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Abstract—Rapid particle growth in the silane plasma reactor by coagulation between 2-sized particles was analyzed
for various process conditions. The particle coagulation rate was calculated considering the effects of particle charge
distribution based on the Gaussian distribution function. The large size patrticles are charged more negatively than the
small size particles. Some fractions of small size particles are in neutral state or charged positively, depending on the
plasma conditions. The small size particle concentration increases at first and decreases later and reaches the steady
state by the balance of generation rate and coagulation rate. The large size particles grow with discharge time by
coagulation with small size particles and their size reaches the steady state, while the large size particle concentration
increases with discharge time by faster generation rate and reaches the steady state by the balance of generation and
disappearance rates. As the diameter of small size particles decreases, the diameter of large size particles increases more
quickly by the faster coagulation with small size particles of higher concentration. As the residence time increases,
the concentration and size of large size particles increase more quickly and the average charges per small size and large
size particle decrease.
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INTRODUCTION ma reactor follow three phases (initial growth phase, rapid growth
phase, growth saturation phase) to grow to submicron sizes. Bou-
Plasma discharge processes are quite notorious from the point ghoule et al. [Bouchoule and Boufendi, 1994; Boufendi and Bou-
particle contamination and those particles can induce several seréhoule, 1994] suggested the particle growth kinetics for particle sizes
ous effects on the performance and quality of microelectronic defrom 2 nm to a few 100 nm in a rf-argon-silane plasma and reported
vices and also on the final product cost. Particles in size from fevthat the particles grow rapidly by the coagulation in the first phase
nanometers to microns are usually found inside the plasma reactaind slowly by the surface deposition process on independent parti-
Some contaminating particles originate outside the plasma procesdes in the second phase. Horanyi and Goertz [1990] considered
and other particles can be formed inside the plasma. There are twbeoretically the particle growth by enhanced coagulation between
sources of particles formed inside the plasma: one is homogeneotise oppositely charged, differently sized grains in plasma region and
formation in the gas phase due to the plasma chemistry, and the otteiggested that if the ionization fraction is <% Ghe enhanced
is heterogeneous formation due to the fracture of deposited thin fimsoagulation might be the most important process responsible for grain
Those particles are believed to grow by coagulation and condensarowth in the size range of 0.1-50®. Kortshagen and Bhandarkar
tion. The particles in the plasma reactor are usually charged negdt999] studied the growth of nanometer particles in low pressure
tively and most of those particles are found at the plasma sheathlasmas and showed that particle coagulation is enhanced compared
boundaries where several forces on the particles are balanced. Tkecoagulation in neutral aerosols due to the attraction of oppositely
particle contamination problems in plasma reactor have been widesharged particles. Childs and Gallagher [2000] studied the particle
ly analyzed on the experimental/theoretical basis because of thegrowth in pure silane rf discharge, using the LLS method, and showed
enormous economic impacts on semiconductor industries [Bouthat the particle density is a sensitive function of gas pressure and rf
choule and Boufendi, 1994; Boufendi and Bouchoule, 1994; Childsvoltage. Kim and Ikewawa [1996] and Kim and Kim [1997, 2000]
and Gallagher, 2000; Howling et al., 1993; Huang and Kushneranalyzed the particle formation, growth and transport in silane plas-
1997; Kortshagen and Bhandarkar, 1999; Selwyn, 1993, 1994; Shima reactor with the plasma chemical reactions which are impor-
ratani et al., 1994, 1996; Watanabe, 1997]. tant for the particle formation in silane plasma reactor and pre-
Howling et al. [1993] measured the particle sizes and concentraglicted the distributions of those particles inside the plasma reactor
tions in silane and Ar plasmas by the LLS and also modeled théor several process conditions based on the neutral particles. Re-
agglomeration phase by the Brownian free molecular coagulatiorcently, Kim and Kim [2002a, b] calculated the change of particle
model. Watanabe et al. [Shiratani et al., 1994, 1996; Watanabe, 199%kze distribution in silane plasma reactor by applying the discrete-
analyzed the particle growth in plasma reactor by the Laser Lightectional method. They also included the particle charge distribution
Scattering (LLS) methods and proposed that the particles in the plager each particle size, based on the Gaussian distribution function.
In this study, we assumed that the particles in the plasma reactor
To whom correspondence should be addressed. are composed of 2-sized (large size and small size) particles and
E-mail: kkyoseon@kangwon.ac.kr analyzed the rapid particle growth of large size particles by coagu-
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lation with 'small' size pamcles in silane plgsma reactor, considering f(q - 1)% () W, ( q+1), @)
the Gaussian distribution function for particle charges. The effects I Ida)

