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ABSTRACT

Compared with dust-free plasmas, existence of dust particles in plasmas may greatly

influence plasma properties, such as the plasma density, electron temperature, sheath prop-

erties, electron energy distribution function (EEDF) as well as the heating mechanism. In

this work, a 1D hybrid fluid/MC model has been developed to investigate the interaction

between dust and plasma in a low-pressure silane discharge sustained in a radio frequency

capacitively coupled plasma (RF CCP), in which we assume spherical dust particles with

given radius are generated by taking the sum of production rate of Si2H
−
4 and Si2H

−
5 as the

nucleation rate. From our simulation, the plasma may get definite perturbation by dust

particles with certain radius (more than 50 nm), with an increase in electron temperature

firstly, which further induces a rapid rise in the positive and negative ion densities. Then,

the densities begin to decline due to the gradual lack of sufficient seed electrons. In addition,

with the dust radius increasing, the high energy tails of EEDFs will be enhanced for dis-

charge maintenance, accompanied by the decline in the population of low-energy electrons,

in comparison with those of pristine plasma. Furthermore, an obvious bulk heating is ob-

served apart from the α-mode and local field reversal heating. This may be contributed to

the enhanced bulk electric field ( also called the drift field) as a result of electron depletion

via the dust. In addition, large sized dust particles that accumulate near the sheaths tend
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to form two stable density peaks with their positions largely influenced by the time averaged

sheath thickness. A detailed study of the effects of the external parameters including the

pressure, voltage and frequency on the spatial distribution of dust particles is also conducted.

Key Words: dust particle; CCP discharge; electron heating mechanism; radio frequency;

* Corresponding author. Tel.: +86 0411-84707939; fax: +86 0411-84707939.

E-mail: songyh@dlut.edu.cn (Y-H Song).
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1 INTRODUCTION

Dusty plasma is still a hot research topic due to rich variety of fundamental states and

processes, such as wave propagation, mach cones, viscosity, phase transitions, lane formation,

void and vortex, etc[1–8]. In semiconductor processing and tokamak fusion reactors, dust

particles are usually considered as troubling problems which will cause plasma contamination

and instability. Instead, they are indispensable in certain applications, such as manufactur-

ing of nanomaterials and optimizing performances of thin films[9–12]. In low temperature

plasmas, dust particles are considered to be produced either by homogeneous reactions in

gas phase or by heterogeneous reactions during plasma–surface interactions[13]. Over the

past decade, the detailed studies on chemical reaction pathways and possible precursors for

particle formation in chemically active plasmas[14–26] have been conducted. Usually, most

authors consider anion-neutral reactions in electronegative plasmas as the main pathway

is responsible for the nanoparticle formation, due to long residence time of anions in the

plasma compared with corresponding positive ions[20, 27, 28], although the role of neutral

particles can not be completely excluded[29, 30].

Then, those particles formed by the gas-phase nucleation continue to grow by coagula-

tion and condensation (i.e., rapid growth phase and growth saturation phase)[31–33]. Also,

much attention had been paid to the dynamics and mechanism of the dust growth pro-

cesses for a satisfactory description of the coagulation phenomena on the basis of various

theoretical models. Kim[34], based on a gaussian distribution function of particle charges,

analysed rapid particle growth processes caused by coagulation in a silane plasma reactor

and compared well with the published experimental results by Shiratani[35]. Furthermore,

they also discussed the changes in particle charge distribution during the rapid growth by

the discrete-sectional model[36], and pointed that most of the large particles are charged

negatively, while some fractions of small particles are in a neutral state or even charged pos-

itively. In addition, in order to explain a high cluster growth rate observed experimentally,

