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The electric as well as the positive- and negative-ion drag forces on an isolated dust grain in an electrone-
gative plasma are studied for large negative-ion densities, when the negative ions are not Boltzmann distrib-
uted. The investigation is carried out for submicrometer dust particles, so that the theory of Coulomb scattering
is applicable for describing ion-dust interaction. Among the forces acting on the dust grain, the negative-ion
drag force is found to be important. The effects of the negative-ion density, neutral-gas pressure, and dust-grain
size on the forces are also considered. It is shown that by increasing the density of the negative ions one can
effectively manipulate the dust grains. Our results imply that both dust voids and balls can be formed.
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I. INTRODUCTION

There is much recent interest in complex �dusty� plasmas
because plasma-produced nano- and microparticles are indis-
pensable in many modern applications �1�, such as in the
fabrication of composite materials, silicon films, ultrahard
coatings, etc. They are also of basic physical interest because
many fundamental processes �phase transitions, transport,
wave propagation, clustering, etc.� in these macroscopic sys-
tems are similar to that at the atomic level �2–8�.

Recently, experiments have demonstrated the existence of
novel self-organized structures such as dust voids �9,10� and
dust balls �6,8�. Such structures clearly depend on the distri-
bution of the various forces acting on the dust particles. De-
pending on the plasma conditions, forces such as gravity,
electric, positive ion, electron and neutral drag, as well as
thermophoresis, can play important roles �11–13�. A detailed
knowledge of these forces is thus important for understand-
ing and controlling the transport of the grains, the equilib-
rium states, as well as the wave phenomena in complex
plasma systems.

Most of the existing studies of dusty plasmas are devoted
to electropositive plasmas where only positively charged
ions are present, although electronegative plasmas are widely
used in plasma technologies �14� and dust growth is often
observed in such discharges �1,4�. Only recently has there
been increased attention to dusty plasmas containing nega-
tive ions. Among others, problems of linear wave propaga-
tion, diffusion of plasma particles, equilibrium states, and
sheath structure in dusty electronegative plasmas have been
considered �15–19�. In particular, the ion drag forces on a
dust grain in an electronegative complex plasma with Boltz-
mann negative ions were also recently investigated �20�. It
was found that in general the positive-ion drag force is larger

than that of the negative ions, and that the number of loca-
tions where the ion drag forces balance the electric force is
considerably larger than that in an electropositive plasma.

However, because of the many physical processes existing
in a typical dusty discharge, the assumption of Boltzmann
density for the negative ions holds only when the ion loss is
predominantly due to ion diffusion to the walls �14�. At rela-
tively large ��1010 cm−3� ion densities typical for modern
plasma sources �14� or pressures ��100 mTorr� typical for
many dusty plasma experiments �1�, ion-ion recombination
becomes important and the Boltzmann density for the nega-
tive ions is no longer valid.

The present paper focuses on the positive- and negative-
ion drag forces arising from momentum transfer from the
ions drifting relative to an isolated charged grain at high
negative-ion densities �high electronegativity �14��. We
found that the negative- and positive-ion drag forces can be-
come similar in magnitude. This occurs when the negative-
and positive-ion fluxes are nearly the same. The effects of
negative-ion concentration, neutral-gas pressure, and dust
size on the force balance are also investigated. It is shown
that by varying the parameters of the discharge one can con-
trol the forces and, as a result, also the location and motion
of an isolated dust grain. In particular, one can conclude that
both dust voids and balls can appear, depending on how the
force balance on a grain occurs.

II. THEORETICAL MODEL

A. Fluid model of the plasma

Consider a steady-state plasma containing singly charged
positive and negative ions, electrons, as well as neutral par-
ticles. All the species interact among themselves as well as
with each other. The plasma is located in a cylindrical dis-
charge chamber of large aspect ratio �L�D, where L and D
are the height and diameter of the plasma, respectively�, so
that all the plasma parameters depend only on the coordinate
x perpendicular to the planes bounding the plasma slab. For
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simplicity, it is assumed that the electron temperature Te is
spatially constant. Therefore, the plasma is symmetrical with
respect to the center of the slab �x=0�. It is assumed that
there is an isolated dust grain in the plasma. We shall con-
sider the forces acting on the grain for different grain loca-
tions. The effect of the dust grain on the electron and ion
densities as well as the electron temperature is negligible.

