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Modeling of particulate coagulation in low pressure plasmas

U. Kortshagen and U. Bhandarkar
Department of Mechanical Engineering, University of Minnesota, 111 Church Street Southeast, Minneapolis, Minnesota 554

~Received 22 September 1998!

In this paper we study the growth of nanometer particles in low pressure plasmas due to coagulation. We
describe results of a model which involves the self-consistent determination of plasma properties, the descrip-
tion of particle charging, as well as the description of the particle size distribution via solution of the general
dynamic equation for an aerosol. Our results show that particle coagulation in the low pressure plasma is
enhanced compared to coagulation in neutral aerosols due to the attraction of oppositely charged particles. The
temporal behavior of the coagulation follows the same laws as coagulation of neutral particles as long as the
density of nanometer particles is larger than the positive ion density in the plasma. The positive ion density can
be considered as the critical density for coagulation to occur. We also show that the details of the particle
charging mechanism are only of minor importance for the coagulation dynamics but of great importance for the
accurate prediction of plasma parameters.@S1063-651X~99!01407-5#

PACS number~s!: 52.90.1z, 52.80.Pi
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I. INTRODUCTION

The generation of particulates ranging in size from a s
nanometer scale up to hundreds of micrometers has b
observed in practically all processing plasmas used for se
conductor manufacturing@1–3#. Particle contaminations ar
considered one of the major causes for device yield loss.
current National Technology Roadmap for Semiconduct
~NTRS! projects that the characteristic feature size w
shrink from 0.25mm in 1997 to 0.05mm by 2012. It is
believed that particles with one-third the feature size rep
sent potential ‘‘killer particles’’ if they deposit on a wafe
during processing. Thus, over the next fifteen years the k
particle diameter will shrink from currently 80 nm to les
than 20 nm. Consequently, the understanding of contami
particle growth is identified as one of the most urgent pr
lems for contamination-free semiconductor manufacturin

Killer particles in processing plasmas originate eith
from gas phase nucleation or from fracture of films depos
on the walls or the wafer@4#. Gas phase nucleation wa
for a long time believed to be important mainly
plasma-enhanced chemical-vapor deposition~PECVD!
systems@5,6#. However, the structure of submicron particl
recently observed in an SF6 etching plasma@7# suggests
that gas phase nucleation may also play an important
in etch plasmas. Nanometric particles can nucleate wi
fractions of a second in PECVD systems. Since such sm
particles are at the detection limit of currentinsitu particle
diagnostics techniques, many plasmas which are believe
be particle-free might actually be strongly contaminated w
nanoparticles.

While research on particles in processing plasmas initi
focussed on the control or avoidance of ‘‘killer particulates
recently the benefits of the deliberate, controlled genera
of nanoparticles in plasmas were pointed out. For instan
SiC particles were prepared and trapped in an rf glow d
charge and then coated with palladium in the same rea
for applications as microcatalysts@8,9#. Another example of
possible applications of nanoparticles generated in low p
sure rf plasmas is the preparation of nanocrystalline films
PRE 601063-651X/99/60~1!/887~12!/$15.00
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experiments ona-Si:H thin film deposition it was shown tha
under certain conditions nanoparticles with a diameter o
few nanometer escape from the plasma and are incorpor
into films @10,11#. These nanocrystalline films hold promis
to yield superior performance in solar cells compared
amorphous silicon films@12,13#.

For both these aspects, the avoidance of ‘‘bad’’ partic
as well as the innovative use of ‘‘good’’ particles, a thorou
understanding of the growth mechanisms of nanoparticle
plasmas and of their growth kinetics is required. Experime
conducted in SiH4 plasmas have led to a three phase pict
of the particle growth in many PECVD systems@5,6#: Dur-
ing the first phase of about 100 ms initial spherical cryst
lites nucleate within the plasma and grow to a diameter
about 2 nm which corresponds to on the order of 1000 ato
per particle. Once the particles have reached this size
phase of rapid particle growth by coagulation of the prima
particles sets in. The coagulation phase prevails for abo
sec and the particles grow to a size of about 50–60 nm
diameter. When the particles have reached this size, the
agulation process stops and particles continue to grow
molecular sticking of SiHx clusters~third phase!. During the
entire process the particle size distribution remains rat
monodisperse. Moreover, dramatic changes of the pla
properties during coagulation have been observed.

In the present paper we will focus on the second phas
the growth of nanoparticles due to coagulation. The coa
lation phase has been studied extensively by numer
groups @5,6,14,15#. Some distinct physical features hav
been observed during the coagulation process.

~i! The coagulation phenomenon only occurs when
initial particle concentration reaches a critical value of ab
101021011 cm23 @16#.

~ii ! A drastic increase of the electron temperature fro
about 2 eV before coagulation to about 8 eV after coagu
tion has been observed. This phenomenon is referred t
the a-g8 transition in the literature@5,17#.

Some theoretical attempts have been made to exp
these experimental results. Courteilleet al. @15# interpret
their experimental results on particle coagulation in terms
a Brownian free molecule coagulation~BFMC! of neutral
887 ©1999 The American Physical Society
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particles. Reasonable agreement between particle den
calculated with this model and measured densities is fou
This, however, seems slightly surprising since the auth
also demonstrate that the average charge of particles a
nanometers in diameter is much less than one elemen
charge. Particles with such small a charge should be sub
to strong statistical charge fluctuations@18,19#. As pointed
out by Matsoukaset al. @20# this statistical charge fluctuatio
should lead to an increase in the coagulation rate comp
to neutral coagulation. Watanabeet al. @21# arrive at the
same conclusion that the coagulation rate in their experim
is actually faster than the thermal coagulation rate, m
likely due to attraction of particles with unlike charges.

