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Rapid Growth of Particles by Coagulation Between Particles in Silane Plasma Reactor 
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Abstract-The changes of particle size distribution were investigated during the rapid growth of particles in the sila~e 
plasma reactor by the discrete-sectional model. The particle size distribution becomes bimodal in the plasma reactor 
and most of the large sized particles are charged negatively, but some fi-actions of small sized particles are in a neutral 
state or even charged positively. As the mass generation rate of monomers increases or as the monomer diameter 
decreases, the lmge sized par~cles grow more quickly and the particle size distnbution becomes bimodal earlier. As 
the mass generation rate of monomers decreases, the electron concentration in the plasmas increases and the fraction 
of particles cha-ged negatively increases. With the decrease in monomer diameter, the ele~-on concentration decreases 
m the begim~ing of plasma discharge but Iater increases. 

Key words: Particle Charge Distnbutioi~, Pafacle Size Dis~'ibutiozl, Bimodal Distfibutioi~, Discrete-Sectional Model, Rapid 
Particle Growth, Silane Plasma Reactor 

INTRODUCTION 

Plasma processes such as plasma chemical vapor deposition 
(PCVD), etching and sputteiiug are being widely used in semicon- 
ductor manufacturing The particles act as one of the major sources 
of defects in semiconductor products and senously deteriorate the 
peffom~ance of the microelectronic devices. Particles varying in 
size fi-om a few i~nometei~ to microns are usually found inside the 
plasma reactor. Those paCacles are beIieved to grow by coagula- 
tion and condensation. The particles in a plasma reactor are usually 
charged negatively to b~lance the c~ents  onto the pafacles by slowly 
moving ions and fast moving electrons, and most of those particles 
are found at the plasma sheath bound~Jes where several forces on 
the particles are b~lanced ['Bouchoule and BoufendJ, 1994; Crraves 
et aI., 1994; Howling et al., 1993; Huang and Kushnez; 1997; Sel- 
wyn, 1993, 1994; Watanabe, 1997]. 

The par~cle contamination problem in the plasma reactor is quite 
important fi-om an economic viewpoint, and much research on par- 
ticle formation, transport and growth has been done theoretically/ 
expez~aentaffy. Kustmer's group [Choi and Kustmez; 1993] theo- 
retically investigated the role of negative ions for the fon~aation of 
large clusters in low-pressure plasmas and proposed that negatively 
charged intem~ediates in electropositive plasmas increase the aver- 
age residence ~ a e  of dustez~ to allow the growth of aitica~y Imge 
cluste~. Cnaves et aI. [1994] ~alyzed the particle transport by con- 
sidez-ing the most important forces such as the electrostatic force, 
the ion drag force, the neutral drag force, thermophoresis, and grav- 
ity in glow discharge plasma and predicted the &stribution of par- 
ticles in a plasma reactor Sel~x~l [1993, 1994] analyzed the particle 
behavior in a plasma reactor for various wafer morphologies by 
Laser Light Scatteriug (LLS) and proposed plasma tools for the self- 
cleanmg of the par~cles. Howling et aI. [1993] measured the par- 
ticle sizes and concentrations in silane and Ar plasmas by the LLS 
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and also mcdeled the agglomeration phase by the Brownian flee 
molecular coagulation model. Watailabe's group [Shf-atani et aI., 
1996; Watakabe, 1997] analyzed the particle growth in plasma reac- 
tor by the LLS method and proposed that the particles in the plasma 
reactor follow tt~ee phases (initial growth phase, rapid growth phase, 
growth saktration phase) to grow up to submicron sizes. Bouchoule's 
group [Bouchoule and Boufencli, 1994; Boufencli and Boudloule, 
1994] suggested the particle growth kinetics for particle sizes fi-om 
2nm to a few 100nm in an rf-argon-silane plasma and reported 
that the particles grow rapidly by the coagulation in the fn~t phase 
and slowly by the surface deposition process on independent parti- 
cles in the second phase. Samsonov and Goree [1999] observed that 
submicron to micron sized particles are produced in the gas phase 
of sputtering discharges and the growth rate and par~cle shape vary 
widely, depending on the target materials. Childs and Gallagher 
[2000] studied the particle growth in pure silane ff discharge, using 
the LLS method and showed that the particle density is a sensitive 
function of  gas pressure and ff voltage. 