Mankelevich[37] considered an additional attraction between the particles and introduced a

polarization-induced ion flow asymmetry mechanism to the dust particle coagulation. Sub-

sequently, Kim[38], using a modified collision frequency function between the nanoparticles

in a coagulation module, investigated particle growth in an inductively coupled plasma. De
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Bleecker[39, 40], by a 1D fluid model coupling with an aerosol dynamics model, in which

charging of particles was taken into account based on the Orbital-Motion-Limited (OML)

probe theory[41], showed that large particles during the dust growth tend to accumulate

near sheath region with their density distribution like a bimodal structure, while small par-

ticles are inclined to stay in the discharge bulk. Warthesen[42], by self-consistently coupling

a dusty argon plasma model with nanoparticle growth, charging, and transport models, con-

cluded that the coagulation process is insignificant in a nanoparticle-plasma system, based

on the results of the spatial distribution of dust particles in qualitatively good agreement

with those in laser light scattering experiments[43]. Soon later, Ravi[44] further corrected

the coagulation coefficients by introducing the effect of the image potential induced in neu-

tral particles, and showed that coagulation is important for the growth of particles. Based

on the above model, Agarwal[45, 46] studied the dust growth processes and revealed more

detailed characteristics of dusty plasma, such as, the effects of nanoparticle size and charge

distribution during the discharge.

In addition to understanding the growth mechanism and dust characteristics in the growth

stage, at low temperature plasma, one of the most important aspects of dusty plasma re-

search is to address the effects of dust on discharge properties, e.g., the electron energy

distribution function (EEDF), electron heating mechanism, as well as the discharge stabili-

ty. In general, in order to easily study the characteristics of dusty plasma, dust particles with

a specific size and density might be injected directly into electropositive or electronegative

plasmas, without considering the dust nucleation or growth processes[47, 48]. Actually, with

the existence of dust in plasma, the electron density will decrease due to a large amount

of electrons attached on the dust surface, accompanied by an increase in electron tempera-

ture because of an enhanced electron impact ionization compensating for the electron loss

[49–56], which is well known as the enhanced intensity of the emitted light measured in

experiments. However, some studies[57–59] also found that the change between electron

density and temperature does not necessarily satisfy the above inverse relationship. For

example, Killer[60], by using 160 GHz Gaussian beam microwave interferometry, found that

when a large amount of large dust particles are added into a capacitively coupled RF argon

plasma, a significant rise in the electron density is observed, which is considered to be due
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to a surplus of highly energetic electrons created by more negative sheath potential in dusty

plasma, contributing to an enhanced ionization rate[53]. In addition, Kushner[61] developed

a Monte Carlo (MC) model coupled with a two-dimensional simulation to describe the effect

of dust on glow discharges and implied that only when the density of dust is more than a

certain value for a fixed pressure, can the plasma characteristics be affected.

Along with the plasma density and temperature, the EEDF is also influenced in a dusty

plasma compared with a pristine discharge. Bilik[56], using a shielded Langmuir probe,

experimentally investigated EEDFs in a capacitively coupled argon-silane RF plasma, and

observed that as the population of lower energy electrons becomes less due to the existence

of dust, the high energy tail in EEDF has a slight enhancement. At the same time, the

EEDF changes from Maxwellian in pristine plasma to Druyvesteyn-like in the dusty plasma

at 30 s after initiation, and then, transforms into Maxwellian distribution again at about

300 s. Deka[62] studied EEDFs for a magnetically filtered dusty plasma and illustrated

that typical Druyvesteyn-like EEDF in pristine plasma may change to Maxwellian distri-

bution at the presence of sufficient concentration of dust particles. In fact, in chemically

reactive plasma containing dust, diagnostic tools such as Langmuir probe or electrostatic

analyzer[56] are susceptible to contamination due to particle or film deposition on detectors,

resulting in distortion of the current–voltage characteristics, so experimental measurements

still lack in dusty plasma. Most understanding about the evolution of EEDFs in dusty

plasmas still relies largely on numerical simulation. By using a Monte Carlo/fluid hybrid

model, Kushner[61]pointed out that the amount of high-energy electrons in the EEDF will

decrease at the presence of dust particles at fixed electric field. Goedheer[63] introduced

a 1D PIC/MC model to investigate a capacitively coupled silane/hydrogen plasma and in-

dicated that when going from large amount of small particles into small amount of large

particles, a higher energy tail of EEDF would appear. Moreover, properties of a capacitively

coupled rf discharge sustained in argon and in a mixture of Ar/C2H2 with nano-size particles

had been studied by employing particle-in-cell dust models[64], assuming a constant dust

density. From this work, it was found that, for Ar plasma without dust, the EEDF follows

