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Coagulation of nanoparticles in a low-pressure radio frequency plasma was studied by means of a detailed
numerical model for the spatiotemporal evolution of the nanoparticle-plasma system. Simulation results indi-
cate that the occurrence of coagulation to any significant degree in such systems requires the existence of two
effects: first, gas-phase nucleation is not limited to a brief burst, but rather continues in regions that are
sufficiently free of nanoparticles; and second, coagulation coefficients for collisions between neutral and
negatively charged nanoparticles are enhanced by the image potential induced in the neutral particle. Account-
ing for these effects, coagulation is predicted to be dominated by coagulation between very small ��1 or 2 nm
in diameter� neutral particles and larger negatively charged particles that are trapped in the plasma. Coagulation
ceases when the spreading of the nanoparticle cloud across the plasma quenches gas-phase nucleation.

DOI: 10.1103/PhysRevE.79.026408 PACS number�s�: 52.27.Lw, 52.65.�y, 81.20.Rg

I. INTRODUCTION

Coagulation in nanodusty plasmas—plasmas containing
nanoparticles—is of interest for several reasons. First, coagu-
lation in nanodusty plasmas is believed to be the primary
means by which particles grow to several tens of nanometers
in diameter following their initial formation via gas-phase
nucleation �1–7�. Such particles often represent an unaccept-
able source of contamination in semiconductor processing.
Second, particle morphology can be strongly affected by co-
agulation, and this has implications for the deliberate synthe-
sis of nanocrystals for various applications. Finally, coagula-
tion in nanodusty plasmas is of fundamental interest, but is
poorly understood.

The most studied nanodusty plasma has been the capaci-
tatively coupled parallel-plate radio frequency �rf� plasma,
consisting of silane diluted in argon or helium, at total pres-
sures in the range �10–100 Pa. In the early 1990s experi-
mental observations by Boufendi, Bouchoule, and co-
workers led them to conclude that the temporal evolution of
nanoparticles in such a system could be described by a three-
step process: a brief nucleation burst, lasting several ms and
producing particles �2 nm in diameter; rapid growth by co-
agulation, producing particles up to a few tens of nm in
diameter; and then slower growth by vapor deposition on
particle surfaces �1–3�.

The inference in these studies that the rapid growth phase
following nucleation is dominated by coagulation was based
primarily on two observations. First, as the average particle
size increased, the measured particle concentration dropped
while the total particle mass concentration stayed approxi-
mately constant. Second, images of sampled particles ob-
tained by transmission electron microscopy showed particles
that appeared to be aggregates of smaller crystallites, typi-
cally �2 nm in size �1,2�.

Nevertheless, there are grounds for questioning whether
coagulation to any significant extent is likely or even pos-
sible in such systems. As particles grow in these types of
plasmas they become increasingly negatively charged. If all
of the particles were negatively charged then coagulation
would be almost completely suppressed by Coulomb repul-

sion. However, in the earliest times following the onset of
nucleation, when particles are only 1 or 2 nm in diameter,
measured particle concentrations �1� are in the order of
109–1010 cm−3, and many of these particles may be neutral.
That is because such small particles can hold at most one or
two charges �8�, so that stochastic charge fluctuations due to
discrete charging events ensure that at any time many of the
particles are neutral or even positively charged. Moreover,
the particle concentration produced in the initial nucleation
burst may exceed the plasma density that existed prior to the
appearance of particles. In that case there would not be
enough electrons available to immediately charge all of the
particles negatively.