Particle charging is quite important to explain the rapid particle 
growth by coagulation between l~rticles. Goree [1994] considered 
the effects of particle concet~-afiom, electron emission, ion trap- 
ping and charge fluctuations on the l:article charging, and showed 
that the charge distributions can be unstable instantaneously by the 
differences of influx rates of ions and electrons. Recently, Ivlatsou- 
kas et al. [1996] solved the population balance on the stepwise pro- 
cess of particle charging and suggested the charge distribution of 
particles above a few nms in the plasma reactor can be expressed 
as the Ganssian distribution fimction. Gordiets and Fen-eira [1999] 
obtained the cbmge distribution function of particles as a fimction 
of the discrete charges and showed that positively charged grains 
can be fon~aed when seconclary electron emission is suflffcienfly im- 
portant to change their charge. 

The particle coagulation rate will be affected sigifficantly by the 
interactive forces between the charged particles. Hoz'anyi and Ooertz 
[1990] theoretic@ considered the particle growth by enhanced 
coagulation between the oppositely charged, differently sized gz'a~s 
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in tile plasma :~ion and suggested ttlat if the ionization fi-action is 
<< 10 -13, the enhanced coagulation might be the most important pro- 
cess responsible for grain growth in ti:e size range of 0.1-500 J.u'n. 
Kortshagen and Bhanclarkar [1999] studied the growth of nanome- 
ter parhcles in low pressure plasmas and showed that paracle co- 
agulation is enlmnced compared to coagulation in neuh-al aerosols 
due to the atn-action of oppositely charged paracles. Kim and Ike- 
wawa [1996] and Kim and Kim [ 15;97, 200(O] ~lalyzed tile parti- 
cle fozTnation, growth and transport in silane plasma reactors with 
the plasma chemical reactions which are important for the particle 
formation in silane plasma reactors, and predicted the dist:ibutiom 
of those particles inside the plasma reactor for several process con- 
ditiom based on the neunal particles. RecentIy, they maalyzed the 
rapid particle growth by coagulation between two monods 
parhcles [the protoparacles (small size parhcles) and the predator 
particles (large size particles)] in a silale plasma reactoi; consider- 
ing the Gaussian ds function for particle charges [-Kim and 
Kin:, 2000b]. 

It is observed that the mass generation rates of monon:e:~ and 
monomer diameters in the plasma reactor change depending on the 
plasma conditiorxs and significantIy affect ti:e particle growth in the 
plasma reactor [Watanabe, 1997; Shkat~-ti et aI., 1994; Bouchoule 
and BocifendJ, 1994; Bocifendi and Bounhoule, 1994]. In this st~dy, 
we systematically analyzed the charges of particle size dist:-ibution 
for various process conditiom (mass generation rates of monomea~ 
and monomer diameters). The particle charge distribution was caI- 
culated for each particle size tmsed on ti:e G-aussian distribution func- 
t io:  The eleclroneutrality condition is also included in the plasma 
reacto:: The rapid particle ~-o~:~la by coagviation was predicted by tile 
discrete-sectional method. The particle coagv.Iation between dlarged 
paracles is considered in this calculation. 

T H E O R Y  

In the plasma reactor with low particle concentration, most of 
those particles will be located arocaad the sheath boundaries and 
grow there, but. in the plasma reactor deme with particles, tile par- 
tides are dispersed in the bulk plasma region and are believed to 
grow by coagulation between particles. Those particles are found 
to be divided into two groups in size, small sized and large sized 
parhcles ['Boufendi and Bouchoule, 1994; Shiratanl et al., 1996; 
Kin  and Kin,  2000b]. We calculated tile changes of particle size 
ds and particle cha:ge dishibution during tile rapid parti- 
cle growth by coagulation in the plasma reactor. We included the 
effects of fluid flow, particle generation, particle coagulation and 
partide charge dishibution on particle growth in the plasma reactor. 