Maxwellian distribution, while typical Druyvesteyn like EEDFs are observed in Ar/C2H2

dusty plasma, with their density distributions of dust in agreement with the corresponding
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experimental results[65].

Another important issue is about the electron heating mechanism in RF CCPs. As well

known, there are two common heating modes, i.e., α-mode and γ-mode, characterized by

outstanding ionization/excitation maxima near the sheath edge due to sheath oscillation, or

maintained by secondary electrons from wall surface. However, in electronegative plasmas,

there is an additional bulk heating mode (i.e. drift electric field heating) observed[66–71],

which is considered to be due to enhanced drift electric field caused by low electrical con-

ductivity. In addition, a so-called drift-ambipolar heating mode (DA mode)[72] in strongly

electronegative CF4 plasmas has driven much attention, characterized by obvious ioniza-

tion/excitation in the bulk and at the sheath edges, caused by strong drift and ambipolar

electric fields. Furthermore, another heating mode during the sheath collapse is caused by

field reversals[73, 74]. The reversed field appears, to accelerate electrons hindered by colli-

sions to balance the ion flux to the electrodes. Thus, field reversals will be affected by the

gas pressure and mobile ions.

When dust appears and becomes sufficient to affect the discharge properties, changes in

heating mechanism in RF CCPs would inevitably occur. A transition from low-pressure, low-

voltage regime (α-mode) to high-pressure, high-voltage regime (drift electric field mode) has

been observed in a silane discharge by optical and electrical measurements[75]. And then,

based on both fluid and particle-in-cell models, Boeuf[76] had inferred this mode transition

attributed to the increase in the electron loss rate during the dust formation. Schungel[55], by

phase-resolved optical emission spectroscopy (PROES), reported that a hybrid combination

of α-mode and the local field reversal heating in pure H2 discharge would transform into just

a drift electric field mode in hydrogen diluted silane discharges, due to loss of a large amount

of electrons by dust particles. Subsequently, by adding dust particles with specified size,

density, and uniform spatial distribution into argon plasma, a drift electric field mode was

observed for the first time in the electropositive plasma[54]. However, in terms of numerical

simulation, detailed studies on the relationship between dust and heating mechanism in

electronegativity plasmas are still expected, especially for the impact of the dust existence

on the field reversal heating and drift electric field mode.

Based on the above analysis, on the one hand, we will study the effect of dust on the heat-
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ing mechanism, plasma density, electron temperature and EEDF in a capacitively-coupled

RF silane discharge. On the other hand, we also try to figure our the effects of discharge pa-

rameters on the spatial distribution of dust. This paper is organized as follows. The model

is briefly described in section 2 and our results are discussed in section 3. Some concluding

remarks are present in section 4.

2 DESCRIPTION OF MODEL

A one-dimensional fluid/MC simulation is adopted in this work, in which the EEDFs

are acquired by using an electron Monte Carlo simulation (eMC). Usually, fluid modeling

is a good choice for simulation of plasma transport processes with complicated chemical

reactions, since it has a lower calculation cost compared with that of the PIC model. De-

tailed descriptions of fluid model can be found in literatures[40, 77], in which density and

its momentum balance equations, coupled with Poisson’s equation are involved. For elec-

tron, ions, neutrals and dust particles, their densities are described by the particle balance

equations. The fluxes of electron and ions are determined by the drift-diffusion approxima-

tion, with the inertia effects of ions considered by introducing an effective electric field[77]

instead of the instantaneous electric field. Since neutral particles are not affected by the

electric field, the corresponding flux includes only the diffusion term. The electric field in

the plasma is calculated by the Poisson’s equation. And then, ions, neutrals and dust parti-

cles are assumed at room temperature, while the electron temperature can be derived from

the integration of EEDFs by eMC approach[78]. In eMC, collisions with the background

gas and dust particles are carried out, including elastic scattering, ionization, excitation of

molecules and absorption on the dust surface, in which the corresponding cross section of

electron with dust particles can be approximated [54, 79], based on the ideal Orbital Motion