We also assume that the neutral gas pressure is suffi-
ciently high such that the condition �+Te /LT+�1 is satisfied.
Here, �+ is the positive-ion mean free path and T+ is the
positive-ion temperature. The positive- and negative-ion
fluxes are then �14�

�� = − D��xn� ± n���E , �1�

where �=+ and � denote the positive and negative ions, E is
the electric field, and n�, D�, and �� are the density, diffu-
sion coefficient, and mobility coefficient, respectively. The
mobility coefficient �� �in m2/V s� is calculated using the
low-E-field Langevin mobility expression �21�

�� = 0.514
Tgas

p���mr

,

where the reduced mass mr is in amu, the polarizability of
the gas molecule �� is in Å3, p is the gas pressure in pascals,
and Tgas is the gas temperature in kelvins. D� is obtained
from the well-known Einstein relation D�=kBT��� /e be-
tween the diffusion and mobility coefficients. It is also as-
sumed that the positive- and negative-ion diffusion and mo-
bility coefficients are equal.

Furthermore, it is assumed that the plasma is quasineutral,
or

n+ = n− + ne, �2�

where ne is the electron density. The electrons obey the Bolt-
zmann density profile

ne = ne0 exp�e	/kBTe� , �3�

where ne0 is the electron density at the center of the plasma
slab, kB is the Boltzmann constant, e is the magnitude of the
electron charge, and 	 is the plasma potential, giving the
electric field E=−�x	.

The continuity equations for the positive and negative
ions are �14�

dx�+ = Kizn0ne − Krecn−n+ �4�

and

dx�− = Kattn0ne − Krecn−n+, �5�

where n0 is the neutral gas density, and Kiz, Krec, and Katt are
the ionization, recombination, and attachment rate constants,
respectively.

At the discharge center �x=0�, symmetry requires that the
electron and ion density gradients be zero. The densities in
the discharge center are taken to be known parameters. We
shall consider relatively high plasma densities when the
sheath size is smaller than the slab size. Therefore, the
positive-ion velocity at the plasma boundary x=L /2 is given
by the Bohm velocity �14�

uB =� kBTe�ne + n−�
M+�ne + n−Te/T−�

, �6�

which reduces to the familiar Bohm expression uB0
=�kBTe /M+ when n−=0. Note that uB
uB0 for n−Te /T−ne
�1. The electron temperature Te can depend on the slab size.
Without loss in generality, in the calculations we shall vary
Te for fixed plasma size.

For convenience, the governing physical quantities are

normalized as follows: ñ�=n� /ne0, �̃�=�� /ne0cs, and �
=x /
. The ion acoustic speed cs in the absence of negative
ions is given by cs=�kBTe /M+, where M+ is the mass of the
positive ions, and the ionization length is 
=cs /Kizn0. From
Eqs. �1�, �4�, and �5�, taking into account Eqs. �2� and �3�, we
obtain after normalization

d��̃+ = ñe − �recñ+�ñ+ − ñe� ,

d��̃− = �attñe − �recñ+�ñ+ − ñe� ,

�̃+ = − D̃+d�ñ+ − ��̃+,

�̃− = − D̃−d��ñ+ − ñe� + ��̃− − �̃−d�ñe,

� = �ñ+/ñe�d�ñe, �7�

where �rec=Krecne0 /Kizn0, �att=Kattne0 /Kizn0, �̃�

=kBTe�� /ecs
, and D̃�=D� /cs
.
The equations �7� are integrated using a first-order im-

plicit method �20,22�. For more details about the method, we
refer to Ref. �20� and �15.6.24� of Ref. �22�.

B. Ion drag forces

In a low-temperature discharge a dust grain experiences
several forces. Here we shall concentrate on the positive- and
negative-ion drag and electric forces, which are the most
important under the conditions given. The electric force act-
ing on an isolated dust grain in the plasma is given by Fe
=eZdE, where Zd is the dust charge. The positive- and
negative-ion drag forces can be obtained by assuming that
the ion distribution functions are given by drifting Max-
wellians �1�, or

f� = � M�

2�kBT�
�3/2

exp�−
M��vy

2 + vz
2 + �vx − u��2�

2kBT�
� , �8�

where M� is the mass of the positive and negative ions, and
vx, vy, and vz are the velocity components. The positive- and
negative-ion drift velocities u+�x� and u−�x� in the field E are
u+�x�=�+�x� /n+�x� and u−�x�=�−�x� /n−�x�, respectively.

The drag force on an isolated dust grain can been repre-
sented by a sum of the “collection” and “orbital” forces �1�.
The positive- and negative-ion drag forces are �1�
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Fdr�
c,o = n�M��

−�

+�

��
c,o�v�vvf��v�d3v , �9�

where ��
c,o is the momentum-transfer cross section for ion

collection, and the orbital momentum-transfer cross section,
respectively.