The particles of same dlarges cannot collide with each othe, be- 
cause of the electrostatic repulsio:l, and the particle charge ds 
tions in the plasma reactor are quite important to decide the coagula- 
tion rate between the particles. Most of those particles in the plasma 
reactor are charged negatively but, based on the analysis by Mat- 
soukas et aI. [1996], some parhcles in the plasma reactor can be in 
a neutral state or can be even charged positively, depending on the 
plasma conditions. They solved the popuIation balance on the step- 
wise process of particle chmging in tt:e plasma reactor and sug- 
gested the chmge ds of particles above a few ::~ns can be 
expressed as the Gaussian distribc~on functior: The particle charge 

distribution (f(q)), average cha:ge (~) and veaiance ((:~) of the dist:i- 
boron were expressed by Eqs. (1}(3), respectively, in terms of par- 
tide diameter (@, concentrations of electron and positive ion (No, 
N+), masses of electron and positive ion (M~, :eL) and temperahzes 
of eIectron and positive ion (T,, T§ ['iviatsoukas et al., 1996; Kim 
and Kin,  2000b]. 

f(q) = ~ I ~ e x p F -  ~ 7  (I) 
o~d2~ L 2o~ _1' 

- 2=%4kBT N+(M, Tf~ 

(1"~( 1-f[3 F~ 
O, : l~7)/t '  + 1 - t ' ~ g ) '  (3) 

where [3~ and t' are defined as 

e 2 , T .  

[3o = 27:e0Ek~Wg; t = E (4) 

We assumed the bulk plasma region in tt:e plasma reactor is tt:e 
continuously stmed tank reactor and tt:e gas sh-eam has the resi- 
dence time of'c,~, inside the plasma reacto:: The general dynamic 
equation for particles in plasma reactor is given as follows: 

d~tv) - I(v)8(v -Vl) 1 ~ ,  E(V, v -V) ~ (% v -V)n(V)n(v -V)dV + 

-S~ E(v,V)13(v,V)n(v)n(g)dV -(F,o: + F~,)n(ir). (5) 

Tt:e f::~t tez:a on the zight hand side (RHS) of Eq. (5) shows tt:e 
monomer generation rate and tt:e second and the thkd tez:as, tt:e 
particle generation and disappearance rates by particle coaomalation, 
respectively The E(v, V) is tt:e enhancement factor of collision fre- 
quency function taking into account the particle charge distribution 
of colliding particles. Tt:e last tea:a on RHS of Eq. (5) shows the 
(fk~appea:~nce :ate by fluid flow. It is assumed that the particles wl'nch 
are chmged positively or in a neutral state go oct of the reactor with 
fluid flow, but the particles chmged negatively are caught ~side 
the plasma reactor by the eleclrostatic repulsion in the sheath regio: 

Eq. (5) is a nonlinem; partial integro-differentiaI equation and an 
appropriate approach should be used to solve this equation to predict 
the evolc~on of the particle size distribution within limited com- 
puting time. The discrete-sectional model [Gelt~-d and Seinfelcl, 
1980; Wu and Flagaa, 1988] can :-educe the computing time, but 
predict the evolution of particle size distribution quite well. We ap- 
plied the ds model modified by Lanclgrebe and Pratsi- 
nis [1990] and Wu and Biswas [1998] to analyze the particle growth 
by coagulation between charged particles in the plasma reactor. Tt:e 
volume-conserved disc:ete-sectionaI model we applied ks good at 
predicting the paracle size distribc~on where particles grow by co- 
agulation [Landi-ebe and Pratsinis, 1990; Wu and Biswas, 1998]. 
The population t:alance for the monomers fi-om the general dynamic 
equation can be expressed as: 

d %  S 1 q ls~(Ei j~*j%)~.~  1 km~ 4--D - -qm ~ (El& ~m,kQe) 
d t  Pe J=l ' �9 k=l 

- (Fpo~ 1+ F~e~ 1) qj . ( 6 )  