The charging of particles during the coagulation proc
was taken into account by Schweigert and Schweigert@22#.
The authors consider charging of particles due to collec
of electrons and ions. They arrive at the conclusion that m
of the particles are actually negatively charged. Howeve
comparison of their results with the experimental results
Bouchoule and Boufendi@5,6# shows that the coagulatio
rates obtained from their model are by an order of magnit
smaller than those observed in experiments. Kim a
Ikegawa@23# use a similar approach but also find extreme
small coagulation rates.

In summary, in spite of intensive studies over the p
years the picture of the coagulation mechanism of partic
in low pressure plasmas is still rather inconsistent. Par
this problem may be based on the fact that in none of
previous studies the plasma parameters are actually
consistently determined. Schweigert and Schweigert ass
a constant electron density during coagulation, Courte
et al. assume constant electron temperature and electron
ion density. In experiments, however, these parameters h
been found to change considerably. Since the ratio of e
tron to ion density as well as the electron temperature
nificantly affect the particle charge distribution, it seems
be necessary to take into account the temporal evolutio
these parameters during the coagulation process.

In this paper we discuss a model which addresses
coagulation of nanometer particles using self-consis
plasma parameters. We also study the influence of previo
neglected physical processes which may affect the par
charge. These processes are photodetachment of elec
from particles due to UV photons, secondary electron em
sion due to energetic electrons generated in the sheath
capacitive rf discharges, and detachment due to quenchin
excited atoms at the particle surface. We will use this mo
to comment on the aspects of the ‘‘critical density’’ and t
a-g8 transition.

The paper is organized as follows. In Sec. II we descr
the model developed. In Sec. III we present results and
cussion. In Sec. IV we summarize the main results and
cuss their potential importance for the control of particle c
agulation in plasmas.

II. PARTICLE COAGULATION MODEL

Our particle coagulation-plasma model consists of th
modules which are coupled in a self-consistent, iterative
merical scheme. These modules deal with the charging
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particles, their coagulation, and with the self-consistent
termination of plasma properties.

A. Particle charging

Following Schweigert and Schweigert@22# and Matsou-
kas@19,20#, the electron and ion currents collected by a p
ticle in the nanometer regime can be described by the orb
motion-limited ~OML! probe theory. A particle with radius
Rp which carries a chargeZk5ke ~with e the elementary
charge andk an integer! is charged to a surface potential o
Fk5Zk/4pe0Rp , with e0 the vacuum dielectric constan
Using OML theory@24#, expressions for the frequency wit
which a particle with chargeZk is hit by electrons and ions
respectively, can be derived@22,19#:

ne,i
k 5ne,iSve,i expS 2

qe,iFk

kBTe,i
D , qe,iFk>0

5ne,iSve,i S 12
qe,iFk

kBTe,i
D , qe,iFk,0. ~1!

S54pRp
2 is the particle surface area, ve,i

5(kBTe,i /2pme,i)
1/2, ne,i stands for the electron and io

densities,me,i andTe,i are the mass and temperature of ele
trons and ions, respectively, andqe,i57e is the respective
charge.kB is the Boltzmann constant.

It should be stressed that if only electron and ion capt
are considered, the huge difference in electron and ion m
and temperature leads to strongly negative particles@22#, un-
less it is balanced by the ion density being much larger t
the electron density. In addition to charging due to elect
and ion collection we also consider the interaction of U
photons with charged particles. We refer to this process
UV photodetachment~UVPD!. Many of the coagulation ex-
periments have been conducted in SiH4 highly diluted in Ar
or He. It is well known that in pure rare gas discharges up
about 50% of the electrical power can be transfered into
resonance radiation. Since resonance radiation is stro
trapped in the plasma, the UV photon flux in the plasma c
be orders of magnitude higher than the photon flux emerg
from the discharge, similar to an optical resonator with
high quality factor. Typical UV resonance radiation in th
plasma has energies between 10 and 20 eV. The bin
energy of an electron attached to a singly negatively char
Si:H nanoparticle is between the electron affinity of bu
silicon of 4.07 eV and that of a Si2 negative ion of 1.2 eV.
Recent studies have demonstrated that even for large sil
clusters the electron affinity is significantly reduced co
pared to the bulk material affinity@25–29#. Stoffels et al.
speculate that the electron affinity of Si:H may be even
low as 1.5 eV. However, while UVPD is a process which
definitely energetically possible, little is known about th
efficiency of photodetachment from nanoparticles. T
‘‘straightforward estimate’’ of assuming that nanoparticl
absorb radiation with the absorption cross section in the R
leigh approximation and emit photons with a quantum yie
of the bulk material is highly questionable. Indeed, it h
been proven highly erroneous for nanoparticles from sev
metals in numerous studies of Schmidt-Ott, Siegmann,
co-workers@30–35#. Abnormally high quantum yields of up
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to one electron per incident photon from uncharged nano
ticles of Ni, Pd, Cu, Ag, and Au have been observed. Th
quantum yields are up to two orders of magnitude larger t
those of the respective bulk materials@30,33,35#. The in-
creased photon yield of nanoparticles can at least in par
explained by curvature effects of the surface@36,37#. Due to
the lack of better information for Si:H particles we assum
similar quantum yieldsQ as for metal particles between 0.2
and 1.0 electron per incident photon.