As for Brownian coagulation between neutral particles,
the characteristic time for coagulation under these conditions
is much longer than the characteristic time for loss of par-
ticles to bounding surfaces by diffusion. For neutral aerosol
particles that lie in the free molecule regime �an excellent
assumption for the conditions of interest�, assuming spheri-
cal particles and unity sticking coefficients, and neglecting
the effect of van der Waals forces, the coagulation coefficient
��vi ,v j� �m3 s−1� for particles of volumes vi and v j can be
written �9�

��vi,v j� = � 3

4�
�1/6�6kT

�p
� 1

vi
+

1

v j
�	1/2

�vi
1/3 + v j

1/3�2, �1�

where k is the Boltzmann constant, T is absolute tempera-
ture, and �p is the mass density of the material of which the
particles are composed. The characteristic time for coagula-
tion of an assumed monodisperse aerosol can be estimated as

�coag =
2

�Np
, �2�

where �coag is the time required for coagulation to reduce the
particle concentration Np by one-half. For 2-nm particles at
300 K having the same mass density as bulk silicon
�2.33 g /cm3�, Eq. �1� gives �
5.8�10−10 cm3 /s. For par-
ticle concentrations of 109–1010 cm−3, one finds �coag

0.34–3.4 s.
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One can also define a characteristic time �dif f for particles
to diffuse a distance � as

�dif f =
�2

2D
, �3�

where D is the particle diffusion coefficient in the ambient
gas. For 2-nm-diameter spherical particles in argon at
100 mTorr �13.3 Pa� and 300 K, D
86 cm2 /s. Taking � as
half the plate separation, for a plate separation of 3 cm, one
finds �dif f 
0.013 s, much less than �coag. Thus, under such
conditions, neutral particles would be lost by diffusion be-
fore they had time to coagulate with each other.

Higher particle concentrations and/or higher pressures
could make �coag and �dif f more comparable to each other.
Even then, however, one confronts the fact that as particles
grow they become, on average, more negatively charged.
Whereas neutral and positively charged particles are rapidly
lost by diffusion, negatively charged particles are trapped in
the plasma by the electric field, allowing them to continue
growing by vapor deposition. Finally, if all the neutral par-
ticles produced at the earliest times were lost by diffusion,
while only multiply charged negative particles remained,
how could coagulation be sustained up to the particle diam-
eters claimed, e.g., �50 nm in diameter �1,2,4,5,10�, well
beyond the size where all particles are expected to be nega-
tively charged?

Recently Warthesen and Girshick developed a detailed
model for the spatiotemporal evolution of a nanodusty
plasma �11�, with the plasma behavior and the aerosol behav-
ior treated self-consistently. Simulations were run for the
same conditions as in the experimental work of Boufendi,
Bouchoule, and co-workers �1–3�. Particle nucleation was
assumed to occur only in a rapid burst, lasting 10 ms. The
results of these simulations indicated that coagulation was
almost nonexistent. Consistent with the discussion above, the
neutral particles produced in the initial nucleation burst were
either lost to the walls by diffusion, before they experienced
significant coagulation, or became negatively charged and
trapped. Whereas a singly charged particle could be rapidly
neutralized by ion attachment, once particles were more than
a few nm in diameter they were mostly multiply charged,
and therefore unlikely to be neutralized. Thus the system
rapidly evolved to one in which all particles were charged
negatively, with coagulation suppressed. Turning coagulation
on or off in the simulations made no discernible difference in
the results.

In this paper we address the question, how can coagula-
tion occur in a nanodusty plasma, given the arguments
against its existence presented above? We first review work
that suggests a possible way out of this dilemma, namely,
that two distinct aerosol populations coexist in the plasma,
one consisting of large, negatively charged particles, the
other of much smaller particles, many of which are neutral or
positively charged. We then report numerical simulations that
use the same numerical model as Warthesen and Girshick
�11�, but with two important changes. First, instead of limit-
ing nucleation to a brief burst, it is allowed to continue in
regions that are sufficiently free of particles. Second, we ac-
count for the effect on coagulation of the image potential

�dipole� induced in neutral particles in proximity to charged
particles. With these two changes, we find that coagulation
indeed becomes an important growth mechanism. But it is
predicted to be a very specific kind of coagulation—
scavenging of small neutral particles by larger charged
particles—and it is highly localized, because of the quite
different spatial profiles of charged and neutral particles.
These results support the hypothesis that coagulation in a
nanodusty plasma occurs primarily between two distinct par-
ticle populations, and put this hypothesis in the context of the
spatiotemporal evolution of the nanoparticle-plasma system.
Also these results indicate that coagulation in low-pressure
nanodusty plasmas would be negligible were it not for both
the continued occurrence of fresh nucleation and the en-
hancement in the rates of coagulation between neutral and
charged nanoparticles caused by image potentials.

