, there may be any
nents of the deposited films do not depend on the pressuufference in the chemical bond composition between the
condition. The molecular weight distribution extends up tosoluble substance and the insoluble residue. Therefore, the
2000 in the UV measurement. In the Rl measurement, howXPS analysis was employed to compare the compositions of
ever, the signal around 2000 was small while a sharp peathe as-deposited film and the residue after the THF washing.
appeared around 300. The reason of this different appearance The XPS spectra of £ signal from the film prepared at
between UV and RI methods is not clear, but may be attrib23 and 250 mTorr are shown in Figs. 6 and 7, respectively,
uted to the fact that the difference in refractive indexes ofwhere (a) and (b) indicate the spectra of as-deposited film
fluorocarbon polymers and THF is very smdllhe refrac- and that of washed one, respectively. The spectra were de-
tive indexes of both THF and hexafluorobenzene as a refecconvoluted into five chemical bond components; C-C at
ence of polymer molecules are around 1.4 as measured 385.0 eV, C—CEkat 287.3 eV, CF at 289.5 eV, GRat 292.1
using D lines of Na around 589 nff). Although we could eV, and Ck at 294.0 e\?® The composition ratio of these
not estimate the amount of molecule corresponding to eachonds was estimated as shown in Fig. 8, where each compo-
peak in GPC curves since concentration of solution was imnent was assumed to have a Gaussian distribution. Table |
possible to be measured, it is true that the molecular weighitsts the overall atomic ratio of fluorine to carbon, F/C, de-
has a broad distribution from 100 to 2000. This indicates thatived from the XPS analysis. The ratio did not depend on the

A. Structure of surface film
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FIG. 6. XPS spectra of  measured for a film sample prepared at low FIG. 7. XPS spectra of { measured for a film sample prepared at high
pressurg23 mTorp condition (dotted curvi (a) as-deposited film antb) pressurg250 mTor) condition(dotted curvé (a) as-deposited film antb)
residue after THF treatment. Solid curve indicates the fitted result with fiveresidue after THF treatment. Solid curve shows the fitted result as in Fig. 6.
Gaussian peaks for chemical bond components corresponding to C-C at

285.0 eV, C-CFkat 287.3 eV, CF at 289.5 eV, Gt 292.1 eV, and Cfat

294.0 eV. .
€ In order to see the effect of ion bombardment to the

polymerization, some samples were prepared on the powered
electrode by changing the rf power density from 0.079 to

THF treatment so much for the films prepared in both IOW0.71 Wi/cnt. The THF solubility of these films is shown in

and high pressure conditions. However, the chemical bond
composition of the film prepared at a high pressure of 250

0.6

mTorr showed a noticeable change after the THF treatment. 23 mTorr
(For the film prepared at a low pressure of 23 mTorr, there o 1= A5 6lE5P0. (a)
was almost no change after the THF treatment, since the & | Mresidual
solubility of the film in THF was small.lt was noted that the E 0-4r
THF treatment washed out the €Bond component and % 0.3t
exposed the CF bond component as seen in Figs, 7(b), a ool
and 8b). Since the size of a molecular unit composing the § ’
crosslinked film is large and insoluble in the THF treatment, 0.1f
it is imagined that the remaining part has a highly an I |]
crosslinked structure with much abundant CF bonds. Large " C-C C-CF CF CF2 CF3
molecules are produced possibly by the reactions on the sur-
face rather than the reactions in the gas phase, because such 06 250 mTorr
large molecules should form solid particles if they are pro- o 0.5 — 85:depo; (b)
duced in the gas phase. On the other hand, the soluble sub- § | Mvesidial
stance may be regarded as the reaction products in the gas = O
phase. % 0.3f
This change in the spectrum by the THF treatment indi- 8 .|
cates the difference in chemical compositions between the § 0z
surface product and the gas phase product. The insoluble 0.1f
residue in the film includes more CF bonds thary ®Bnds o.obcm “
due to its crosslinked network, while the substance extracted " Cc-C C-CF CF CF2 CF3

by the THF solvent includes more g@bonds. Thus, it is
liﬁ 8. Comparison of chemical bond composition between as-deposited

SUQQESted that the SPECIES prOduced in the gas phase Contﬁlm and residue after THF treatment derived from XPS analysis for samples
more Ck bonds and, therefore, have shorter moleculaiepared ata) low pressure23 mTorh and (b) high pressuré250 mTor)

chains with the molecular weights below 2000. conditions.
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TABLE I. The atomic ratio of fluorine to carbon, F/C, in fluorocarbon films.