The ftrst RI-tS term of Eq. (6) is the generation rate of monomers, 
the second and third terms are the disappearance rates of mono- 
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,ners by coagulation with particles in DSR (discrete size reghne) 
and SSR (sectional size regime), respectively. The last RHS term 
is the loss rate o1"(tl by fluid flow. The population balance for z-mers 
(~=2 to minx) is 

1,'-2 
a, = ;-~'(Ea,u-:)13;,o-g)qbq(2-,)) - q" E (E,.,[8,,.q~.) 
~ ~j'=2 d'=2 

-q2 .~, (F~.,~. [3,..~Q,) - (Fw~.2 +F~,,.2)= ~ .  (7) 

The frst RI-IS term of Eq. (7) is the generation rate o f q  by coag- 
ulation of analler particles and the next two tams  are the disap- 
pew'once rates ofo, by coagulation ofz-mers with DSR and SSR 
particles, respectively. 

The population balance equation for the kill section is 

1 - D 2--D dQ~ 2 ma~2 ~a~ i D 2~-i 

- ;  Z Z (E,.e. [3,.e..,q,%) + Z Z(E,~ [32~.~q~Qj) 
dt ~,=~ ~=~ ,=2 j=2 

+ 1 1 - -  l ' .~m 2--,D 2 ;~m 5~ 'D 

~ ~=2j'=2 i = 1  /=1  

-Q.~Y,0~2,~ ~2..&) +Q ~'B,~Q2)- ~ Q ~  
2=2 

The first three RHS terms are the generation rates of  Q~ by coag- 
ulations between two DSR particles, between one DSR and one 
smaller SSR particle, and between two smaller SSR particles, re- 
spectively. The fouflil and fifth ILl-IS terms are the disappearance 
and generation rates, respectively, of Q~ by coagulations between 
one DSR and one section-kparticle. The sixth and seventh RHS 
terms are the disappearance and generation roles, respectively, of 
Q~by coagulations between one smaller SSR and one section-kpar- 
ticle. The eighth and ninth RI-LS terms, respectively, ~ the loss rates 
of Q~ by coagulations beNveen Nvo section-k particles andbetween 
one section-k and one larger section particle. The final RHS term 
accounts for the loss of  Q~ by fluid flow. 

All the particles in plasma reactor will be charged or in nenaal 
state, md the fiactions ofpa'ficles in DSR and SSR v, hich ~e charged 
negatively or positiv~ely or in neuWal state can be calculated fixrn the 
Gmssim distribution function ofpaficle charging. The fiactions of 
pmficles which are charged negatively, nena-al or chmged positively 
(F,~,  F~.,~, F ,~)  in DSR mid SSR and also the average charges of 
the negatively mid positively charged particles (~.~g, T~.~o,) in DSR 
and SSR can be calculatedfi'om the Gaussian distribution function 
of particle charges in t ams  of particle size and plasma pa'an~etas 
[Kim and Khn, 2000b]. The average electron chmge an a pafide 
is proportional to partide dimneter, aid large sized partides will be 
chargedmore n~afively than the small sizedpatticles. The smaller 
pmlicles (d~_10's rim) can have more possibility of being neutral or 
even being charged positively, depending on the plasma conditions 
[Kim mid Kim, 2000b]. The particles of opposite charges will col- 
lide with each other very fast and the neutral particles can collide 
with all particles, but the particles of  same charges cannot collide 
together (Fig. 1). The F~.,~ can be calculated as follows 

+F2, F.  ( I - I ' , . )+F2F.  +F 2 F.,~(1-I ' ,)],  
, g - J , . z ~  d ,.z:~x-J, , , s ~  J ,  g x  ,J O) 

0 

O / 
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Fig.  1. Coaglflalion between charged and nctgrai parRdes ht file 
p l a s m a  reactor.  

I',~ = q,.~,~go~)q~..~v . . . . .  e)r (10) 
m~om~v~(d,. +dj) 

The (1-F2~i) in Eq. (9) is the enhancement factor of  collision ti'e- 
quency function induced by the Coulomb force between the oppo- 
sitely charged particles colliding together [Liebmnan and Lichten- 
berg, 1994]. 

