Solid particle production in fluorocarbon plasmas. I.
Correlation with polymer film deposition
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Solid particles and agglomerates of the particles were found to be produced in
octafluorocyclobutanect C,Fg) plasmas used for reactive ion etching of S#&hd 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 Ck and GFg 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 productiaf01 ©
American Vacuum Society.DOI: 10.1116/1.1372901

[. INTRODUCTION toelectron spectroscogXP9). Finally, the correlation in po-
lymerization between reactions in gas phase and on surface

Surface processing using low-pressure plasmas is one ¢f studied, and the mechanism of the solid particle formation

the most important techniques in semiconductor manufactulis discussed.

ing. Especially, reactive ion etchif®RIE) and chemical va-

por depositionCVD) usipg plasmas With reactive gases are); £y pERIMENTAL METHODS

indispensable for fabrication of semiconductor devices.

Since, recently, highly selective and anisotropic etching is Our experimental setup is shown in Fig. 1. A conven-

required to obtain contact holes with high aspect ratio intional parallel-plate type reactor was used in this study. The

ultralarge-scale integrate@ULSI) circuits. On the other Plasma reactor was evacuated by a turbomolecular pump and

hand, low permittivity intermetal dielectrics are investigated@ rotary vane pump. The rf powered electrode at the upper

for the purpose of reducing the resistance capacitance tim@de was a plate of 15 cm in diameter, surrounded by a

delay (RC delay, which is getting more conspicuous due to grounded metal shield. This electrode also worked as a

shrinkage of the spacing between metal lines in high-densit§hower head to feed source gases. The (_)ther electrode was

multilayer integrated circuits. From these industrial require-Set below the rf electrode with a separation of 3 cm. The

ments, fluorocarbons, e.g.,/&, are being applied to plasma e!ectrode was not grounded, having a floating potential in

etching and CVD processes. In the fluorocarbon plasmas, ffischarge. A load—lock chamber was attached to the plasma

was shown that highly polymerized molecules were formed!®actor, which was evacuated by another rotary vane pump.

which were detected by electron attachment mass spectromsl Wafers were transported between the chamber and reactor
etry (EAMS).13 Mechanisms analogous to cluster formationWhen keeping the reactor at high vacuum. A capacitively

in silane dischargebpolymerized molecules may have high coupled plasma was generated by a 13.56 MHz rf power

sticking probability, and may cause formation of powder and>0urce with am-type maiching network. The discharge
dust particles in the gas phase as well as thin film on th®0Wer was measured at the output of the generator, so that

surface®~’ Since such dusts can damage semiconductor déhe losses in the matching network and cables were not taken

vices on the wafer, investigation of solid particle productionNt® account. The nominal valucénof the power density was
is significant for purification of the processing plasmas forYPically maintained at 0.15W/ctm Then, c-C,Fg gas was

semiconductor fabrication. In this work, the particle produc-SUPP!ied by a mass flow controller to the upper shower-head

tion is examined by direct observation of solid particles€!€ctrode. The typical flow rate was 1.7 sccm. In this con-

dropped on the wafer prepared in the fluorocarbon plasmag.guration’ the residencg time_ is fe'aFiYe'Y_ long being of the
In addition, plasma-polymerized filmghereafter, polymer order of a few(1-10 min. This condition is preferable for

films) on the surface are sampled to measure deposition rafge polymerization, since it allows the produced species to

and to determine the chemical composition with x-ray pho_accumulate in the plasma. Thg gas pressure measured by a
Baratron manometer was set in the range from 23 to 250

dpresent address: Department of Aeronautics and Astronautics, Kyoto Un|r—nTorr'

versity, Yoshida-Honmachi, Sakyo-ku, Kyoto 606-8501, Japan; electronic_ Si wafers were rinsed by a solvent to remove the impuri-
mail: takahashi@kuaero.kyoto-u.ac.jp ties such as house dust before the plasma treatment. A wafer
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Fic. 1. Schematic of the experimental setup.

was mounted on the lower electrode and exposed to the dis-
charge for 15 min with no external bias voltage. Thin film of
fluorinated amorphous carboa-C:F) was deposited on the
wafer surface, and particles and agglomerates fell down from
the trapped region near the plasma-sheath boundary to the
surface during the discharge. After the treatment, the surface
morphology of the substrate was observed by an optical mi-
croscop€differential interference contrast microscopad a
scanning electron microscog8EM). The chemical compo-
sition of the films and particles was also measured by XPS.
The thickness of the polymer films deposited on the wafers
was measured by stylus profilometry.

In C,Fg plasma, stable molecules such as,@Rd GFg
can be produced. Therefore the amount of these molecules [
was measured by using infrared laser absorption spectros- (b) 10um
copy. The absorption lines of the mode at 1283 cm* and

the v, mode at 1250 cm* were used for the measurement of Fi. 2. SEM micrographs ofa) particles andb) an agglomerate composed
CF, and GFs, respectivelﬁ‘m of many spherical particles. These were found on a wafer prepared at 250
mTorr in c-C4Fg plasma.