PressurémTorr) as-deposited THF treated
23 1.28 1.37
250 1.29 1.25

Intensity (Arb. Units)

Fig. 9. The absolute value of self-bias voltag¥yd, in-
creased from 4 to 27 V with the rf power, and the solubility
decreased with the increase pfyJ. This result clearly
shows that the crosslinking reactions within the deposited
film are enhanced on the surface by increasing the bombard-
ing ion energy, indicating that the kinetic energy depositedFIG. 10. XPS spectrum of a particle samgtiotted curvg Solid curve
by the ion bombardment can contribute to the polymer netshows the fitted result as in Fig. 6.

work formation.

300 295 290 285 280
Binding Energy (eV)

of fluorine to carbon, F/C, in the particles was 1.13, which
B. Structure of gas phase particle was smaller than all values listed in Table I. This result of

From the GPC results shown in Figs. 4 and 5, it becam&arbon-rich content in the particles also shows that they are

clear that the particles formed in gas phase contained polE0MPosed of crosslinked large molecules. Since a C—F bond
mers of ultralarge molecular weights around 100 000. In ad!S Weaker than a C—C bond, the result also implies the pos-
dition, species with molecular weights less than 2000 weréiPility that the gas phase reaction progresses with taking off
also observed in the extract from the particles as in the cadiorine atoms.
of the deposited film. In order to explain the difference in the
molecular weight distribution between the film and particle'V- DISCUSSION
samples found in the GPC measurements, the chemical bond The film structure investigated by the THF treatments
composition of those samples was measured by XPS. enables us to elucidate a part of the polymerization processes
In the first measurement, the XPS spectrum of the parin fluorocarbon plasmas. In gas phase reactions, the primary
ticles was almost the same as that of the film, because th@olecules as the film precursors are produced, whose mo-
particles were possibly covered with the fluorocarbon filmsiecular weights are distributed below 2000. These primary
after dropping on the waféf.In order to remove the films on molecules may result from the polymerization between
the particles, Ar ion sputtering was performed in the XPSsmaller molecules of the size of parent molecules, since the
system using a low-energy ion beam so as to avoid the trangiim was found to include much content of the species with
formation of the chemical composition. The XPS spectrummolecule weights of around 2Q@ig. 5b)]. The vapor pres-
of the particles so obtained is ObViOUS|y different from thatsure of the primary molecule may be extreme|y low, since
of the film as shown in Fig. 10. The chemical bond compo-melting point of a substance composed of such large mol-
sitions also show a clear distinction between th&ig. 11;  ecule exceeds 100 °C, e.g., melting point of perfluorotetra-
the content of C—Cfbond in the particles was more than cosaneC,4Fs) is around 190 °C. Therefore, one can expect
that in the film. This result indicates that the branching ofthat such molecules will be adsorbed on the surface imme-
carbon network was promoted in the precursor moleculegiately after production of the molecule. When the primary
composing the particles. This is also consistent with the GPGnolecules reach to the surface, the polymerization reaction is
result that the particles are composed of the ultralarge manitiated between them and the crosslinked network is con-
lecular weight polymers. On the other hand, the atomic ratigstructed to result in the formation of polymer film. The sur-
face reaction of the adsorbates must be induced or enhanced

60F N 3 35
%Solub{llty

501 —8— Self-bias Voltage | 30 0.6
< {25 0.5_:|fl|m.
t 40t N .(_96 I particle
> a0l 1292 € 0.4
3 1155° s .|
% ool 110 .g 0.3
n o3 0.2t

10p 15 §
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o] . . . \ 40 0.1F
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FIG. 9. THF solubility(wt %) of films prepared on powered electrode plot- FIG. 11. Comparison of chemical bond composition between as-deposited
ted as a function of rf power. Self-bias voltage appearing at the electrode ilm and particle samples prepared at the same high pre$8&6emTor)
shown on the right vertical axis. condition.
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Mw=2000 6‘§:}’% r_2=na2—1+cosg—2na2 (2)
8PS0 i08Ps ». E 0 1—cosé ’
@ @ oS ™ 183
&8 o0 ,f' ol k qﬁg %o wheren, a, and are the number of CFas the smallest unit
¢ O,ﬁ?§ . Fo oo of the fluorocarbon chain, the bond length of C{Z154
o do nmt’) and the bond angle of th@—C—Cstructure(109.59,