The electrons are absorbed onto the particles mid the electron con- 
cen~'ation in the plasma changes with time as the particle concen- 
tration and size change in the plasmareactor. We included the elec- 
tmnentmlity condition in plasma reactor by considering the charges 
by electrons, positive ions, negative ions and partMes as follows: 

N~=N+-N_+ ~, Nyh. (Ii) 
~=l 

By inserting q2 in Eq. (2) into Eq. (11), we have Eq. (12). 

N,=B2- B~InN , . (12) 

The B1 and B 2 are defined as 

B2=N§ -N_ + ~, N~AL,, (13) 
l = l  

i m~z +~ m o~ 

B~= ~ N~A2,u (14) 
2=2 

2rrs0d~k~T~ fM, T/X ~a 
whe,e A2.2 =C e?- lnN+(~--~+) , (15) 

A -C 2rc%d~k~T~ ~.~ - 7 " (16) 
g 

We a ~ t n e d  the positive and negative ion concen~-aions in plamaa 
reactor are constant dating the diseh~ge and solved the Eq. (12) by 
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the Newton-Raphson method [Riggs, 1988] to calculate the change 
of electron concentration with time. The electroneutrality condition 
[Eq. (11)] will not be satisfied in the sheath region of s plasma reac- 
to1; but mlI be satisfied in the bulk plasma and approximately in 
the sheath boundary region. 

It: t t~  computations, the number of discrete sizes (finax) is 20, 
which is quite enough to avoid inaccuracies at the junction of the 
discrete and sectional parts [Lanclrebe and Pratsinis, 1990; Wu and 
Biswas, 1998]. The section spacing (v~N~_~) in SSR was 1.05. The 
governing equations of the discrete-sectional mcdel in Table 1 were 
solved nume~ica~y by the ODE solver, DGEAR subroutine to cal- 
culate the particle size distribution in a plasma reactor by discrete- 
sectional model. It: every time step of integratiot~, the electroneu- 
tra~ty condition [Eq. (11)] was also solved to calculate the electron 
concentration. The partlcIe charge distributions, the ~actions of ne- 
gatively cha~ged, neu~-al or positively chm-ged l:articles and the rarer- 
age charges of particles were also calculated fiom the electron con- 
centration. The E,,j were calculated in every ame step of integra- 
tion by Eqs. (9) and (10) and were impleme~ted into the l:opula- 
tion balance equations in DSR and SSR to calculate the coagula- 
tion rates between particles. 

R E S U L T S  A N D  D I C U S S I O N  

The ct~nges of particle size distribution and particIe charge distri- 
bution were calculated in a plasma reactor, changing severaI pro- 
cess conditions such as mass generation rate ofmonome~ (S~) and 
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Fig. 2. Changes of particle size distribution for various times at 
standard conditions ($1=4.23 xlO -7 g/cm3s, dl=lO nm). 
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Fig. 3. Changes of particle chaise disb'ibution for various limes 
at standard conditions (S~=4.23 x l 0  -7 g/cn~s, d~=10 ran). 

monomer diameter (d~). The standard conditions for S~, d~ and %, 
were 4.23 x 10 -7 g/cm3s, 10 r~-n and 0.485 s (30 sccm), respectively, 
which were the experimental conditions by Shs-atani et al. [1996]. 
The concentrations of positive ions (N§ and negative ions (N_) were 
found by the n~ne:-ical program [Kit:: and Kit::, 1997] in silane 
PCVD for the conditions of pressure=0.6 Torr, gas temperature= 
300 K and total gas flow rate=30 sccm and w e r e  about 6.0x 10 :~ 
cm -3 and 5.0xl(? cm -3, respectively. The standard condition for 
initial eleca-on concentration becomes 5.5xl 0 :~ cm -3. The plasma 
conditions for ion tempera~re (T+) and elech-on temperature (To) 
were assumed to be 300 K and 2 eV, respectively. 