In order to determine the photon flux which hits the p
ticle surface, we assume that UV resonance radiation is e
ted from the Ar background gas. Ar has two resonance
diative levels (3P1 and 1P1) with transition probabilities of
A151.193108 s21 and A255.83108 s21. Since reso-
nance radiation can be absorbed by atoms in the ground
one has to consider the probabilityT that a photon emitted
from an excited atom will reach a particle at a distancer.
Assuming that both Doppler and pressure broadening
present, the line profile of emission and absorption have
be described by a Voigt profileP(n), and the probability is
given by @38#

T~r!5E
2`

1`

P~n!exp@2kP~n!r#dn, ~2!

with n the photon frequency,k the absorption coefficien
@38#, and *2`

1`P(n)51. In spherical coordinates with th
particle at the origin, a volume element at a distancer from
the particle contributes the differential photon flux:

dG1,25n1,2A1,2

dv

4p
T1,2~r!r2 sinQdQdfdr, ~3!

with dv5pRp
2/r2 the solid angle under which the particle

seen from the volume element, andn1,2 the population den-
sity of the 3P1 and 1P1 level, respectively. Integrating ove
volume yields the charging frequency by resonance UV p
todetachment:

ng,1,25QpRp
2n1,2A1,2E

0

R0
T1,2~r!dr. ~4!

The population densitiesn1,2 are determined self-consistent
by the plasma model along with the electron temperature
density, and the ion density.R0 is a typical discharge dimen
sion.

Electrons may also be detached from particles due to
lisions with excited atoms. The charging frequency due
this quenching process is given by

nqu5~n11n2!AkBT/mapRp
2 , ~5!

with T the gas temperature andma the atomic mass.
Lastly, we also consider secondary electron emiss

~SEE! due to energetic electrons generated in the rf she
of the capacitive rf discharge. These electrons are release
ions impinging on the electrodes and they are accelerate
the high fields of the rf sheath. We roughly assume that th
electrons have on average a kinetic energy of 1/2 the m
mum sheath voltageVsh. The density of energetic electron
in the discharge region can be estimated from the balanc
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energetic electrons entering the discharge through
sheaths and the energy relaxation rate of energetic elect
due to inelastic collisions with atoms and collisions wi
particles:

nh,e5
Gh,eAs

Vth,e
. ~6!

Gh,e is the flux of energetic electrons which is given by

Gh,e5g iG i5g i

niDa

l
~7!

with g i the secondary electron coefficient for electron rele
from the electrodes due to ions, metastables, and pho
@39#, G i the ion flux,ni the ion density,Da5kBTe /mincx the
well-known ambipolar diffusion coefficient, andl a typical
diffusion length.As andV in Eq. ~6! denote the surface are
of the electrodes and the discharge volume, respectively.
lifetime of energetic electrons with respect to energy rel
ation due to collisions is given by

1

th,e
5np~pRp

2!vh,e1N0S 2ui

Vsh
Qi ,h1

2uex

Vsh
Qex,hD vh,e ,

~8!

with np the particle density,N0 the gas atom density,Qi ,h
and Qex,h the cross sections for ionization and total exci
tion at 1/2 Vsh, ui anduex the threshold energies for ioniza
tion and excitation, andvh,e5AeVsh/me. The charging fre-
quency due to secondary electron emission caused by im
of energetic electrons is given by

nse5nh,e~pRp
2!vh,e~d21!, ~9!

whered is the coefficient for secondary electron release fr
the particle. As pointed out recently by Perrin and Holle
stein, this coefficient can become as large as about 5 dep
ing on the energy of energetic electrons and on the size of
Si:H particles@40#. This value is much larger than the valu
for bulk Si material ofd'1.5 for similar reasons as dis
cussed above with regard to UV photodetachment.

The charge distribution of particles of a given radiusRp is
described by the fraction of particlesFk carrying a charge
ke. It is normalized by(kFk51. We use the rough approxi
mation that the charging frequencies due to photodeta
ment, quenching of excited states, and due to secondary
tron release are independent of the charging state of
particle. The rate equation for a charge statek can then be
written as

dFk

dt
5ne

k11Fk112ne
kFk2~n i

k1ng,11ng,21nqu1nse!Fk

1~n i
k211ng,11ng,21nqu1nse!Fk21 . ~10!

Under most circumstances, the charging of particles is m
faster than coagulation so the charge distribution can
considered in steady state@22#, i.e., dFk /dt'0. This as-
sumption enables the use of recursive relations for the ch
distribution
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Fk115
n i

k1ng,11ng,21nqu1nse

ne
k11

Fk . ~11!

Starting with F051 and subsequent normalization enab
efficient calculation of the charge distribution for positiv
and negative charges.

B. Particle coagulation

Coagulation of particles has been studied for decade
the aerosol literature. A wide variety of techniques is ava
able to model coagulation@41#. However, only a few studies
have considered coagulation of charged particles@42–46#
and these studies usually do not apply to conditions in
pressure processing plasmas.

The scenario of coagulation of particles in a low press
plasma is identical to that of coagulation in a bipolar aero
@43,46#. In general, the temporal evolution of the charge d
tribution and of the particle size distribution have to be co
sidered simultaneously, leading to rather elaborate nume
schemes@43,46#. However, the fact that the time for partic
charging is typically much shorter than the typical coagu
tion time @22# allows us to separate the problems of charg
and coagulation from each other. Thus, we treat the coa
lation process using the equations for neutral aerosols an
account for particle charging by using modified coagulat
rates. However, we note that the results of our model may
inaccurate due to this separation for times less than a
1023 s.

The particle distribution function is usually considered
terms of the particle volumev. If n(v) denotes the particle
number density in a volume range@v,v1dv#, the temporal
evolution ofn(v) is described by the general dynamic equ
tion ~GDE! for an aerosol@47#

]n~v !