[ll. RESULTS

In the observation by SEM, particles and agglomeratesvith plasma parameters depending on pressure, particle di-
were found on the surface of a Si substrate treated in thameter, and densifi?. However, the collision frequency of
pressure range higher than 50 mTorr. The particles werparticles increases as the particle density increases, so the
spherical and their diameter was distributed between 0.5 andumber of component particles of an agglomerate corre-
2.3 um. The shape of the particles, unlike flakes of filmssponds to the amount of particle production in a certain re-
deposited on the electrode and the chamber wall, means thgime. In these experiments, the particle charge is estimated
the particles were generated in the gas phase. As seen in Fig. be on the order of 100 electrons and does not change
2, agglomerates composed of spherical primary particlesmuch in the pressure range. Therefore, the increases of the
were observed. Figure 3 shows the pressure dependenciesaafmponent particle number with pressure can be correlated
the particle diameter and the number of particles included inwith increase of particles produced in the plasma. On the
an agglomerate. As the figure shows, the number of particlesther hand, the deposition rate of the polymer films was mea-
composing an agglomerate increases as the pressure isured. The rate shows complex dependence on feed gas pres-
creases more than 50 mTorr. The aggregation mechanissure(Fig. 4). In the high pressure region where a large num-
seems to be complicatéd.Particles in plasmas, generally, ber of the particles were produced, the deposition rate
were charged owing to the difference in the mobility of elec-decreased with rising pressure.
trons and ions. The mechanism can be strongly affected by Furthermore, in order to understand plasma reactions,
Coulomb repulsion force between charged particles and kigas-phase products were observed. The total pressure moni-
netic energy. Therefore, it is difficult to grasp the pressurgored by the manometer was decreased for a few minutes
dependence of particle generation only from the number oéfter plasma ignition under every pressure condition. This
component particles, as the charge state of particles variggessure change was not caused by the fluctuations of pump-
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Fic. 3. Pressure dependence of the diameter of primary partiolesn Fic. 5. Pressure dependence of the pressure depression caused by polymer-
circles and the number of particles composing an agglomefeliesed  ization reaction at an initial state of the discharge.

circles. For the diameter, the error bars indicate the values of dispersion.

The maximum and the minimum values of the number of particles are also

shown by squares and triangles, respectively. tra, five peaks assigned by chemical shift correspond to five
chemical bond components, C-C at 285.0 eV, C@F
ing and feeding of the gas but by chemical reactions in th132871f1§\/’ CFat289.5eV, Qh.:’lt 292.1 eV, and Cfat 294.0
S . eV.-"The spectrum of particles as dropped on the surface
plasma. The pressure depression increased with feed ggs . .
N . uring the treatment was the same as that of the film, be-
pressure as shown in Fig. 5. The depression meant the deple- : N
. . e . . cause the particles were covered watC:F films after drop-
tion of gas species due to polymerization reaction, that is, the. :
i : . ing on the wafer. In order to remove the films found on
transformation of gaseous components into solid matter. | g . . .
g particles, Ar ion sputtering was performed in the XPS sys-
addition, CR and GFg molecules were found to be produced . . ;
. tem, using a low-energy ion beam to avoid the change of the
in C4Fg plasmas. The presence of these molecules has als . i A
| . ; . . chemical composition. The spectra after sputtering indicate
been identified by measurements with Fourier transform in;

frared spectroscopfF TIR).:® The density of these molecules that the p_artlcle_s mc_lude a larger a”_"ou”t of Cx@fend
was measured by infrared laser absorption spectroscopy :[alan the films, implying that the particles were formed by
steady state after the initial pressure depression. The partig[oss-lmked molecules.
pressure of these molecules increased monotonously with

feed gas pressuré-ig. 6). Figure 6 also shows the partial |v. DISCUSSION
pressure of gaseous components except &” GFg mol-
ecules. It did not change monotonously but changed drasti-
cally as the feed gas pressure increased above a critical val
of 50 mTorr for the particle formation.

The chemical bond composition of the polymer films de-
posited on the surface and the particles produced in the g
phase was analyzed by XPS. The measurement was done
two parts of a wafer prepared at 250 mTorr; a clean surfac
and a dirty one contaminated by particl€sg. 7). The XPS
spectra(Fig. 8 show that the chemical composition is di
ferent between tha-C:F films and the particles. In the spec-

The deposition rate of the polymer film on the surface
gpended on feed gas pressure. The pressure dependence of
the rate was changed drastically by the presence of the par-
ticles in the pressure region higher than 50 mTorr. Espe-

ially, the deposition rate was reduced by the particle pro-

ction. This fact indicates that polymer film precursors can
Be consumed mainly in the particle formation in the gas
phase. In addition, the feed gas pressure dependence of the
. deposition rate was similar to that of the partial pressure of
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Feed Gas (C,F;) Pressure (mTorr) Fic. 6. Pressure dependence of the partial pressure gfa@& GFg pro-
duced inc-C,4Fg plasmas. Also shown on right axis is the dependence of the
Fic. 4. Pressure dependence of the film deposition rate. partial pressure of gaseous components excepta@ft GFg molecules.
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Fic. 8. XPS spectra ofa) polymer films on the surface arth) particles
produced in the gas phase. The XPS measurements were done before and

b ] after Ar ion sputtering to remove the polymer film on the particles. Five
( ) 500um peaks were assigned to correspond to five chemical bond components, C—C
at 285.0 eV, C—Cfat 287.3 eV, CF at 289.5 eV, Gat 292.1 eV, and Cf