The x component of the force is therefore �13,23�

Fdr�
c,o =

2n�M�

u�v0�
��
�

0

�

��
c,o�v�v3 exp�−

v2 + u�
2

v0�
2 �	cosh�2u�v

v0�
2 �

−
v0�

2

2u�v
sinh�2u�v

v0�
2 �
dv , �10�

where v0�=�2kBT� /M�.
The momentum-transfer cross section for ion collection is

�1�

��
c �v� = �bcoll

2 ,

where bcoll=ad�1±2b�/2 /ad�1/2, ad is the dust radius, and
b�/2=e2�Zd� /M�v2. For negative ions bcoll=0 for b�/2�ad /2.

The orbital momentum-transfer cross section can be ex-
pressed as �1,13�

��
o�v� = 2�b�/2

2 ln� �D
2 + b�/2

2

bcoll
2 + b�/2

2 � , �11�

where �D is the Debye length. For the electronegative plasma
the Debye length is �24�

�D = �4�e2�ne/kBTe + n−/kBT− + n+/2E+��−0.5,

where E+=m+ū+
2 /2, and ū+=�u+

2 +8kBT+ /M+�.
The negative-ion orbital and collection cross sections are

similar to the cross sections for electron-dust collisions �25�.
In order to make use of the cross sections in our calculations,
we need to find the dust-grain charge.

The dust charge is found by balancing the plasma currents
on the dust grain

I+ = Ie + I−,

where I� is the local current of particle � onto the dust grain.
The ion current is given by I+=�ad

2en+ū+�1
+2e2�Zd� /adM+ū+

2�. The electron and negative-ion grain cur-
rents are approximately given by

FIG. 1. The normalized forces for �0=1 �a�, 2 �b�, and 3 �c�. The forces are calculated for p0=200 mTorr, ne0=1010 cm−3, T+=500 K,
ad=50 nm, and normalized by kBTe /
. Here, x=0 and 1 cm are the center and boundary of the plasma slab of height L=2.0 cm.
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Ie,− = �ad
2ene,−�8kBTe,−

�Me,−
exp� − e2�Zd�

adkBTe,−
� ,

where we have Te�T− for the parameters considered. For
consistency we shall set T−=T+. That is, the electron current
on a dust grain is much higher than that of the negative ions.
However, the negative-ion current can substantially affect the
dust charging if the negative-ion speed is sufficiently high
�26�.

We shall apply the present model to a silane plasma, as-
suming that SiH3

+ and SiH3
− are the dominant ions in the

plasma �27�. The expressions for the collision rates can be
found elsewhere �16�.

For comparison, the traditional expression for the
positive-ion drag force is �1�

Fdr+
approx = n+M+v+��+

o�v+� + �+
c�v+��u+, �12�

where v+=�u+
2 +8kBT+ /�M+. Similarly, the corresponding

negative-ion force is

Fdr−
approx = n−M−v−��−

o�v−� + �−
c�v−��u−, �13�

where v−=�u−
2 +8kBT− /�M−.

In the next section we shall show that the negative-ion
drag force calculated from the simplified expression �13� is
of about the same magnitude as that from Eq. �10�. The term

n−M−v−�−
cu− can be excluded from Eq. �13� because most of

the negative ions in the distribution �8� do not arrive at the
negatively charged dust.

III. RESULTS

First we consider the effect of the negative-ion density on
the other plasma parameters as well as the drag and electric
forces on the dust grain. The profiles of the forces for differ-
ent �0=n−�0� /ne�0� are shown in Fig. 1. The electron,
positive-, and negative-ion density profiles under the same
conditions are given in Fig. 2. One can see that with increase
of n− the negative-ion drag force also increases with respect
to the positive-ion drag and electric forces. The increase can
be attributed to an enhancement of the negative-ion flux
which at relatively large n− is directed toward the center of
the discharge. From Eq. �5� one then obtains

�−�x� = �
0

x

Kattn0nedx − �
0

x

Krecn+n−dx , �14�

from which �and also Fig. 3� one can see that �−�x� is posi-
tive for small n− and n+, i.e., the flux is directed away from
the center of the discharge. On the other hand, we have
�−�x�
0 for large n−. In this case the negative ions move to
the discharge center, pushing the dust grains in the same
direction. At small �0 the negative-ion flux is significantly

FIG. 2. The effect of increasing the negative-ion density on the spatial profiles of the electrons and the positive and negative ions. The
profiles are for �0=1 �a�, 2 �b�, and 3 �c�. The other plasma parameters are the same as in Fig. 1.
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smaller than that of the positive ions, as shown in Fig. 3�a�.
At large �0, the positive- and negative-ion fluxes have almost
the same magnitude. As a result the total ion drag force
Fdr++Fdr− decreases significantly as compared to Fdr+ alone
�see Fig. 1�. One can also see that at small �0 the total drag
force is larger than the electric force �ZdeE� at x
0.5 cm. At
large �0, due to increase of �Fdr−� the total ion drag force is
smaller than �ZdeE� throughout the plasma slab.