]t
5

1

2E0

v
b~v8,v2v8!n~v8!n~v2v8! dv8

2E
0

`

b~v,v8!n~v !n~v8! dv8. ~12!

The first term on the right hand side accounts for the g
of particles within the volume range@v,v1dv# due to co-
agulation of smaller particles. The second term describes
loss of particles from the same volume element due to
agulation with particles of any volume.b(v,v8) is the fre-
quency for coagulation between two particles with a volu
v and v8. Assuming free molecular regime,b is given by
@48#

b~v,v8!5a~v,v8!S 3

4p D 1/6S 6kBT

rp
D 1/2S 1

v
1

1

v8
D 1/2

3~v1/31v81/3!2, ~13!

wherev andv8 are the volumes of the particles interactin
rp is the density of the particles, andT is the temperature o
the particles.a(v,v8) is a coefficient which describes tha
the effective cross section for coagulation depends on
charge of both particles. Assuming the cross section given
the OML theory yields
s
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a~v,v8!5 (
k52`

`

(
k852`

`

Fk~v !Fk8~v8!Q~k,k8,v,v8!

~14!

with

Q~k,k8,v,v8!5expS 2
kk8e2

4pe0RskBTD , kk8.0

512
kk8e2

4pe0RskBT
, kk8<0, ~15!

andRs5(3/4p)1/3(v1/31v81/3).
Instead of solving the GDE~12! directly, which would

imply solving a complicated integral equation we use a s
tional model@49,50#, a method well known in the aeroso
literature. Briefly, the domain of volume considered is d
vided on a logarithmic scale into equal sections. Instead
the particle volume distributionn(v) the general aeroso
propertyq(v)5gvmn(v) is considered, which is assumed
be constant within each section. By using the appropr
coefficientg and exponentm, the same method can be use
to describe the number density (g51, m50), the volume
(g51, m51), and the surface area (g5p1/362/3, m52/3).
By integratingq(v) over each section, a set of rate equatio
for the integrated aerosol property is derived. The coagu
tion frequencyb appears in integral coefficients, which hav
to be evaluated only once at the beginning of the calcula
if a(v,v8) is factored out of the integral. Only the coeffi
cients a(v,v8) have to be updated during the coagulati
process to account for changes in the plasma conditions
of the particle charge distribution. The charge distributi
during the coagulation process has to be determined for
ticles in each section, since the particle charge distribut
depends on the particle radius.

In our case, we consider particles between 1 and 100
radius. We thus have to cover six decades for the part
volume. We divide the volume range into 180 sections. T
volume at the right boundary of each section is by a fac
1.08 larger than that at the left boundary. The set of r
equations is propagated in time using an explicit scheme
particular advantage of the formulation of the problem
volume is that the code is inherently volume conserving.

C. Plasma properties

For a given particle radiusRp , the particle charge de
pends on the electron densityne , the ion densityni , the
electron temperatureTe , and, if photodetachment, quench
ing, and secondary electron emission turn out to be imp
tant, on the number densities of excited Ar atomsn1 andn2,
and the density of energetic electronsne,h . The ion tempera-
ture can be assumed to be close to room temperature,
Ti'300 K. The density of energetic electronsne,h is deter-
mined by Eq.~6!. In order to self-consistently determine th
remaining five unknown quantities, we use a simple glo
plasma model.

The first equation used is the ion balance equation
counting for ion loss to the electrodes and to the particles
well as ion production due to ionization by low energe
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plasma electrons with temperatureTe and energetic electron
coming for the sheaths

ni

Da

l
As1nin ipV5@nen i~Te!1ne,hQi ,hvh,e#V. ~16!

Heren ip is the average attachment frequency of ions to p
ticles andn i(Te) the total ionization frequency due to plasm
electrons as given in Ref.@51#. n ip is found by averaging the
appropriate OML cross sections of the charged particles o
their charge distribution. Even though a dusty plasma
haves as a strongly electronegative plasma, we assume
there is an electropositive region of thicknessl in the periph-
ery in which diffusion can be described by the usual am
polar diffusion coefficientDa @52#.

The energy balance equation is written in a form that
power provided by the radio-frequency fieldPrf is dissipated
in electron collision processes and in ion acceleration in
rf sheaths:

Prf5ne~n iui1nexuex!V1ni

Da

l
Ase

Vsh

2
, ~17!

with nex(Te) the average total excitation frequency f
plasma electrons as given in Ref.@51#. In a capacitive rf
discharge the time averaged rf voltage can be roughly
proximated to be 1/2 the maximum sheath voltageVsh or
about 1/4 of the peak-to-peak rf voltage.

The quasineutrality condition provides us with a thi
equation

ni5Z̄~Rp!np1ne , ~18!

whereZ̄(Rp) is the average charge of particles with avera
radiusRp and number densitynp . In this simple model we
neglect negative ions, which might be important in an act
Ar:SiH4 plasma and which might lead to a lower electr
density.

The system of equations is closed by two balance eq
tions for the resonant states. For simplicity, we assume
the levels are excited by direct and cascade electron ex
tion and lost by trapped radiative decay:

nenex
1,25n1,2g1,2A1,2. ~19!

Diffusion as well as excitation or ionization are neglected
loss mechanisms. The excitation frequenciesnex

1,2 are calcu-
lated assuming a Maxwellian electron distribution and us
the total~direct1cascade! excitation cross sections given i
Ref. @53#. g1,2 represents the escape factors for resona
radiations as given by Walsh@54# and Holstein@55#. Since
these factors do not account for partial frequency redistri
tion @56#, which is important in the pressure range cons
ered, we use five times lower values forg1,2 as suggested by
Ferreira and Loureiro@57#.