respectively. Because the molecular weight of, @50, n
becomes 2000 for a chain with molecular weight of 100 000.
Thus, the root-mean-square end-to-end distance of the chain
(r5)¥2is calculated to be 9.7 nm. This value indicates the
geometrical scale of the chain, although the interaction be-
tween polymers and the larger diameter of a fluorine atom
than a hydrogen atom enlarges the distance actually. The
charging state of a cluster of this size can be estimated
crudely by a charge balance equation based on the orbital-
motion-limited probe theo”) and plasma neutralization
FIG. 12. Conceptual illustration of film structure formed on Si substrate.condition?” The calculation predicts that a cluster is charged
(M,, is molecular weight of polymers estimated from GPC measurejnent. up with a few electrons in a typical plasma condition, where
the plasma density, the electron temperature, and the ion
temperature are assumed to bé &t 3, 3 eV, and 0.03 eV,

by activating them with the irradiation of ions and radicalsrespectively’? It is also assumed that the number density of
from the plasma. In addition to their chemical potentials, thethe clusters is less than a half of the plasma density. Since
kinetic energy released by the ion irradiation can also conthe charge of a cluster increases with its size, a larger cluster
tribute to the reaction. Thus, we suggest a model for the filniends to be trapped more easily in the plasma. The trapped
formation on the surface as shown schematically in Fig. 12¢lusters continue to grow up by the mutual aggregation and
First, primary molecules are produced by mutual reactions opy deposition of film precursor around the clusters to par-
radicals, ions, and parent molecules in the gas phase. Thelitles with micrometer sizes until they are separated with
these primary molecules stick on the surface. These mokeach other by the Coulomb repulsive fofCe.
ecules associate each other with the help of the ion and radi-
cal bombardments. Finally, the crosslinked network is
formed, but a part of the primary molecules is left unlinked.\, coNCLUDING REMARKS

On the other hand, the particles formed in the gas phase
are composed of the ultralarge polymers with molecular By the GPC measurement, it has been verified that po-
weights of around 100000. This fact indicates that sucHymerized species with molecular weights up to 2000 are
polymers are produced while they are suspended in gasontained in the deposited film, and further polymerized spe-
phase and become the precursor of the particle formation. loies with molecular weights around 100 000 are contained in
the plasma, an electron can attack a carbon atom or its borghrticles grown up in the gas phase. This suggests that the
at a random site in a large molecule and produce a radicadolymerization up to 2000 molecular weights proceeds fre-
site. Then, the radical site works as a polymerization site foquently in the gas phase. These products are transported to
the crosslinking of the molecule in the gas phase. The largethe substrate surface and taken into the crosslinking reactions
a molecule is, the more radical sites for the polymerizationwith the assistance of ion bombardments. On the other hand,
are formed in the molecule. As a result of the series of pothose remained in the plasma continue to grow by mutual
lymerization reactions, a large molecule tends to form a clusaggregation with more effective ion bombardments up to
ter. The cluster can be charged negatively due to the differd00 000 molecular weights and tend to be trapped by the
ence in the mobility between electrons and ions in theelectron charging. The aggregation between these largely po-
plasma. The charged clusters thus formed are trapped amgimerized species leads to the formation of micrometer sized
accumulated in the plasma by the balance of various forcegarticles.
acting on them: electrostatic force, gravity, ion drag force, Itis found by the XPS measurement that the F/C atomic
etc?* ratio of the reaction products as both thin films and solid

Here, we try to evaluate the geometrical dimension of gparticles is reduced markedly in a comparison with that of
polymer chain with a molecular weight of 100 000. Unper-the source monomer. This indicates that a C—F bond is
turbed molecular dimension is estimated in the simplestveaker than a C—C bond, and a fluorine atom is more likely
model for a linear chaif® In this calculation, it is assumed to be taken off than a carbon atom from the product by
that theC—C—Cbond angle and length in a fluorinated car- electron, radical, or ion collision in the gas phase. The acti-
bon structure are the same as in a hydrogenated carbon struated site of the monomer and the oligomer by the fluorine
ture and the shape of the whole molecular chain is deterremoval enhances the formation of the highly branched and
mined by the successive combination@fC—Cunits. The crosslinked molecules. In particular, in the solid particle for-
root-mean-square end-to-end distance of a free rotationahation, its precursor stays in the gas phase for a longer time
chain is given by the following equatidf: than in the case of film formation. Therefore, the detachment

Si sub.
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