II. COAGULATION BETWEEN POPULATIONS
OF PARTICLES HAVING DIFFERENT SIZES

Several researchers have suggested that coagulation in
dusty plasmas could occur between particle populations of
distinctly different sizes: one large, the other small. This hy-
pothesis has several advantages. First, from Eq. �1�, Brown-
ian coagulation coefficients are much larger for particles of
widely disparate sizes than for particles of the same size.
This is because the larger collision cross section more than
offsets the slower thermal speed of the larger particles. Sec-
ond, very small particles in such systems may be neutral or
even positively charged, allowing them to coagulate with
larger, negatively charged particles that are trapped in the
plasma. Third, this hypothesis would be consistent with the
experimental observation that larger particles are composed
of �2-nm crystallites �1,2�. Finally, coagulation rates be-
tween large, highly charged particles and small neutral par-
ticles can be strongly enhanced by the image potential in-
duced in the neutral particle.

Horanyi and Goertz suggested that coagulation in a dusty
plasma could occur between small and large particles of op-
posite charge �12�, although their work did not consider par-
ticles in the nanoscale regime and was more concerned with
astrophysical plasmas where secondary electron emission
could be an important mechanism producing positively
charged particles. Shiratani, Watanabe, et al., in work that
studied particle formation in silane plasmas �5,10�, used
scanning electron microscope images of sampled particles to
deduce the existence of two distinct particle size classes.
Observing that measured particle growth rates were much
higher than could be explained by Brownian coagulation,
they too proposed that coagulation occurred mainly between
particles of opposite charge, with the smaller particles
charged positively by stochastic charge fluctuations. Lemons
et al. proposed a simple analytical model for coagulation
between large “predator” particles and smaller “protopar-
ticles” that were injected into a plasma at a constant rate,
with the predator particles charged negatively while the pro-
toparticles were mostly neutral �13�. They assumed that the
protoparticles were too small to hold a charge, which they
determined corresponded to a diameter below 2.4 nm, or that
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they could be somewhat larger if one accounted for charge
fluctuations. Their model, while containing only minimal
physical content, succeeded in reproducing the particle
growth rates reported by Boufendi and Bouchoule �14� and
Shiratani et al. �4�. Kim and Kim developed a more detailed
numerical model for coagulation between large and small
particles in a plasma, with each size class having an assumed
Gaussian charge distribution �15–17�. They utilized a sec-
tional model for the particle size distribution function, with
size-dependent coagulation coefficients, and included the ef-
fect of Coulomb forces for coagulation between oppositely
charged particles. The latter effect was predicted by their
model to dominate coagulation. De Bleecker et al. also used
a sectional approach to model coagulation in a plasma �18�,
although they neglected the effect of particle charge on co-
agulation rates.

None of the above studies considered the possible effect
on coagulation of image potentials induced in colliding par-
ticles by the charge on the collision partner. To our knowl-
edge the only plasma-related study to have considered this
effect is the work of Lapenta, who developed a simple ana-
lytical model based on conditions of dust grains in stellar
systems, with a high relative velocity between the dust grains
and the stellar wind �19�. He concluded that dipole moments
could lead to the production of linear chainlike aggregates.

A theoretical analysis of the enhancement in coagulation
coefficients in an aerosol due to image potentials induced in
a neutral particle by a charged particle was presented by
Huang, Okuyama, and Seinfeld �20�. The enhancement fac-
tor is a complicated function of the diameters of the colliding
particles, the mean free path for molecular collisions in the
gas, the magnitude of the charge on the charged particle, and
the dielectric constant of the material of which the particles
are composed.