of particle charge distribution on coagulation were considered to 31(Q)

calculate the particle growth by coagulation in the plasma reactor. 5 =!.(a~1)f(a ~1) *1.(a +*1)f(q +1) ~[I(a) *1.(9)]f(@). (2)
The effects of the process conditions (small size particle diameters

and residence times) on the rapid particle growth were investigatedMatsoukas et al. [1996] solved the population balance equation for
particle charging [Eq. (2)] and gave us the Gaussian distribution

THEORY function [Eqg. (3)] for particle charges. The average charge ( ) and
variance ¢) of the distribution were expressed in terms of plasma
The particles in plasmas are found to be divided into 2-sizedParameters by Egs. (4) and (5), respectively [Matsoukas et al., 1996;
groups, small and large size particles [Bmuge and Boufendi,  Kim and Kim, 2002a, b]:
1994; Boufendi and Bouchoule, 1994; Kim and Kim, 1997, 2000;

—_=\2

Kim and Ikegawa, 1996; Shiratani et al., 1994, 1996; Watanabe, f(d) =%9XF{‘®%J, @)
1997]. Fig. 1 shows the particle growth model of 2-sized particles o ent
in this study to predict the rapid growth of large size particles in  _ _ C271190dkBTI N.M.T.

) - = n @)
plasma reactor. All the small and large size particles in plasma re- e N.tM,T.0
actor will be charged or in neutral state. The average electron charge 1 L 1-t8T
on particle is proportional to particle diameter and the large size o :EB %WE )
particles will be charged more negatively than the small size par- ¢ ¢
ticles. The smaller particlesti0’s nm) can have more possibility h _ e " _T.
of being neutral or even being charged positively, depending on the” erep. 271, dkT an T,

plasma conditions [Kim and Kim, 2002a, b]. The particles of op- In Eq. (4), the particle average charge ( ) is given as a function
posite charges will collide with each other very fast and the neutrabf particle diameter (d), number concentrations of electron and pos-
particles can collide with all particles, but particles of same chargegive ion (N,, N,), masses of electron and positive ion,(M.) and
cannot collide together (Fig. 1). We calculated the rapid growth oftemperatures of electron and positive iqn TJ).
large size particles by coagulation with small size particles in the To calculate the particle growth in a plasma reactor, we neglected
plasma reactor, taking into account the particle charge distributionsthe coagulations between the particles of same charges and included
Most of those patrticles in plasmas are charged negatively to bathe coagulations between the charged particles and the neutral par-
ance the currents onto the particles by slowly moving ions and fadtcles and between the neutral particles and between the oppositely
moving electrons and the particle charging affects the particle growtitharged particles. Based on the Gaussian charge distribution function
by coagulation in plasma reactor significantly. Based on the analyfEq. (3)], we calculated the fractions of neutral, negatively charged
sis by Matsoukas et al. [1996], upon collision with positive and neg-and positively charged particles{FF., F..) and also the aver-
ative gas-phase charges, the particle undergoes a stepwise charagge charges of the negatively and positively charged pardjgles (
in either direction. Schematically, the charging process of particles irtj,,) for various plasma conditions [Kim and Kim, 2002a, b] and
plasma reactor is described by the sequence of steps shown belowsed to calculate the particle coagulation rates inside the plasma
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Fig. 1. Particle growth model of 2-sized particles in silane plasma reactor.
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reactor. The model equations of rapid particle growth by coagula- RESULTS AND DICUSSIONS

tion are based on the assumption of monodisperse distributions of

large and small size particles, respectively, as observed by several The plasma conditions for ion temperaturg é&hd electron tem-
experiments [Bouchoule and Boufendi, 1994; Boufendi and Bou-perature (J) were assumed to be 300 K and 2 eV, respectively. The
choule, 1994; Shiratani et al., 1994, 1996; Watanabe, 1997]. Thenass generation rates of small and large size particles were 3.0x
plasma reactor is assumed to be a continuously stirred tank reactdd” g/cnis and 6.42x18g/cnts, respectively. The concentrations
The governing equations for large size particle voluénelgrge of positive ions (I and negative ions (INwere found by the nu-