Limited (OML) theory[80], as

σed = πr2d(1 + eφfl/εe), for εe ≥ −eφfl, (1)

σed = 0, for εe < −eφfl, (2)

7
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where rd, e, φfl, and εe denote the dust radius, elementary charge, dust floating potential,

and electron kinetic energy, respectively. If the electron energy is less than the floating

potential energy, electrons cannot reach the dust surface, and then the collision cross section

is set to 0. The other cross sections in SiH4 are taken from Refs.[39]. When the EEDF is

obtained from eMC, the electron transport coefficients and electron-impact source terms can

be returned to the fluid model. Furthermore, the resulting electric field and related particle

density distribution calculated from the fluid model will be transferred to the next run of

eMC. These two processes advance iteratively over time until the plasma reaches a steady

state.

The charging of the dust can be described by

dQd

dt
= Ie + Ii, (3)

where Qd, Ie and Ii are the dust charge, the electron and ion current towards the dust

surface, respectively. Note that the charging of dust does not include the contribution of

negative ion current, because the negative ions are considered to have no sufficient kinetic

energy to overcome the potential barrier of the dust, in the discharge condition in this work.

The electron and ion current can be obtained from the OML theory[20]. According to the

expression Qd = 4πrdφfl, the dust floating potential can be also obtained. As we know, since

the charging time is in the order of microseconds[81] which is more than the RF period (i.e,

tens of nanoseconds), but less than the growth time of dust (about the order of seconds)[82],

the floating potential of the dust particle in the simulation process is assumed to be constant

during one rf cycle, and is quickly established as soon as the dust is formed in plasma. These

simplifications can effectively save the computation cost.

The dust transport is determined by several different forces including the electric field

force, gravitational force, thermophoretic force, as well as the ion and neutral drag force.

The electric field force will compel the negatively charged dust away from the electrodes.

The gravitational force is not important for sub-micrometer particles[83], thus we ignore it in

the model. The thermophoretic force caused by the temperature gradient in the background

gas is not considered in our model either, since the background gas temperature is assumed

to be constant. The ion drag, exerted on dust nanoparticles by positive ions moving from
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the discharge center toward the walls, is believed to be likely responsible for the formation

of dusty voids, with the collection (F c
i) and orbit (F o

i ) components considered [40], given as

Fi = F o
i + F c

i = (4πb2π/2Γ + πb2c)mivsΓi = χΓi, (4)

where Γi is the ion flux and Γ = 1
2

ln(
λ2
De+b2

π/2

b2c+b2
π/2

) is Coulomb logarithm dependent on the

electron Debye length λDe. And, bc = rd

√
1 − 2eφfl

miv2s
stands for the collection parameter,

while bπ/2 = rd
√

eφfl

miv2s
is the impact parameter in the case of the deflection angle π/2,

vs = (8kBTgas

πmi
+ v2i )0.5 is the ion mean velocity, mi is the ion mass and vi is the ion velocity.

In addition, the expression (4πb2π/2Γ + πb2c)mivs is marked as χ for the convenience of the

following discussion. Also, we have noted that an improved model for ion drag force had

been proposed by Khrapak while considering large angle scattering processes [89]. However,

according to Land [90], for dust particles below the micrometer regime, results from the

current model can be much closer to those based on Khrapak theory.