Figs. 2 and 3 show the changes of particle size dishibution mad 
particle cbm~e disttibutioi1, respectively, for vmious times at stand- 
ard conditions. In Fig. 2, just after the plasma discharge on (~0.05 s), 
we have the small sized particles only and the small sized particles 
start to g o w  by coagulation between particles and, later, the large 
sized particles appear (t:0.3 s) and grow larger and Iaigel; and, fro- 
ally, the large sized particles are separated fion: the small sized par- 
ticles (~5  s). As the particle size increases, the surface area of par- 
ticles for colIision with elech-ons increases, and, in Fig. 3, the large 
sized l:articles are charged more negatively than the smalI sized par- 
ticIes. Most of the Ialrge sized particles (d=130 nm) are charged ne- 
gatively, but, for the case of small size particles (d=10 rrn), we can 
see that some fractions of small sized particles are in neutral state 
and some ~actions are, svaprisingly, charged positively. The small 
sized particles charged positively can coagulate very fast with the 
Ialrge sized par~cles charged negatively by the elec~rostatic attrac- 
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Fig. 4. Comparison of the predicted particle size distribulions with 
the experimental results by Shiratani et al. [1996]. 

tion. The smalI sized particles will coagulate more selectively with 
the large sized particles which are charged more negatively than 
with the medium sized particles, and the large sized particles grow 
faster than the medium sized particles. The concentration of medi- 
um sized par~cles decreases with m e ,  and we can see a clear dis- 
crepancy in particle size d/stribution between large sized and small 
sized par~cles in Fig. 2 at t=5 s and the particle size distribution in 
plasma reactor becomes bimodaI. As the amount of particles in the 
plasma reactor increases with time, more electrons are absorbed 
onto the l:articles, the electron concentration decreases, and the par- 
ticles of sane size in the plasma reactor become charged less ne- 
gatively (Fig. 3). 

Fig. 4 shows the comparison of model results in particle size dis- 
tribution with the published exl:edmental data by Stmatani et aI. 
[1996] for standard conditions. In their exl:enments , the small sized 
particles are obsen~ed in the beginning of discbmge (~1 s) and, 
late~; the Ia~ge sized particles appear (t = 1.2 s) and are separated fiom 
the small sized par~cles (t=2 s) and grow (t=-4 s), as we predicted 
in our model results. In our model results, the large sized particles 
appear at t=1.0 sec, while they appear in experiments at t = 1.2 sec. 
In th~s calculation, we assumed that the monon~er generation rate 
and monomer size are constant fion~ the begit~m~g of discbm~e, 
but, in experiments, it might take some time to reach the steady states 
for the monomer generation rate and monomer size. That is why 
the large sized particles in this calculation appear earlier tha~ in ex- 
pmrnents. Our model results at t =2 s and 4 s are in quite good agree- 
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ment with their experimentaI results. 
1. Effects of Mass Generation Rate of M o n o m e ~  on the Rapid 

Particle G r o w t h  

Fig. 5 shows the changes of particle size d/stdbutions at 5 s for 
various mass generation rates of monomers. The particle size dis- 
tdbutions are again bimodal with small sized and large sized l:arti- 
cles. As the monomer generation rate increases, small sized parti- 
cle concentration increases and the large sized particles grow more 
quickly and become larger by the faster coagulation with the small 
sized pafacles and the particle size d i s~b~on  becomes bimodal 
earlier. 

Figs. 6-8 illustrate the changes of the amount of ele~-om absorbed 
onto the particles and remaitm~g in the plasmas, the total particle 
concentration and the particle concet~atiom charged or in a neu- 
ral state for various mass generation rates of monomers. The amount 
of electrons absorbed onto the ~articles increases with tinge because 
of the increase in l:article amount, while the electron concentration 
in the plasmas decreases to satisfy the electrone~rality condition 
(Fig. 6). As the monon~er generation rate increases, the electron con- 
centration decreases because more parttcles are generated and more 
electrons are absorbed onto the l~rticles (Fig. 6). The Ixedicted plas - 
ma electron concez~-ation at S~=4.23 x 10 -~ g/cm~s is alx)ut 2.6x 10 ~ 
cm -3 at t=5 s and is very comparable with the experimental result 
o f 3 x l 0  ~ cm -~ by Stm-atani et al. [1996] for the s~ue process con- 
ditions. In the beginning of discharge, the total particle concentra- 
tion increases with time because of the faster generation rate and, 
later, decreases because of the faster coagulation rate between par- 
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Fig. 7. Changes of the total particle concentration for var io~  mass 
generation rates of  monomers  (d~=10 nm). 
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Fig. 8. Clmnges of the particle concentrations chalged or in a neu- 
tral state for various mass generation rates of monomel~ 
(d~=10 nm). 