size particle concentration Jrand small size particle mass con- merical program [Kim and Kim, 1997] to calculate the concentra-

centration £,) can be expressed by Egs. (6)-(8), respectively. tion distributions of chemical species in silane PCVD for the con-
. ditions of P=0.6 Torr, JF300 K and Q=30 sccm and were about
d6_po 8, Eeony ®) 6.0x10°cnm® and 5.0x1Dcmi, respectively. The changes of par-
dt ps T Py ticle size and particle concentration, particle charge distribution in
dn,_ g, _n the plasma reactor were investigated, changing several process con-
dt pyv,o T ) ditions such as small size particle diametgradd residence time
(7). The standard conditions for these variables were 10 nm, 0.617 s
dpy _ o= Bo _g ® (30 sccm), respectively, which were the experimental observations
GO by Shiratani et al. [1996]. The sizes of small size particles were ob-
- _ served to change in nms depending on the process conditions in
o ErF,gne?neu:?ne?'neg;inre;]:;m;ﬁ'neJ:o'neu+Fp'neJ:0'p°S(1 D the plasma reactor [Bouchoule and Boufendi, 1994; Boufendi and
oupo0,neit P, podo.ne (O, ©) . .
Bouchoule, 1994; Shiratani et al., 1994, 1996; Watanabe, 1997] and
r:6 negor poslo.pos or nef (10) were changed in the range of 1-10 nm in this study. The residence

TE,MVA(D, +d,) times of gas stream in plasma reactor were changed in the range of

) . . 0.1854 (100 sccm)-1.854 (10 sccm) s.
The first term on right hand side (RHS) of Eq. (6) shows the eflect Fig. 2 shows the changes in concentrations of small size and large

of large size particle generation rate, and the second and the thitg, o aricles for various diameters of small size particles with time
terms, the effect of the disappearance rate by particle coagulatiofy, e constant mass generation rate of small size particles (=3.0x
and by fluid convection, respectively. Eq. (7) shows the effects ofy 7 gjenfs). The concentration of small size particles increases in

large si;e paﬂigle generation gnd fluid convection on the change %e beginning by the faster generation rate than the disappearance
large size particle copcentra.nor;,)(nThe RH,S of Eq. (8) shoyvs rate by coagulation, reaches a maximum and decreases later by a
the change of small size particle mass density by the small size par-

ticle generation, the small size particle disappearance by coagul:
tion with large size particles, and by fluid convection, respectively.
(1-) in EqQ. (10) is the enhancement factor of particle coagulation
induced by the Coulomb force between the oppositely charged pa
ticles [Lieberman and Lichtenberg, 1994].

We also included the electroneutrality condition in plasma reac-
tor by Eq. (11), considering the charges by positive ions, negativ
ions, large size particles and small size particles.

10" 7

N.=N-*N, _npﬁp N (11)

Concentration of small
size particles (#/cm 3)
]

We assumed the positive and negative ion concentrations in pla:
ma reactor are constant and calculated the electron concentratic
by the Newton-Raphson method [Riggs, 1988]. The electroneu
trality condition [Eq. (11)] might not be satisfied in the sheath re-
gion of the plasma reactor, but can be satisfied in the bulk plasm
and approximately in the sheath boundary region where most ¢
those particles are usually found.

The governing equations of Egs. (6)-(8) were solved numerically
by the ODE solver, DGEAR subroutine, to calculate the large size
particle volume and the large size and small size particle concer
trations in plasma reactor. In every time step of integration, the elec
troneutrality condition [Eq. (11)] was also solved to calculate the ' L L
electron concentration (N The particle charge distributions [Eq. 0 2 4 6 8 10
(3)], the fractions of negatively charged, neutral or positively chargec Discharge time (s)
particles and the average charges of large and small size particlggy. 2. Concentrations of small and large size particles for various
were calculated from the electron concentration and the coagula- diameters of small size particles as a function of discharge
tion rates between large and small size particles were calculated. time (1=0.617 s).
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Fig. 3. Diameters of large size particles for various diameters of particles (r=0.617 s).