Assuming the neutral drag force always balances the sum of the other forces, a drift–

diffusion like equation can be obtained for the dust, as

Γd = −µdndEeff −Dd
dnd

dx
+
∑ nd

mdνmd

χΓi, (5)

where md, nd, µd = Qd/mdνmd and Dd = µdkBTgas/Qd are the reduced mass between dust

and background gas, dust density, nanoparticle’s mobility and diffusion coefficients, respec-

tively. And, νmd =
√

2 Ptot

kBTgas
πr2d

√
8kBTgas

πmd
is the momentum loss frequency where Ptot is the

pressure and kB is Boltzmann constant.

In this model, the gas phase chemical reactions are adopted from De Bleecker’s work[39],

in which, anion-neutral reactions are considered to be the main pathway for the nanoparticle

formation. Actually, our research is intended to focus on the effect of the dust existence on

the plasma properties, rather than the dust growth path. Thus in our model, the particles

with a given radius are assumed to be formed at the production rate of the anions. We adopt

the sum of the production rate of Si2H
−
4 and Si2H

−
5 as the source term of dust in order to

reduce the cost of computing time. It should be noted that the generation of dust particles

is essentially similar to the injection of dust particles into the plasma at a constant rate.

This simplification does not affect our research focus. On the other hand, the dust particle
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size is considered to be approximately monodisperse (i.e. all the dust have a uniform size).

In addition, we take into account the recombinations of positive ions on the dust particle’s

surface, by means of a recombination rate[77] which is considered as a very important loss

path for positive ions in the plasma.

The model is solved as follows. By using the hybrid model, the plasma is first calculated

and achieves a steady state solution after about 20,000 RF cycles (.i.e., 0.4 ms), without dust

in the plasma. Then dust is introduced in the plasma with a non-zero nucleation rate, and a

two-step method[77] is used to treat the nanoparticle versus plasma dynamics. First, plasma

equations are solved with a small time step over several cycles as the nanoparticles remain

stationary. Second, the nanoparticle transport and charging calculations are executed with

a greater time step basing on time averaged plasma properties. However the nanoparticle

charging will cause an excess space charge region and result in instabilities in solving the

Poisson’s equation when running the first step again. To overcome this numerical instability,

we adopt the method proposed by Akdim[77] in which the excess space charge caused by

dust is corrected by self-consistently adapting the positive ion density distributions before

running the first step. At last, a steady state for plasma will be achieved again. The

discussion given below shown in this work is all based on this steady results after calculating

60,000 RF cycles.

3 RESULTS AND DISCUSSION

In this section, by combining a hybrid fluid/MC model with a dust transport model, we

study the influence of dust size on the plasma properties and the effect of the discharge

parameters on the dust distribution. The base operating conditions are the gas temperature

of 400 K, radio-frequency of 50 MHz connected to the lower electrode, RF voltage amplitude

of 100 V, pressure of 300 mTorr (40 Pa) and electrode spacing of 3 cm. Under such typical

operating conditions, dust particles would be easily formed[84]. The density of small sized

dust with the diameter of 1 and 2 nm ranges from 108 cm−3 to 109 cm−3 or even lower in the

corresponding experiment[85], and becomes much lower as the radius of the dust increases.

Thus, we assume in our simulation that, once the maximum density of dust reaches 108

cm−3, the formation of dust will be terminated.
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3.1 The effect of radius of dust particle on the plasma properties
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Figure 1. Time evolutions of electron density (a), electron temperature (b), positive ion

density (SiH+
3 ) (c) and negative ion density(SiH−

3 )(d) at the discharge center for different

dust radii, where dust appears at 20000 RF cycles, i.e., 0.4 ms. The base discharge conditions

in pure silane are operated at radio-frequency of 50 MHz, RF voltage amplitude of 100 V,

pressure of 300 mTorr (40 Pa) and electrode spacing of 3 cm.