The magnitude of the effect for conditions pertinent to
nanodusty plasmas is seen in Fig. 1, which shows coagula-
tion coefficients between a 1-nm-diameter particle and a sec-
ond particle of any diameter up to 100 nm, for three cases:
�i� both particles are neutral, from Eq. �1�; �ii� the 1-nm
particle is singly positively charged while the second particle
is negatively charged; and �iii� the 1-nm particle is neutral
while the second particle is charged. In all cases we assume
spherical particles with the properties of bulk silicon, and the
gas is assumed to consist of argon at a pressure of 13.3 Pa
and a temperature of 300 K. In cases �ii� and �iii� the nega-
tively charged particle is assumed to have a charge equal to
the average charge on negatively charged particles of the
same size, based on the full simulation results presented be-
low.

For the case of oppositely charged particles, the Coulomb
attraction causes the coagulation coefficient in Eq. �1� to be
multiplied by a factor � given by

� = 1 −
Z1Z2

4�	0kT�r1 + r2�
, �4�

where Zi represents the charge on each of the two particles
�Z1=unit charge�, ri is the radius of each particle �r1
=0.5 nm�, and 	0 is the permittivity of free space �9�. For the
case of coagulation between a 1-nm neutral particle and a

negatively charged particle, Fig. 1 accounts for the image
potential induced in the neutral, using the theory of Huang et
al. �20�. �Note that for coagulation between oppositely
charged particles there may be an image potential effect in
addition to the ordinary Coulomb attraction. Moreover,
screening of the plasma in the vicinity of either a charged
particle or a neutral particle with an image potential may
affect the enhancement in coagulation coefficients. To our
knowledge, no analysis of coagulation in the literature in-
cludes these effects, and they are not included in the figure.�

As can be seen in Fig. 1, the coagulation coefficient for
collisions between very small neutral particles and much
larger charged particles is strongly enhanced by two effects
that multiply together, the size dissimilarity and the image
potential. For example, for the case of 1-nm-diameter neutral
particles coagulating with 20-nm-diameter particles the
former effect gives a factor of �80 enhancement even for
neutral-neutral coagulation, while the latter effect provides
an additional enhancement factor of �200. In fact, one sees
that the enhancement in coagulation coefficients produced by
the image potential is comparable in magnitude to that asso-
ciated with the Coulomb attraction where one of the oppo-
sitely charged particles is singly charged. With this enhance-
ment in coagulation coefficients, coagulation may occur fast
enough to compete with diffusion as a sink for neutral par-
ticles.

In summary, this analysis indicates that coagulation in a
nanodusty plasma may be possible provided that very small
particles continue to be generated as larger, charged, and
trapped particles continue to grow. Considering that neutral
particles under conditions of interest are expected to be much
more abundant than positively charged particles, and that
Fig. 1 shows that the image potential in small neutrals can
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FIG. 1. �Color online� Coagulation coefficients between par-
ticles that are 1 nm in diameter �particle 1� and particles of any
diameter �particle 2�. The three cases shown are for neutral coagu-
lation �Eq. �1��, coagulation of oppositely charged particles, en-
hanced by their Coulomb attraction �Eq. �2��, or coagulation be-
tween a 1-nm neutral particle and a negatively charged particle,
enhanced by the image potential in the neutral particle �20�. The
particles are assumed to have the same properties as bulk silicon.
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have as much effect on coagulation as the Coulomb attrac-
tion associated with a single positive charge, a reasonable
hypothesis is that coagulation is dominated by collisions be-
tween small neutral particles and large negatively charged
particles.

III. NUMERICAL MODEL

In the present work we use the same numerical model as
in Warthesen and Girshick �11�, but with two important
modifications. First, instead of limiting nucleation to a brief
burst, it is allowed to continue in regions that are sufficiently
free of particles. Second, we account for the effect on coagu-
lation of the image potential induced in neutral particles in
proximity to charged particles.