small size particles as a function of discharge timer
0.617 s).

x1Ce and-5.24x1¢e at 0.6 s, respectively. The electron con-

centration at 0.6 s was 2.47*Hhd we can see that most of neg-
faster coagulation rate with large size particles. In the end of the pagtive charges are located onto the small size particles. By Eq. (4),
ticle growth (&3 s), the concentration of small size particles reachesthe average charges on particles in the plasma reactor increase with
the steady state by the balance between the generation rate and theaticle size. Because the diameter of large size particles increases
disappearance rate by fluid convection and coagulation with largevith time, the large size particles become more negatively charged.
size particles. The concentration of large size particles increases iAs the diameter of small size particles decreases, the diameter of
the beginning of the particle growth because the generation rate dérge size particles increases (Fig. 3) and the electron concentration
large size particles is greater than the disappearance rate by fluld satisfy the electroneutrality condition decreases. For these condi-
convection and reaches the steady state by the balance between tlms, the average charges on large size particles are more sensitive
generation and the disappearance rates. As the diameter of sm#dl the change in electron concentration than to the change in diam-
size particles decreases for the constant mass generation rate of sneddtr of large size particles. As a result, the average charge per large
size particles, more small size particles are generated and the cosize particles increases as the particle size increases. As the diame-
centration of small size particles increases, but the large size partier of small size particles decreases, the average charge per large
cle concentration does not change significantly. Fig. 3 shows thesize particle decreases. Based on the Gaussian distribution function
changes in diameter of large size particles for various diameters aff particle charges, some fractions of small size particles can be in
small size particle as a function of time. In the beginning, the di-neutral state or can be charged positively, depending on the process
ameter of large size particles increases quickly by the fast coagulaonditions in the plasma reactor. The small size patrticles in neutral
tion with small size particles. Later, as concentration of the smallstate or charged positively can collide with the large size particles
size particles decreases, the diameter of large size particles increastmrged negatively and they play an important role for the rapid
slowly and reaches the steady state. The smaller the diameter gfowth of large size particles in the plasma reactor. As the diameter
small size particles is, the higher the concentration of small size paef small size particles decreases, total charges on large size parti-
ticles is, and the diameter of large size particles becomes larger arates and small size particles increase, and the electron concentra-
reaches steady state more quickly. tion decreases and the average charges per small size particles and

Fig. 4 shows the charge distributions of small and large size parlarge size particles decrease.

ticles for various diameters of small size particles. The large size The changes in diameter of large size particles are shown for var-
particles are more negatively charged than the small size particlegus residence times in Fig. 5. To analyze the effects of residence
as proposed by the Gaussian distribution function [Eq. (3)]. Thetime on the properties of large size and small size particles in plas-
total charges on large size particl%r(,) and small size particles ma reactor, we changed the total gas flow rate from 10 seem (
(Qony) for the small size particle diameter of 10 nm are abbdb 1.854 s) to 100 sccnt£0.1854 s). The diameter of large size par-
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ticles increases with discharge time by coagulation with small sizesize particles can grow for longer time inside the plasma reactor
particles. As the residence time of the gas stream increases, the larged the size of large size particles becomes larger. The changes in
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concentrations of small and large size particles are shown for var-
ious residence times in Fig. 6. The concentration of large size par-
ticles increases in the beginning of the particle growth because the
generation rate of large size particles is greater than the disappear-
ance rate by fluid convection and reaches the steady state later by
the balance between the generation and the disappearance rates.
With the increase of residence time, the large size particles can stay
longer inside the plasma reactor and the concentration of large size
particles increases. As the residence time decreases, the disappear-
ance rate of small size particles by fluid convection increases and
the concentration of small size particles increases more slowly in
the beginning of the particle growth. With the increase of residence
time, the coagulation rate between large size and small size parti-
cles becomes faster because of the larger particle size and higher
concentration of large size particles (Figs. 5 and 6), and the concen-
tration of small size particles becomes lower at steady state, which
was also shown by the experiments by Shiratani et al. [1996]. For
the residence times of 1.854 s and 0.617 s, the concentration of small
size particles increases in the beginning of the particle growth be-
cause the generation rates of small size particles are greater than
the disappearance rates by coagulation with large size particles and
by fluid convection. The concentration of small size particles reaches
the maximum and decreases later by the faster coagulation rates
with large size particles and reaches steady state. For the residence
times of 0.232 s and 0.185 s, the effect of fluid convection becomes
more significant than the effect of particle coagulation and the con-
centration of small size particles increases with discharge time and
reaches steady state without showing the maximum peak. Fig. 7
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Fig. 7. Particle charge distributions of small and large size par-
ticles in plasma reactor for various residence times (¢
10 nm).
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0.16

ticle growth.