In this system of equations used to compute the plas
properties we approximate the particles as being mono
perse with the particle radius being equal to the average
dius of the particle size distribution. This approximation co
r-

er
-

hat
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e

e
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e

l

a-
at
ta-
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e
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siderably reduces numerical work which would be requir
to calculate the appropriate averages over the particles
distribution.

D. Numerical scheme

We start our simulation with a mono-disperse distributi
of primary particles ofRp51 nm andnp5231018 m23

which corresponds to conditions found by Bouchoule a
Boufendi @6,5#. We assume ions, neutral gas molecules a
particles to be in thermal equilibrium at a temperature of 3
K. The plasma parameters are calculated and the charge
tribution is determined for each section of the particle v
ume distribution. Integration in time of the sectional mod
for the particle volume distribution is started. The plasm
parameters are updated and the charge distributions
a(v,v8) for each section are recalculated whenever the t
number of particles has decreased by 20% due to coag
tion. This method turns out to be sufficiently accurate a
stable to integrate the coagulation process up to 100 s a
the onset of coagulation. The total aerosol volume is c
served to better than 1026 relative error. All calculations are
performed for the experimental conditions of Bouchoule a
Boufendi @6,5#: The diameter of the plasma volume is 13
cm and the electrode separation 3.3 cm. The neutral gas p
sure is 117 mTorr. The peak-to-peak rf voltage is 600 V, i
Vsh'300 V. The rf power absorbed by the plasma is 10
unless noted differently. For the diffusion lengthl we assume
a value of 0.8 cm.

III. RESULTS AND DISCUSSION

A. Impact of UV photodetachment and secondary electron
emission on coagulation dynamics

and plasma properties

Our initial motivation to study UV photodetachmen
~UVPD! and secondary electron emission~SEE! was the sus-
picion that inclusion of these additional effects might lead
more positively charged particles and that attraction of
positely charged particles might lead to enhanced coag
tion in comparison to the too slow coagulation found in t
study of Schweigert and Schweigert@22#. Figure 1 shows the
charge distributions of particles if UVPD, SEE, and quenc
ing are accounted for (Q51, g i50.4, d53.5), and if these
effects are turned off (Q50, g i50). The plasma conditions

FIG. 1. Particle charge distribution forTe54.2 eV, ne52.45
3108 cm23, andni53.53109 cm23. The full curve denotes the
charge distribution with UVPD and SEE (Q51, g i50.4, d53.5),
the dashed curve without these processes (Q50, g i50).
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correspond to the self-consistent conditions of the form
case and are chosenidentical for both cases. Indeed, th
inclusion of UVPD and SEE leads to a considerable fract
of positively charged particles. The case without UVPD a
SEE shows a negligible number of positive particles as
ready observed in Ref.@22#. On the first glance, one migh
expect that the charge distribution in Fig. 1 which includ
UVPD and SEE might yield a faster coagulation rate. Ho
ever, one has to keep in mind that the plasma properties
in Fig. 1 arenot self-consistentfor the case without UVPD
and SEE.

In the following, we now considercoagulation under self-
consistent plasma conditions.In order to study the influence
of UVPD and SEE we compare the particle growth dynam
if these processes are fully taken into account (Q51, g i
50.4, d53.5, solid lines!, and if they are strongly reduce
~SEE turned off, i.e.,g i50 and UVPD reduced by facto
Q50.25, dashed lines.! The factorQ50 yields unrealisti-
cally high electron temperatures, see below. The effects
to quenching of excited atoms are negligible, as will
shown in the discussion of Fig. 8, and will not be discuss
explicitly. For reasons discussed in the context of Fig. 9
also neglect ionization due to energetic electrons in the
balance Eq.~16!.

Figure 2 shows the particle number density and aver
radius of the particle distribution function as a function
time during the coagulation process. Surprisingly, the diff
ences in the particle growth dynamics for the cases with
and reduced UVPD and SEE are only minor. While the p
ticle growth is slightly slower with reduced UVPD, the di
ferences in particle volume and particle number density
less than a factor 2 during the entire coagulation proc
While the coagulation with UVPD and SEE starts a lit
faster, the coagulation of particles without UVPD and S
even leads to slightly larger particles. For comparison,
have also plotted the coagulation dynamics of a neutral a
sol ~all particles uncharged, purely thermal coagulation!. The
coagulation of charged particles is initially considerab
faster than the coagulation of neutral particles, as alre
suspected by Watanabeet al. @21#. The coagulation rate o
the charged aerosol is about a factor of 10 higher than
coagulation rate of the neutral aerosol. However, after ab
0.1–1 s the coagulation of the charged particles starts to s

FIG. 2. Particle number density and average radius during
agulation. The full lines denote full UVPD and SEE (Q51, g i

50.4, d53.5), the dashed lines reduced UVPD and no SEEQ
50.25, g i50). The dash-dotted lines show the behavior of a n
tral aerosol.
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down since the average particle radius has increased stro
and particles become increasingly negatively charged. A
a few seconds the neutral coagulation even takes over
finally yields larger particles after 10 s than in the cases
coagulation in the plasma.

It should be pointed that the temporal behavior
charged-particle coagulation and the neutral coagulation
ing the main growth phase (1024 – 1 s! is identical in the
sense that the total particle densitynp behaves as

np}t26/5. ~20!