A detailed description of the numerical model is given in
Warthesen and Girshick �11�. The geometry and conditions
of the model are chosen to correspond to the experimental
system of Boufendi, Bouchoule, et al. �1–3�: a parallel-plate
capacitively coupled rf plasma, with rf power applied to one
of the electrodes at a frequency of 13.56 MHz, and a voltage
of 300 V �600 V peak to peak�. The other electrode is
grounded. The electrode spacing is 3 cm, the pressure equals
13.3 Pa, and the heavy species gas temperature equals
300 K.

As the parallel plates are assumed to be infinite the system
is one dimensional. The plasma is assumed to consist of pure
argon, in which silicon nanoparticles nucleate and grow.
While the model can readily accommodate gas flow through
one of the electrodes, the flow for these simulations is set to
zero. The nanoparticles are transported by diffusion, electro-
static and ion drag forces. The effect of gravity is negligible
for the particle sizes and conditions considered. The absence
of gas flow thus creates a system that is symmetrical �for
nanoparticles, which are too massive to respond to the in-
stantaneous rf field� with respect to the midplane between the
two electrodes.

This model does not include chemistry other than finite-
rate ionization of argon atoms to generate positive ions and
free electrons. In place of a detailed nucleation mechanism,
silicon nanoparticles of diameter 0.75 nm are assumed to be
formed by gas-phase nucleation at a prescribed rate. Nucle-
ation is assumed to be confined to the central half of the
electrode gap, roughly corresponding to the area between the
plasma sheaths. Particles are allowed to grow by both coagu-
lation and surface growth, with the latter also assumed to
occur at a prescribed rate. For the simulation reported below,
the nucleation rate is set to 1012 cm−3 s−1 and the surface
growth rate is set to 12 nm s−1. With these values the simu-
lations reproduce approximately the measured particle con-
centrations and growth rates found in the studies of Bou-
choule, Boufendi, et al. �1–3�.

The nanoparticles are charged by collisions with ions and
electrons, with orbital-motion-limited theory �21� used to
predict the finite-rate charging behavior. The maximum
charge possible on the particles depends on their size. Here
we have used an expression specific to silicon particles de-
veloped by Gallagher �8�, in which the charge is limited by
the mutual electrostatic repulsion of the electrons and de-

pends on the particle-size-dependent electron affinity.
The plasma and nanoparticle equations are solved in a

two-step process. The electron balance and energy equations
and the Poisson equation for the electric field are solved and
averaged over several rf cycles. The resulting plasma prop-
erties are then used in solving the aerosol general dynamic
equation for nanoparticle size and charge distributions in the
reactor. A sectional model is used for discretizing the nano-
particle size distribution �22�. The Scharfetter-Gummel
method is used to discretize the ion-, electron-, and
nanoparticle-balance and electron-energy equations �23�.

Two main changes have been made to the original model
of Warthesen and Girshick �11�. First, the effect of the image
potential on coagulation between neutral and charged par-
ticles, using the theory of Huang et al. �20�, is now included.
Second, whereas in Warthesen and Girshick �11� nucleation
is confined to a burst lasting 10 ms, in the present simula-
tions a more realistic condition is implemented such that
nucleation is allowed to continue in regions that are rela-
tively free of particles. In general, wherever condensible va-
por or chemical species favorable to nucleation exist, there is
a competition between homogeneous nucleation and hetero-
geneous surface growth on existing particles. Nucleation is
quenched when the local particle surface area concentration
is sufficiently high, as surface growth consumes these spe-
cies �24�. To represent this, we have implemented a criterion
such that, within the central half of the electrode gap, nucle-
ation is turned on when �and only when� the local particle
surface area concentration lies below a specified value S*.
Surface growth is turned on when �and only when� the local
particle surface area concentration exceeds S*. In the simu-
lation discussed below the value of S* is set to 1.8
�109 nm2 cm−3, based on previous results of a detailed
chemical kinetic model for nucleation and particle growth in
a silane plasma for similar conditions �25�. Because particle
trapping regions are predicted to be sharply defined, the
simulation results are rather insensitive to the choice of this
value.