ticIes at high particle concentration and, as the monomer genera- 
tion rate increases, the total particle concentration increases (Fig. 7). 
In Fig. 8, for a monomer generation rate of less than 4.23 x 10 -7 g/ 
cm3s, most of the particles are cbaiged negatively and, as the mon- 
omer generation rate increases, the fraction of particles c h ~ e d  ne- 
gatively decreases bec~se of the decrease in electron concentra- 
tion in the plasmas. For the monomer generation rate of 4.23x 10 -6 g/ 
cm3s, the particle concentration is higher than the initial eleclron 
concentration of 5.5x10 ~~ cm -3 for 0.004<t_<2.7 s (Fig. 7) and the 
particle concentration in a neutral state becomes higher than that 
charged negatively because of the high total particle concentratior~ 
2. Effects  of  M o n o m e r  Diameters  on the Rap id  P a l ~ c l e  
G r o w t h  

Fig. 9 shows the changes of particle size distnbutions at 5 s for 
vaious monomer dianetez~. As the monon~er diameter decreases, 
the small size particle concentration becomes higher because of the 
faster monomer generation rate and the laige size particles become 
Ialrger by the faster coagulation with the small size particles and the 
large size particles are separated more clearly fi-om the small size 
particles. 

Figs. 1 O- 13 show the changes of the total particle concentrations, 
total particle volume and surface area per volume of reactor, the 
amount of elec~rons absorbed onto the par~cles and remaining in 
the plasmas and the particle concentrations charged or in a neu~raI 
state for vaious monon~er diametez~. As the monomer diameter 
decreases, the total pafacle concentration increases because of the 
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Fig. 11. Changes of the total pal~icle volume and surface area per 
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faster generalJon rate of new particles (Fig. 10). In Fig. 11, as the 
monon~er diameter decreases, the total particle volume does not 
chaNe sigi~icantly and tile total surface area ofparticles increases 
m the begint~ng because of the t:ao~er concei~ation of small size 
particles, but decreases, later (t>__0.2 s), because of tile decrease in 
large size particle concentratioll The amo~at of electrons absorbed 
oi~to the particles depends on tile total surface area of particles and, 
m Fig. 12, the amount of electrons absorbed onto the particles in- 
creases in the beginning of plasma discharge with the decrease of 
monon~er diameter because of the lager total surface area of par- 
ticles, while the eleclron concentration m the plasmas decreases. 
After tile large sized particles apl:em- and ~-ow enough, the total 
st~face area of particles increases as the monomer diameter increases 
and the electron concentration in the plasmas decreases because 
more electrons are absorbed onto the particle st~face (Fig. 12). In 
Fig. 13, the l:~ticle concentratioi~s charged negatively are quite higher 
t i m  those in a neutral state or charged positively for the monomer 
dim'neter of 10 r~'n, but. for the monon~er dim'neter of 2 i~'n, the total 
parttcle concentration is quite higher than the initial electron con- 
centration of 5.5x10 ~~ cm 4 (Fig. 10) and most of the particles are 
m a neutral state in the plasma reactor. 