This temporal behavior can qualitatively be understood
considering the particles as monodisperse. The temporal
lution of np is then given by

dnp

dt
52bnp

2 , ~21!

with b from Eq.~13! which involves the correction factor fo
the collision cross section of charged particlesa @Eq. ~14!#.
Since the particle volumev}1/np one findsb}np

21/6 and
thus

dnp

dt
}2np

11/6 ⇒ np}t26/5. ~22!

The same temporal behavior is also found from more rig
ous treatments@48#. The actual rate of coagulation is dete
mined by the value ofa. As long asa is constant during the
coagulation of charged particles, their temporal coagulat
behavior corresponds to that of a neutral aerosol of parti
with an effective coagulation cross sectionapRs

2 . This basic
behavior has already been observed by Courteilleet al. @15#.
However, we want to point out that it is not possible
conclude from the average particle charge being close to
that the particle coagulation can be treated as purely neu
Even if the average particle charge is close to zero the
agulation of particles in the plasma can be considera
faster than that of a neutral aerosol if a sufficient number
positively and negatively charged particles is present. Thi
exemplified by the plot of the average particle charge and
standard deviation of the charge distribution shown in Fig

o-

-

FIG. 3. Average particle chargeZ̄ and standard deviationsZ of
the charge distribution for the conditions shown in Fig. 2. So
lines: with full UVPD and SEE (Q51, g i50.4, d53.5), dashed
lines: reduced UVPD and no SEE (Q50.25, g i50).
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and the fast coagulation of the charged particles observe
Fig. 2.

As one success of our model we can point out that
particle size observed in our calculations is very close to
size observed in the experiments by Bouchoule and Boufe
@5,6#. The average size of our particles is within about 20
of the experimental results. Our model thus yields a sign
cantly faster coagulation than the model by Schweigert
Schweigert@22# consistent with experiments.

The result that UVPD and SEE should have a consid
able influence on the charge distribution~see Fig. 1! but that
they seem to have negligible influence on the coagula
dynamics~see Fig. 2! appears slightly paradoxical. The in
fluence of UVPD and SEE seems to disappear in s
consistent calculations. One has to conclude that the pla
properties are different if different charging processes
considered. In other words, there seems to be a signifi
mutual dependence between plasma properties and pa
charging.

In Fig. 4 we show the self-consistent electron and
densities and the self-consistent electron temperatures in
5 for the conditions of Fig. 2. Both figures demonstrate t
significant differences in these plasma properties result f
different efficiencies of the UVPD and SEE. The results
the full UVPD and SEE are generally consistent with expe
mental results of Boufendi and Bouchoule@6,5#. The ratio of
ion to electron density is of the order of 10. For reduc
UVPD and no SEE a ratio of about 100 is observed. Al

FIG. 4. Electron and ion density during particle coagulatio
The designation of the lines and the conditions are the same
Figs. 2 and 3.

FIG. 5. Electron temperature during particle coagulation. T
designation of the lines and the conditions are the same as in
2 and 3.
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while the electron temperatures are quite reasonable for
UVPD and SEE, unrealistically high temperatures are
served for reduced UVPD. Based on investigation of E
~16!, ~17!, and ~18! we interpret these observations as fo
lows: Due to the fact that the ion acceleration in the sheat
the dominating energy dissipation term in the power bala
Eq. ~17!, the ion density is mostly determined by the
power absorbed by the plasma. Since we assume th
power to be constant during coagulation, the positive
density has to remain almost constant. The quasineutra
implies that the negative charge density—which compri
the free plasma electrons and the negatively char
particles—will also be approximately constant. Thus
UVPD and SEE are reduced, electrons are allowed to rem
on the particles longer and the free electron density in
plasma drops. However, since the electrons still have
maintain a sufficient level of ionization, the electron tem
perature increases. This change in the plasma conditions
to changes in UVPD and SEE in turn also affects the cha
distributions of the particles which look much more simil
in the two cases with full and reduced UVPD and SEE wh
self-consistent plasma properties are used, Fig. 6, than in
not self-consistent case, Fig. 1.

From the above results one can conclude that the de
of the charging mechanisms have only a minor influence
the coagulation dynamics but a major influence on
plasma properties. Keeping in mind that a model such as
one presented here has to be considered a first step o
way to develop a self-consistent model for a chemically
tive plasma with particle nucleation and coagulation grow
it is clear that the differences in plasma properties found h
are of great importance for the accurate description of
plasma chemistry. Figure 7 shows the dissociation rate
silane for the plasma parameters of Figs. 4 and 5. For the
cases with full and reduced UVPD a difference of more th
a factor 3 in the dissociation rate of silane is observed. I
obvious that an accurate description of the plasma chem
requires accurate knowledge of the details of particle cha
ing.

In Fig. 8 we show the relative importance of the differe
particle charging mechanisms. The charging frequencie
the particles increase with time due to the increasing part
radius during coagulation. It is obvious that UVPD is th
most important effect leading to a positive charge on
particles. The charging frequency of SEE is about a facto

.
in

e
s.

FIG. 6. Particle charge distribution at 1025 and 1 s. The de-
signation of the lines and the conditions are the same as in Fig
and 3.
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5 smaller even though a high value for the secondary e
tron release at the electrode ofg i50.4 and a secondary emis
sion coefficient of the particle ofd53.5 have been assume
Quenching of excited atoms is only a minor effect. It shou
be noted that both electron and ion capture by the part
depend strongly on the particle charge. Thus even if the
capture frequency of a neutral particle is very small co
pared to UVPD and SEE, it increases rapidly for negativ
charged particles due to the increase of the OLM cross
tion.