In Figs. 3�b� and 3�c�, the dust charge and normalized
electric field eE
 /kBTe distributions are shown. Both the
dust charge and the electric field decrease with increasing �0.
The decrease of �Zd� is due to the increase of the number of
the positive ions deposited on the dust grain at fixed ne0.
Since eE=−�kBTe /ne�dxne, the decrease of the electric field
can be attributed to the decrease of dxne �see also Fig. 2�.

The effect of the neutral-gas pressure p0 on the forces
acting on the dust grain is also studied. The spatial profiles of
Fdr+, Fdr−, and �ZdeE� for p0= 100, 200, and 300 mTorr are
shown in Fig. 4. One can see from the figure that the
positive- and negative-ion drag forces decrease slightly with
increasing p0. This decrease can be attributed to the decrease
of the electron temperature, as Te= 1.78, 1.61, and 1.52 eV
for p0= 100, 200, and 300 mTorr, respectively. The electric
field near the discharge boundary increases with increasing
p0 due to the increase of the electron density gradient �see
Fig. 5�. As a result, at 100 mTorr the total ion drag force

Fdr++Fdr− is higher than �ZdeE�. However, at p0
�200 mTorr the latter becomes dominating.

The forces acting on the dust grain depend also on the
grain size. The profiles of Fdr+, Fdr−, and �ZdeE� for ad= 25,
100, and 200 nm are shown in Fig. 6. The forces increase
with ad simply because of the increase of the dust surface
that the ions and electrons act on. However, we note that the
ratio ��Fdr++Fdr−� /ZdeE� decreases with increasing ad for the
parameters considered.

Finally, we compare Fdr+ and Fdr− with the simplified ex-
pressions Fdr+

approx and Fdr−
approx given by Eqs. �12� and �13�,

respectively. The profiles of Fdr+ /Fdr+
approx and Fdr− /Fdr−

approx for
different �0 are shown in Figs. 7�a� and 7�b�, respectively.
For completeness, the positive- and negative-ion velocities
for �0=1 are given in Fig. 7�c�. One can see from the figures
that the difference in Fdr− and Fdr−

approx is about the same as
that in Fdr+ and Fdr+

approx. The maximum deviation Fdr− from
Fdr−

approx is about 20%. Thus, the simplified expression �13�
may be used for the negative-ion drag force calculation in-
stead of the more complicated �10�. The ratio Fdr−

c /Fdr−
o is

much smaller than Fdr+
c /Fdr+

o . At the parameters correspond-
ing to Fig. 7 the ratios Fdr+

c /Fdr+
o and Fdr−

c /Fdr−
o are about 10−2

and 10−32, respectively. The negative-ion-collection force is
so small because most of the negative ions in the Maxwellian
distribution �8� do not arrive at the dust, and for these ions
we have bcoll=0. Clearly, this is not the case for the positive
ions.

FIG. 3. �a� The positive- and negative-ion fluxes, �b� the dust charge, and �c� the normalized electric field for different negative-ion
densities. The other plasma parameters are the same as in Fig. 1.
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IV. DISCUSSION

We now discuss the validity of the several simplifications
made in our model of the electronegative plasma. First, it is
assumed that the electron temperature is spatially uniform
throughout the plasma slab. This is a good approximation for
the relatively thin slab and not too high neutral-gas pressures
considered here. Extensions of the present study to large
plasma volumes requires a knowledge of the details of form-
ing and sustaining the plasma by the external energy source,

since the mechanism of energy transfer to the plasma elec-
trons and ions in the complex plasma system can affect the
parameters involved in an interactive manner �14�.

Another simplification is the use of the Debye-Hückel
�screened Coulomb� potential �1� in obtaining the orbital
momentum-transfer cross sections �11�. The Debye-Hückel
theory is widely used for objects of small radius compared to
the Debye length, such as dust particles. It has been shown
that for small �ad�10−3�D� dust grains the theory gives al-
most the same potential distribution around the dust as that
of the full orbital motion theory �28�. Kilgore et al. �29�
performed numerical calculations of the positive-ion-dust or-
bit momentum-transfer cross section for a screened Coulomb
potential and for the potential distribution obtained by solv-
ing numerically the Poisson-Vlasov system. They found that
the differences in the corresponding cross sections are less
than 30%. One can expect that the difference in the cross
section for the negative-ion-dust interaction will be similar.