CONCLUSION 

Using the discrete-sectional model we analyzed particle growth 
by coagulation and investigated the changes of particle size distri- 
bution &tring the rapid growth of particles in the plasma reactor for 
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various process conditions (mass generation rates of monomers and 
monomer diamete:~). The particle cba:ge distribution for each par- 
ficle size was expressed by the Oaussian distribution fu~:ctio:l 

In the begimfing of plasma discbmge, we o:~Iy have small sized 
particles ancl, late:; the large sized particles appear and grow and 
are separated fi-om the small size parttcles. It is usually believed 
that most of those particles in a plasma reactor are cbmged nega- 
fively, but we found that some fractions of particles can be in neu- 
tral state or can be charged positively, depending on the process con- 
ditions in the plasma reactor. The Iasger the particle size is, the more 
negatively the particles are charged. Some fractions of small sized 
particles are in a neuh-al state or even charged positively and the 
small sized particles ct:arged posifively will coagulate more selec- 
tively with the large sized particles which are charged more nega- 
fively tha: the medium size particles, and the particle size dishibu- 
fion becomes bimcclal. These model results compare well with the 
ext:e:m:entaI results qualitatively and qua:titatively. As the mass 
generation :-ate of monomers increases or as the monomer diane- 
ter decreases, the small sized parttcle concentration increases and 
the large sized particles grow more quickly by the faster coagv.Ia, 
fion with the small size particles, and the particle size dish'ibution 
becomes bimodaI earlie: As the parades are generated and accu- 
mulated in the plasma reactor, the amount of electrons absorbed onto 
the particle increases, while the electron concentration in the plas- 
mas decreases. As the mass generation rate of monomers decreases, 
the electron concentration in the plasma increases and the fraction 
of paracles charged negatively increases. As the monomer diame- 

ter decreases, the electron concenlration in the plasma decreases 
because the small sized imrticles appear earlier and absorb more 
electrons in the begit~fing of discharge, but, late< the electron con- 
centrafion increases because the total surface area of particles de- 
creases. Total particle concentration can be higher than the initial 
electron concentration when the mass generation rate of monomer 
is quite high or when the monomer diameter is very small, and the 
fraction of particles in a neutral state increases and the particles of 
meditrn size can be generated by coagulation between neutral par- 
ticles and the particle size distribution becomes broader. 
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N O M E N C L A T U R E  

C 

4 
d: 
e 

E(v,V) 

f(q) 

: constant, 0.73 
: particle diameter in the/th size regime (DSR+SSR) [cm] 
:monomer diameter [cm] 
: eIementary charge of  eIectron [C] 
: enhancement factor of collision fi-equency function tak- 

ing into accoLu-t the particle charge distribution of coi- 
Iiding particles 

: particle cha:-ge distribution function 
Fl,~:, Fl . . . .  Fl,~, " fractions of particles which are charged nega- 
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lively, neutral, or ct~-ged positively in the/th size regime 
(DSR+SSR) 
flux of species which pass tl~-ough the q particle charges 
Boltzmmm constant, 1.38 • 10- ~ [gcm~/sec~K] 
reduced mass between the moving particles 
mass of  species [g] 
size distribution fcmction [cm -6] 
number concentrations of species [cm -~] 
number concentrations of particles in the lth size regime 
(DSR+SSR) [cm -3] 
particle charges [e] 
average charges of particle in the lth size regime (DSR+ 
SSR) [e/particle] 
volume conce~-ation variable for i-me~ in the discrete 
size regime 
volume concentration variable for section k particles 
mass generation rate of  monome~z [g/cm3s ] 
time [s] 
temperature of species [K] 
gas temperature, 300 K 
particle volume variable [cm ~] 

: monomer volume [cm~] 
: particle volume upper boundary of sectional k [cm 3] 
: particle volume lower bounclary of sectional k [cm 3] 
: relative velocity between the moving particles 

Greek Letters 
general property coagulation coefficient ([3,./(jv 0) 
collision frequency function between particles [Fried- 
lander, 1977] 
collision integral for coagulations of two sectional size 
regime particles 
collision integral for coagulations of  section k particles 
and i-mers in discrete size regime 
collision integral for coagulations of two discrete size re- 
gime particles 
pennittivity of fi-ee space, 8.854x 10 -~ [C~/dyncm ~] 
particle density [g/cm 3] 
variance in lth discrete size regime or sectional size re- 
gime 
residence time [s] 

~(u, v) 

--DD 

s 
P~ 

~rg.es 

Subscripts 
0 :initial 
e : electron 
l : lth size regime (DSR+SSR) 
+ : positive ion 
- : negative ion 
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