These simulations are computation intensive. The simula-
tion discussed below required approximately 1000 cpu hours
on an SGI Altix per second of plasma time. Previous studies
have developed numerical models for the chemical kinetics
of particle nucleation and growth in a silane plasma that
were either zero dimensional �25,26� or steady state �27,28�.
At the present time, the inclusion of such detailed chemistry
in one-dimensional, transient calculations such as presented
here is not computationally feasible.

IV. RESULTS AND DISCUSSION

Figure 2 shows the simulation results for the particle size
distribution function at four different times t following the
onset of nucleation. White lines represent isocontours of av-
erage �negative� particle charge.

At t=25 ms most particles are smaller than 2 nm in diam-
eter and contain zero or one charge. Stochastic charging is
driven by high rates both of attachment and of neutralization.
When particles become negatively charged they are pushed
to the center by the electric field. Neutral particles diffuse
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and positively charged particles are accelerated to the bound-
ing electrodes.

As the particles grow and accumulate more negative
charge, a bimodal particle size distribution develops at the
center of the electrode gap, as seen in the snapshot at t
=500 ms, where one peak in the distribution lies at a diam-
eter of �10 nm while a second peak exists at sub-nm size.
The larger particles are those that have grown and become
multiply negatively charged, and that are thus trapped in the
center. Outside the central region, where the particle surface
area concentration is small enough to allow fresh nucleation,
those freshly nucleated particles that attach an electron are
pushed to the center, forming the peak at sub-nm size.

At t=1.5 s the effect of ion drag has become evident. Ion
drag pushes negatively charged particles out of the center
and toward the plasma sheaths. The effect is stronger for
larger, more highly charged particles, resulting in the “V”
shape seen in the spatial profile of the size distribution func-
tion. As the particles spread outwards the region where
nucleation is quenched expands, resulting in a reduction in
the number of very small particles. Finally the entire plasma,
up to the sheath edges, is filled with nanoparticles, which
completely quenches nucleation at about 2.5 s. Past this time
the small-size particle mode disappears, as evident in the
snapshot at t=4 s, and particles are all negatively charged,
and thus can grow only by surface growth.

Several aspects of the spatiotemporal evolution are simi-
lar to the earlier simulations of Warthesen and Girshick �11�.
In particular, at the earliest times negatively charged particles
are trapped in the center of the plasma, while at later times,
when they have grown larger and become more charged, ion
drag causes them to move toward the sheath edges, where
the outward-pushing ion drag force is balanced by the
inward-pushing electrostatic force exerted by the field at the
sheath edge.

Other aspects of the predicted evolution are different in
the current simulation compared to Warthesen and Girshick
�11�. In particular, in the snapshots at 500 ms and 1.5 s, the
bimodal size distributions seen in the center of the plasma,
and the diffusion-dominated concentration profiles of very
small neutral nanoparticles, are a consequence of the contin-
ued occurrence of nucleation outside the central trapping re-
gion.

However, as discussed below, the most important differ-
ence between the present results and those of Warthesen and
Girshick �11� is that the earlier work predicted coagulation to
be negligible, whereas the present simulation predicts an im-
portant role for coagulation.

Predicted concentration profiles of neutral, negatively
charged and positively charged nanoparticles are shown in
Fig. 3 at �a� 25 ms and �b� 1.5 s. At 25 ms the trapping of
negative particles in the center of the electrode gap is evi-
dent, as is their outward spread at 1.5 s. The local peak in the
center of the negatively charged particle concentration pro-
file at 1.5 s is attributable to the small-particle mode in the
particle size distribution at that time.

For neutral particles, the concentration profile at 25 ms is
characteristic of a diffusion process, except for the small
bump in the profile seen at the center. This bump is caused
by neutralization of negatively charged particles, whose con-
centration is a maximum at the center. In contrast, at 1.5 s
the maxima in the neutral particle concentration occur just
outside the region where negatively charged particles are
trapped. These maxima correspond to the locations where
fresh nucleation occurs. These freshly nucleated particles dif-
fuse both outward and inward. In addition, neutral particles
can be created at the center by neutralization of singly
charged negative particles.