The approximation of screened Coulomb potential is ap-
plicable when the scattering parameter ��v�=e2�Zd� /m+v2�D

is smaller than unity �30�. The condition ��v�
1 is justified
for the parameters considered here since submicrometer dust
grains are considered. In fact, for the conditions of Fig. 1,
��vav� varies in the range 0.04–0.2, where vav
=�8kBT+ /�m+. For micrometer-size dust grains other scat-
tering or interaction mechanisms have to be included. For
example, Khrapak et al. �30,31� and Ivlev et al. �32� have

FIG. 4. The normalized forces for different pressures p0=100 �a�, 200 �b�, and 300 �c� mTorr at �0=3. The other plasma parameters are
the same as in Fig. 1.

FIG. 5. The normalized electron densities for p0=100, 200, and
300 mTorr. The other plasma parameters are the same as in Fig. 4.
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proposed theories to calculate the ion drag force for ��v�
�1.

Since we have considered the forces on an isolated dust
grain, dust-dust interaction, which can affect the electron and
ion grain currents, has been precluded. For example, Tsytov-
ich �33� showed that blocking of the latter currents by neigh-
boring grains can lead to an effective attractive force among
the dust grains. Such effects can be important if the dust
density is high.

Note that in plasmas with high dust densities the electron
density is usually much smaller than the positive-ion density
�1�. This case is similar to the case of large �0 when the ratio
ni /ne is also large �see Figs. 1–3�. We can expect that in
plasmas with high dust densities the dust charge and the ion
drag and electric forces will be small, as at large �0. In this
case the neutral drag and thermophoresis forces can be im-
portant �13�.

V. CONCLUSION

The positive- and negative-ion drag and electric forces
affecting an isolated submicrometer dust grain in an elec-
tronegative plasma have been studied. The study is carried
out for the case when the negative ions do not obey the
Boltzmann distribution. It is shown that the direction of the
negative-ion drag force depends on the negative-ion density

n−. At small n− the force is directed toward the plasma
boundary, and at large negative-ion density the direction is
reversed. The directions of the electric and positive-ion drag
forces do not depend on n−. On the other hand, for a nega-
tively charged dust grain the electric and positive-ion drag
forces on it are always directed toward and away from the
discharge center, respectively.

At high negative-ion densities, the negative-ion drag force
is important. The magnitude of the force is near that of the
positive ions if the negative- and positive-ion fluxes are of
similar magnitude. Due to the negative-ion drag force the
total ion drag force acting on an isolated dust grain in an
electronegative plasma usually decreases because Fdr− is di-
rected toward the discharge center at relatively large
negative-ion densities. As a result, at large n− the total ion
drag force can be smaller than the electric force in the entire
plasma volume. At small n− the total ion drag force domi-
nates over �ZdeE� in the central part of the discharge.

Our study shows that the ratio ��Fdr++Fdr−� /ZdeE�
strongly depends on the negative-ion density, neutral-gas
pressure, and dust size. In particular, by varying the latter
parameters one can control the total force Ftot=Fdr++Fdr−
+ZdeE acting on a dust grain, in both magnitude and direc-
tion.

If the condition ��Fdr++Fdr−� /ZdeE��1 is satisfied at the
center of the discharge, the dust grains will be driven away
from the center and a region void of dusts can appear �11�.

FIG. 6. The normalized forces for different dust radii ad=25 �a�, 100 �b�, and 200 �c� nm at ne0=1010 cm−3, �0=3, and p0

=200 mTorr.
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On the other hand, if the inequality is reversed, the total
force will be directed toward the center, and one can expect
that the grains will be trapped at the center of the plasma,
and a ball-like dust cluster will be formed there �8�. In a
recent experiment, Arp et al. �6� obtained a dust ball by
creating an effective center-directed thermophoresis force.
Our study here shows that even without the latter force, at
sufficiently high negative-ion densities the total force on a
dust grain will be directed toward the center of the plasma
volume. Thus, dust balls can be created in electronegative

complex plasmas by simply increasing the negative-ion den-
sity. Such a configuration is clearly useful for more efficient
plasma processing of novel functional grains �34� as well as
for modeling atomic crystal formation.
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