Figure 8 suggests that secondary electrons released a
electrodes only have a small direct impact on the part
charging and particle coagulation dynamics. However,
model shows that these secondary electrons may ga
strongindirect influence on the particle charging and coag
lation dynamics by modifying the plasma properties. Figu
9 shows the average particle radius and the electron temp
ture if the main part of the ionization is due to energe
electrons which have been accelerated in the electr
sheaths. The temperature of the plasma electrons beco
rather small in this case. This effect has been observe
pristine argon and helium capacitive rf plasmas by God
et al. @58#. This low temperature leads to a very narro
charge distribution on the particles. In the late stage of
coagulation process almost all particles carry a single
ementary charge, which effectively suppresses coagula
and limits the growth of particles to about 7 nm radius. Ev
though such small electron temperatures have not been

FIG. 7. Dissociation rate of silane for the conditions in Figs
and 5. The partial pressure for silane is assumed to be 4.5 m
The designation of the lines is the same as in Figs. 2 and 3.

FIG. 8. The charging frequencies for the different charg
mechanisms. The conditions are those of full UVPD and SEE fr
Fig. 2. The superscripts atne andn i denote the charging state of th
particle.
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served in dusty plasma experiments, this result could poin
an interesting possibility to limit the coagulation growth
particles by deliberately lowering the electron temperature
the plasma, for instance, by using electron beams or exte
UV radiation sources to produce additional ionization in t
plasma.

B. Critical density for coagulation

In several studies it has been observed that particles g
due to coagulation only if a certain critical density of th
primary particles is exceeded. Fridmanet al. propose that
three-particle and higher-order many-particle coagulat
events become important when the critical density is
proached@16#. This assumption, however, seems to be rat
unlikely. For instance, for the initial density of 2
31012 cm23 coagulation is clearly observed. However, t
three-particle coagulation frequency is by at least one or
of magnitude smaller than the two-particle coagulation f
quency. Higher order collisions are even less frequent. A
the temporal behavior of the particle density during the m
coagulation phase is close to thet26/5 for neutral coagulation
which can be derived assuming only two-particle collision

In Fig. 10 we study the influence of the initial density o
the coagulation process. Also shown is the positive ion d
sity, which corresponds to these conditions. It can be
served that coagulation is slowed down compared to neu
coagulation (t26/5 behavior! if the particle density has de
creased so far that it equals the positive ion density. T
means that the average particle charge is about one ele
tary charge so that particle charging becomes a notable fa
to suppress coagulation. This interpretation is also eviden
by Fig. 11 in which the coagulation for constant initial de
sity is studied for different rf powers, i.e., different positiv

rr.

FIG. 9. ~a! Average particle density and radius under conditio
of dominant ionization due to energetic sheath electrons.~b! Elec-
tron temperature for these conditions. Full lines: ionization by
ergetic electrons is neglected in ion balance, dashed lines: ion
tion by energetic electrons is taken into account.
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PRE 60 895MODELING OF PARTICULATE COAGULATION IN LOW . . .
ion densities. Again it can be observed that the coagulatio
notably slowed down once the particle density reaches
value of the positive ion density.

These results suggest that as a rule of thumbthe positive
ion density in the plasma can be considered the critical d
sity for coagulation. If the initial particle density does no

FIG. 10. Temporal evolution of~a! the particle density and ion
density and~b! the particle radius for various values of the initi
particle density.

FIG. 11. Temporal evolution of~a! the particle density and the
ion density and~b! the particle radius for different rf powers.
is
e

-

exceed the positive ion density, most particles will be ne
tively charged and particles will be prevented from coagu
ing. In this case particles are likely to grow due to surfa
deposition. The initial particle density depends on the p
ticular plasma chemistry and the discharge parameters.
model is not capable of predicting initial densities since n
ther nucleation of initial particles nor loss mechanisms
currently considered. However, in principle the initial pa
ticle density can be determined from the balance of
nucleation rate and the loss rate of particles to the discha
walls.

C. Details of the particle size distribution

In the literature about coagulation of neutral aerosols
particle size distribution is frequently approximated by a lo
normal distribution function

n~Rp!}
A

ln s
expS 2

ln2~Rp /Rg!

2 ln2 s
D , ~23!

with Rg the geometric mean radius ands the geometric stan-
dard deviation. Our results show that also in the case
particle coagulation in low pressure plasmas the particle
distribution can well be approximated by a log-normal d
tribution. Interestingly, it is known that for neutral aeroso
the geometric standard deviations approaches a universa
value of 1.355 regardless of thes of the initial distribution
@48#. In Fig. 12 we shows values obtained for the particl
distribution functions for our conditions. The log-normal di
tribution of charged particles at the end of the coagulat
process has a smallers than the asymptotic value 1.355 fo
neutral aerosols. The reason is probably that particles at
large size end of the distribution are already all mostly ne
tively charged so that coagulation is suppressed. Particle
the small size end of the distribution still have a charge d
tribution with a certain fraction of neutral and positive pa
ticles which are still able to coagulate with other particle
Thus the coagulation at the large size end is slowed do
while the coagulation loss of small particles depletes
small size end of the distribution which leads to a contract
of the distribution compared to a neutral aerosol.