Positively charged nanoparticles are predicted to exist at
four to five orders of magnitude lower concentration than
neutral particles. The shapes of the positive-particle concen-
tration profiles at both 25 ms and 1.5 s are closely related to
the corresponding ion density profiles, shown in Fig. 4. As
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FIG. 2. �Color online� Nanoparticle size distribution function
�dN /d�log10 dp�� at 25 ms, 500 ms, 1.5 s, and 4.0 s following the
onset of nucleation. White lines represent isocontours of average
�negative� particle charge.
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nanoparticles form and collect electrons, the electron density
drops. In regions where negatively charged nanoparticles are
trapped, they carry most of the negative charge, with the
electron density lying about one order of magnitude below
the charge density on the nanoparticles. As nanoparticles
grow their spatial distribution changes. The ion density pro-
file responds by closely tracking the changing profile of
nanoparticle charge density, thereby maintaining quasineu-
trality. Peaks in the ion density profile correspond to regions
of high ion attachment rates. Thus at 25 ms the peak in the
center of the positively charged nanoparticle concentration
profile corresponds to the peak in the ion density profile,
while at 1.5 s the positively charged nanoparticle concentra-
tion profile mirrors the “V” shape in the ion density profile at
that time.

The continual production of neutral nanoparticles by fresh
nucleation allows for the possibility of coagulation. Figure 5
shows calculated spatial profiles of the coagulation rate at �a�

25 ms and �b� 1.5 s, together with corresponding concentra-
tion profiles of neutral and negatively charged nanoparticles.
Consistent with the hypothesis that virtually all coagulation
in this system occurs between neutral and negatively charged
nanoparticles, coagulation is seen to be effectively confined
to the region where negatively charged particles are trapped.
At 25 ms the coagulation rate peaks sharply in the center of
the plasma, a consequence of the multiplicative effect of the
peaks in both the negatively charged and neutral particle
concentration profiles. At 1.5 s the sharp off-center peaks in
the coagulation rate profile are related to the coagulation co-
efficients shown in Fig. 1, as well as to the peak in the
neutral particle concentration profile just outside the
negative-particle trapping zone. As seen in Fig. 2, larger,
more highly charged particles are pushed by ion drag farther
from the center of the plasma than are smaller, less charged
particles. The coagulation coefficient for coagulation of a
1-nm neutral particle with a charged particle is a strong func-
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FIG. 3. �Color online� Concentration profiles of negatively charged, positively charged, and neutral nanoparticles at �a� t=25 ms and �b�
1.5 s following the onset of nucleation.
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tion of particle size and charge, especially in the diameter
range below �25 nm where most of the negatively charged
particles lie at 1.5 s. This also explains why the coagulation
rate at 1.5 s exhibits a minimum at the center of the plasma,
even though the concentration of negatively charged par-
ticles has its maximum at that location: this maximum is due
to the �1-nm-diameter particle mode in the size distribution.
From Fig. 1, the coagulation coefficient for a 1-nm neutral
particle coagulating with a 1-nm charged particle is about
two orders of magnitude lower than with a 20-nm-diameter
charged particle, assuming that the charged particles contain
the same charge as the average values in these simulations.

As the vast majority of coagulation events involve a neu-
tral nanoparticle as one of the collision partners, it is of in-
terest to ask how the coagulation rates calculated compare to
the rates of loss of neutral nanoparticles to the electrodes by
diffusion. Figure 6 shows this comparison versus time, over
the 2.5 s before nucleation is completely quenched by the
outward-spreading particle cloud. The rates shown in the fig-
ure are integrated over the electrode gap. At early times the
diffusional loss rate is seen to be much greater than the co-
agulation rate. Gradually the coagulation rate increases and
the diffusional loss rate drops. These rates become equal at
�400 ms. Thereafter the coagulation rate somewhat exceeds
the diffusional loss rate, though both are of the same order.
�Note that diffusional loss rates here are somewhat under-
stated by the one-dimensional approximation, which implic-
itly neglects radial diffusion.� At �2.5 s, when nucleation is
completely quenched, both coagulation and diffusional loss
go to zero, as both require the existence of neutral nanopar-
ticles.