Fic. 7. Surface morphology of a wafer treated at 250 mTorr, observed by ar{?‘t 2940 eV.

optical microscope. The wafer included two parts(af a clean andb) a
dirty surface contaminated by the particles. In these images, black spots and

parts indicate the contaminated regions. stable compared with f£5. The stable molecules easily ac-
cumulate in the plasma and their loss rate is close to a time
constant determined by the pumping speed. In the present
study, pure Cand GFg plasmas produced neither polymer
sf'ilms nor particles. Therefore, it can be safely said that the
film formation results from chemical reactions related to the
CR+F+M—CFkF,+ M, (1)  reactive gaseous components excepl @fd GFs On the
other hand, the particles were found to be formed by the
Chst CRyt M— CoFgt M, @) cross-linked molecules as suggested in the XPS measure-
whereM is the third body. These reactions have relativelyment. These molecules have molecular weights distributed
high rates of 2.&10° and 1.0<10%°cm®mol’s, around 100000Ref. 19 and sizes of a few nanometers,
respectively’®!’ These reactions are effective even at lowwhich should be a cluster of solid matter. The cluster forma-
pressure below 750 mTotf. The production of such mol- tion caused the depression of total pressure. Since the cluster
ecules is a chain termination reaction forming a nonreactivean be charged and trapped in the discharge, they are grown
site for polymerization. These molecules are chemicallyup to micron-sized particles owing to the deposition of reac-

the gaseous components except molecules such as@F
C,Fgs, where molecules can be formed by the three-body a
sociation given by the following equations:
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Nucleation & Growth This group is composed of radicals, ions, and molecules
larger than source gas in molecular weight. These products
are reactive and candidates for the polymer formation of the
film deposition and the particle growth. Solid-like species,
whose formation causes the pressure depression belong to
the last group. The species are high molecular weight fluo-
rocarbon compounds and a solid matter acting as the particle

8 Solid Particle nuclei.
RIS a oc V. CONCLUSIONS
“Mv<2000 ® lons o F

In c-C4Fg plasma, particle production was caused at high
Fic. 9. Schematic describing a scheme for the particle production. Herepressures above a C“tlc.al Va.lue of 50 mTorr. The productlon
Mw means a molecular weight. should be noted especially in CVD processes, e.g., for the
formation of films with low dielectric constant. In order to

avoid contamination of process plasmas, it is necessary to

tive gaseous components of molecular weights below 200dn&intain reactors at low pressures. On the other hand, it is
which form the surface films on the substrate as well as off0ssible to use the fluorocarbon particles as a material with
the particles® Figure 9 shows the particle production |OW dielectric constant. Since more C—{fond content was
scheme as mentioned above. The particle production and tiacluded in the particles rather than in the films, the particles
total pressure depression strongly depend on feed gas pred® €xpected to have high thermal stability required in semi-
sure. The fact that the particle production increased monotdzonductor processing. Furthermore, a composite of the par-
nously with feed gas pressure may imply that the ponmer-t'C'?S can be porous med@ suitable for low _pgrmlt_tlwty ma-
ization reaction correlates with the density of source gaderials. The composite is one of promising interlayer
molecules or the products resulted from first order reactionglielectrics for ULSI circuits. o .

As a scheme to grow a polymer chain, the following reaction From observation of particles, polymerization reactions
is suggested? were partly elucidated in the gas phase. The particle produc-
tion accompanied by pressure depression was induced by the
formation of clusters acting as nuclei of the particles. The

This reaction means that polymerization by associative eled2Ucl€i trapped in the plasma can be grown up to micron-size
tron detachment can proceed ipFg plasmas. At high pres- partlcle_s, owing to the deposition of polymer film precursors.
sures, supersaturation of the source gas molecule and oth@fcording to the feed gas pressure dependence of the depo-
polymer precursor causes nucleation for the particle producSition rate, it is suggested that these precursors must be re-
tion. active gaseous components and not stable molecules such as
Here, reaction products are generated in the transformdzFa @nd GFs. The presence of clusters was confirmed in
tion from source gas (§Eg) molecule to plasma-polymerized chemical characterization with XPS, but their formation
polymers. In this study, the reaction products are divided intd"€chanism is not clear. Since the source ga€{Fg) mol-
three groupgFig. 10. The first group are such stable mol- ecule and products dissociated in first order reactions can
ecules as CFand GF,. These molecules are insufficiently form plasma polymer, other measurements detecting such
reactive to form plasma polymers. Gaseous components eXtolecules, e.g., FTIR spectroscopy, are required. Further-

cept the stable molecules are included in the second grouf0re it is indispensable to confirm the nuclei formation in
gas phase diagnosis in order to elucidate the whole mecha-

nism of the particle production in fluorocarbon plasmas.
These subjects will be studied in the following work.

CnF +CaFg—ChigFergte. 3
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