It is usually believed that most of the particles in a plasma reac-
tor are charged negatively, but we found that some fractions of par-
ticles can be in the neutral state or can be charged positively, de-
pending on the process conditions in plasma reactor. The large size
particles are charged more negatively than the small size particles.
Some fractions of small size particles are in the neutral state or charged
positively depending on the plasma conditions, and the small size
particles charged positively can collide very fast with the large size
particles charged negatively.

The small size particle concentration increases at first and de-
creases later and reaches the steady state by the balance of genera-
tion rate and coagulation rate. The diameter and concentration of
large size particles increase with discharge time and reach the steady
state. As the small size particle concentration increases, the amount
of negative charges on the small size particles increases, and the
electron concentration in the plasma decreases to satisfy the elec-
J troneutrality condition and the particles in plasmas are charged less
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0.04

Diameter of large size particle (um)

®m  Shiratani et al. (1996)
2-sized particle growth model
1 - = = «discrete-sectional model

0.02

negatively. The small size particle concentration increases with the
decrease of small size particle diameter, and the diameter of large
size particles increases more quickly by faster coagulation with small
size particles. The concentration and diameter of large size parti-
cles increase with the increase of residence time. The total amount
of particles increases with the increase of residence time and the
electron concentration in plasmas decreases because more electrons
are absorbed onto the particles and the particles are charged less
negatively. The model results in this study were in good agreement
with the published experimental data [Shiratani et al., 1996].

0.00 T T T T
0 1 2 3 4 5

Discharge time (s)

Fig. 8. Comparison of predicted large size particle diameters by
2-sized particle growth model and by discrete-sectional
model [Kim and Kim, 2002a] with experimental results by
Shiratani et al. [1996] §=0.617 s).

shows the particle charge distributions of small size and large size ACKNOWLEDGMENTS

particles at 0.6 s for various residence times. Again, the large size
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charges on particles increase and, as a result, the electron concen-

tration decreases and the average charges per small and large size
particles decrease.

In Fig. 8, the model results of the diameter of large size particlesC
in this study (particle growth model by 2-sized particles) were com-d,
pared with the model results of the discrete-sectional model [Kim andD,
Kim, 2002a, b] and the published experimental results by Shiratane
et al. [1996] for standard conditions. In the model results of 2-sized(q)

NOMENCLATURE

: constant, 0.73

: diameters of small size particles [cm]
: diameters of large size particles [cm]
: elementary charge of electron [C]

: particle charge distribution function

particles and the experimental results, the diameter of large size paf:.,, F..,, Fios fractions of neutral, negatively charged and positively

ticles increases with discharge time by coagulation with small size

particles and reaches steady state, but the diameter of large size pB., :

ticles in the discrete-sectional model grow continuously because
more of the large size particles are remaining inside the plasma ré{q)
actor. The results for the diameters of large size particles by the %,
sized particle growth model here were found to be in close agrean;

ment with the experimental data by Shiratani et al. [1996]. M
n

CONCLUSIONS N

q

charged particles
increase rate of large size particle mass by coagulation with
small size particles

: flux of species which pass through the q particle charges
: Boltzmann constant, 1.38x10[gcnt/secéK]

: reduced mass between the moving particles

: mass of chemical species [g]

: particle number concentration [¢in

: number concentrations of chemical speciescm

: particle charges [€]

We analyzed the rapid particle growth in the silane plasma reacs;..,, T,.s average charges of the negatively and positively charged

tor by 2-sized particle growth model, assuming that the particles
are composed of large and small size particles. The particle chargg,
distribution was calculated by the Gaussian distribution function.@p
We investigated the effects of process conditions during rapid part

particles [e]

: average charges of small size particles [e]
: average charges of large size particles [€]
:time [s]
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