The reason for the rise in coagulation rates, and corre-
sponding drop of diffusional loss rates, can be understood
from Fig. 1: as trapped negatively charged particles grow, the
coagulation coefficients for collisions between them and very
small neutral nanoparticles strongly increase. It is thus evi-
dent that coagulation would be insignificant in this system
were it not for the enhancement in coagulation coefficients
caused by the image potential in small neutral nanoparticles.

Nor would coagulation be possible if nucleation were not
sustained as the particle cloud develops. For the particular

set of conditions and assumptions of this simulation, the av-
erage particle diameter at the time nucleation is quenched
equals �32 nm. Beyond this time, further coagulation would
be essentially impossible unless nucleation resumed.

Indeed there is experimental evidence that nucleation in
such systems could resume. At longer times one expects ion
drag to push all nanoparticles out of the center, creating a
void space. Experiments by Mikikian and Boufendi �29�
have indicated that a new generation of nanoparticles can
nucleate in such void spaces, and that the plasma can un-
dergo multiple cycles of particle nucleation, growth, quench-
ing of nucleation, appearance of a void space, and resump-
tion of nucleation. The nature of coagulation in such a cyclic
process will be the subject of future study.

V. SUMMARY AND CONCLUSIONS

A detailed numerical model has been used to investigate
coagulation in a parallel-plate rf plasma undergoing particle
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nucleation and growth. Simulation results indicate that co-
agulation is an important particle growth mode provided that
two conditions exist: �i� that nucleation does not cease after a
rapid burst but rather continues in the relatively particle-free
regions outside particle trapping regions; and �ii� that coagu-
lation coefficients between neutral and charged particles are
enhanced by the image potential induced in the neutral par-
ticle. Under these conditions, we find that coagulation can
“capture” many neutral nanoparticles before they are lost by
diffusion, by joining them with a negatively charged, trapped
nanoparticle. The simulations indicate that the coagulation
rate exhibits a distinct spatial profile that reflects the sharply
defined trapping regions of negatively charged nanoparticles
as well as the profile of neutral nanoparticles. Coagulation is
predicted to cease shortly following the quenching of nucle-
ation by the expanding nanoparticle cloud, because the
quenching of nucleation removes the source of neutral nano-
particles from the system.

These results appear to resolve the dilemma posed in the
Introduction; how can significant coagulation occur in a
nanodusty plasma? While no experimental study is yet avail-
able to test the validity of the spatiotemporal evolution in
detail—it being difficult to obtain spatially resolved mea-
surements of concentrations and size distributions of
sub-10-nm aerosols in low-pressure environments—it can at
least be noted that key aspects of the results are consistent
with experimental or analytical results. The result that coagu-
lation is significant for the first several seconds following the
onset of nucleation, when particles have grown to several
tens of nm in diameter, and then ceases, is in accord with
experimental observations �1–7�. The effect of image poten-

tials on coagulation assumed here is based on the best cur-
rently available theory �20�. The assumption that nucleation
does not cease quickly after the onset of nucleation, but
rather persists until being quenched by the particle cloud
expanding to fill the plasma, is consistent with a large body
of experimental observations for nucleating systems in gen-
eral, and with previous theoretical analysis �24�. The exis-
tence in these types of plasmas of two distinctly different
size classes, one small the other large, is supported by ex-
perimental observations �5,10�.

A final interesting point is that these results explain why
nanoparticles formed in low-pressure nonthermal plasmas
are so often observed to be close to monodisperse, even
though they show evidence of having undergone coagulation.
“Normal” coagulation broadens a size distribution. However,
the results presented here indicate that coagulation in nano-
dusty plasmas is dominated by very small neutral particles
coagulating with larger, charged and trapped particles. Under
such a situation, all trapped particles would grow at the same
rate, as in particle surface growth, as long as they were in the
same environment, consistent with the maintenance of a
monodisperse size distribution.
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