FIG. 12. Temporal evolution of the geometric standard dev
tions s of the log-normal distributions fitted to the particle siz
distribution for the conditions in Fig. 2.
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896 PRE 60U. KORTSHAGEN AND U. BHANDARKAR
D. Impact of the ‘‘adiabatic factor’’

It has to be pointed out that the temporal behavior
electron and ion densities in the plasma as shown in Fi
does not correspond to experimental observations. For
stance, Stoffelset al. @59# report a relatively slow drop of the
electron density from the value in the quasineutral plasm
a value about a factor 10 less over a time of about 1
Bouchoule and Boufendi report an increase of the line em
sion of argon lines over a time of a few seconds dur
coagulation which suggests that the electron temperature
creases slowly with the same time scale. Our calculations
the other hand show that the plasma conditions adjust to
presence of particles almost immediately. This is not a c
sequence of our assumption of a steady state charge d
bution. In particular, the attachment frequency of electron
particles is of the order of 106 s21. Thus one would have to
expect that electron density and temperature show variat
on a time scale of some microseconds. The experime
results of Stoffelset al. and Bouchoule and Boufendi see
to suggest that the frequency of electron attachment to
particles is actually much smaller than the one given by
~1!. This was also pointed out by Fridmanet al. @16# who
proposed an ‘‘adiabatic factor’’ which is a size-depend
sticking factor for the electrons to nanometer-sized partic
The ‘‘adiabatic factor’’ describes that the kinetic energy
the electron has to be transferred to vibrational excitation
the particle via polarization@16#.

We have studied the influence of the adiabatic factor
the plasma properties in our simulation. The influence on
coagulation dynamics of the particles~not shown here! is
only minor, since the coagulation is not significantly affect
by the details of the particle charging mechanisms. Figure
shows the temporal evolution of the plasma properties w
and without adiabatic factor used in Eq.~1!. Both, the behav-

FIG. 13. ~a! Electron and ion densities and~b! electron tempera-
tures with~full lines! and without adiabatic factor~dashed lines!.
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ior of the electron density and the electron temperature sh
a relatively slow variation on a time scale of 0.1 s if th
adiabatic factor is used. The temporal evolution of t
plasma properties is thus in much better agreement to exp
ments if the adiabatic factor is used.

The above results seem to suggest that the adiabatic fa
proposed by Fridmanet al. realistically describes the elec
tron attachment to particles. However, the use of this fac
seems to be in contradiction to recent results of a quant
mechanical treatment of the electron-attachment to parti
by Perrin@40#. The author finds that for hydrogenated silico
particles consisting of only 1000 atoms~about 2 nm diam-
eter! the attachment probability for electrons with energ
below 10 eV is almost one. Due to these controversial res
and based on the fact that the adiabatic factor plays on
minor role for the coagulation dynamics we have not gen
ally used this factor in this study.

IV. SUMMARY AND CONCLUSION

In this section we summarize our main results and co
ment on their importance and possible implications

~1! As a rule of thumb,the positive ion density in the
plasma constitutes the critical density for the coagulati
process. The initial particle density, which is determined b
the balance of nucleation and particle losses, has to con
erably exceed the positive ion density in the plasma so
coagulation can occur.

This result could explain why particles due to gas pha
nucleation and coagulation have been observed in PEC
plasmas which typically operate at gas pressure of about
mTorr and low plasma density (10921010 cm23) and not in
high density etching plasmas which operate at about
times lower gas pressure and 100–1000 times higher pla
density. However, this result cannot be interpreted to
extent that coagulation in PECVD plasmas can be avoi
by increasing the plasma density since this typically a
increases the rate of plasma chemical reactions and thu
nucleation rate. As a consequence of a higher plasma de
also a larger primary particle density has to be expected

~2! As long as the particle density is higher than the po
tive ion density, coagulation of particles in a plasma follow
the same time dependence as neutral coagulationnp
}t26/5). In this sense charged particle coagulation can
considered as neutral coagulation of particles with an eff
tive coagulation cross sectionapRs

2 which depends on the
particle charge distribution. The details of the chargi
mechanism do not have a considerable influence on the
agulation dynamics.

~3! The details of the charging mechanisms strongly aff
results for the self-consistent plasma properties. Basicall
decrease of detachment of electrons allows electrons to
on the particles longer and leads to a smaller plasma elec
density. Since ionization has to remain approximately c
stant this is balanced by a higher electron temperature.

It should be mentioned that these changes in the pla
properties would result in significantly different condition
for the chemistry of chemically active plasmas. It should a
be stressed that our discussion of UVPD and SEE is pu
based on speculation about the actual values of quan
yields and secondary emission coefficients. These b
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properties of nanometer particles are widely unknown. Ho
ever, they are obviously of great importance for accur
plasma modeling in nanometer-particle containing plasm
We conclude that there is great need for experimental
theoretical studies to determine these basic propertie
nanoparticles.

~4! We have shown that energetic sheath electrons
gain a large, indirect influence on the coagulation dynam
If energetic sheath electrons take over the ionization,
electron temperature of the plasma electrons decre
strongly. As a consequence the charge distribution of p
ticles becomes very narrow with almost all particles be
singly negatively charged in the last stage of coagulati
This typically stops coagulation of particles at a smaller s
than in cases when the plasma electron temperature rem
high.

This observation could actually point a way to controllin
the final size of particles during the coagulation process.
instance, one could imagine using electron beams or exte
UV radiation to produce additional ionization in the plasm
and to reduce the electron temperature of the plasma e
trons.
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~5! Our calculations show that the ‘‘adiabatic factor’’@16#
yields more realistic plasma properties than the assump
of an electron sticking factor of unity. However, controve
sial statements about the probability of electron attachm
to nanometer particles are found in the literature. It see
that there is a definite need for experimental studies of
topic.

This study is only a first step on the way to self-consist
modeling of gas phase growth of particles in low press
plasmas. A more complete approach will require the mod
ing of the particle nucleation, including the effect of no
Maxwellian electron distribution functions, as well as incl
sion of particle losses in spatially inhomogeneous plasm
Work on this topic is in progress and will be reported
future publications.
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