Figure 1 shows time evolutions of the electron density, electron temperature, positive ion

density (SiH+
3 ) and negative ion density (SiH−

3 ) at the center of discharge with the existence

of different radii of dust particle. As can be seen clearly that, for the existence of smaller

sized dust particles(≤20 nm), almost no change can be observed in the plasma properties.

However, as the radius of dust particle increases to be greater than 50 nm, the electron

density decreases evidently, which can be attributed to the electron collection by the dust.

Meanwhile, the electron temperature increases, as shown in figure 1(b). This result supports

the current main conclusion about the inverse relationship between the electron density
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and temperature in dusty plasma[49–56]. Furthermore, the time evolutions of positive and

negative ion densities in dusty plasma are shown in figure 1(c) and (d). It is noticed that,

for the cases of larger sized dust particles (≥50 nm), there are evident overshoots (as shown

in the illustration) in both the positive and negative ion density profiles, before the densities

attain their steady states. We think that this transient rise is as a result of an increase in the

relevant source term caused by the rapid increase in electron temperature. The subsequent

decrease in the positive ion density is, on the one hand, due to the recombination loss at the

dust surface, and on the other hand, due to the lower electron density which would result in

the weakening of the generation source in corresponding chemical reactions. Furthermore,

the decrease in the density of SiH−
3 is only attributed to the second reason (the lower electron

density), because the charging effect of negative ions on dust, as well as loss mechanism of

SiH−
3 directly for dust particle formation, is not considered in the simulation.
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Figure 2. Spatial distributions of time averaged electron density, electron temperature,

positive ion density and electric field for different dust radii. The discharge conditions are

same as in figure 1.
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Figure 2 exhibits the spatial distributions of time averaged electron density, electron

temperature, positive ion density and electric field. As the radius of dust particle increases

to more than 80 nm, the plasma density in the bulk decreases definitely, leading to the

increase of the sheath thickness which can be observed from the density and electric field

distributions, in agreement with the results of Akdim[77]. It should be noticed that the

sheath thickness discussed in this paper generally refers to the averaged one over one RF

cycle. Moreover, in the bulk, the electron temperature gradually increases with the radius

of dust particle increasing, though no special changes in the profiles of the electric field are

observed in this figure. Actually, the effect of dust size on the temporal electric field in the

bulk exists and could lead to a transition of the electron heating mechanism, which will be

discussed in the next part. In addition, it is predictable that with more larger sized particles

added, the discharge might inevitably quench, since few seed electrons would be left for

ionization. Besides, serious instability of discharge may occur, such as the emergence of arc

discharge[61].

0 5 10 15 20 25

1.0x10-4

1.0x10-3

1.0x10-2

Energy (eV)

EE
D
F(
eV

-3
/2
)

 1 nm
 20 nm
 50 nm
 80 nm
 100 nm

Figure 3. Time-averaged electron energy distribution functions averaged over the plasma

for dust radius of 1 nm, 20 nm, 50 nm, 80 nm and 100 nm. The discharge conditions are

same as in figure 1.

The electron temperature reflects the macroscopic characteristics, while the EEDF can

embody the microscopic characteristics of electrons in the plasma. Figure 3 shows the time

and space averaged EEDF for different radii of dust particle. It can be seen that when the

radius of dust particle changes from 1 nm to 50 nm, there is no obvious variation on the
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EEDF, similar to that in dust-free situation. However, when the radius of dust particle

reaches 80 nm (or even greater), the population of low energy electrons declines owing to

dust surface collection, accompanied by an increase in a number of high-energy electrons,

which suggests a significant increase in the electron temperature (see figure 2 above). More

high-energy electrons are attributed to the ionization enhancement as compensation for the

loss of electrons. And we notice that all the EEDFs show Druyvesteyn like distribution,

in agreement with the results given by PIC simulation in pure silane[68]. These EEDFs

indicate that the plasma is in a non-equilibrium state.
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Figure 4. Time-averaged electron energy distribution functions at different positions (z =

0.3 cm, 0.9 cm and 1.5 cm) for dust radius of 1 nm, 20 nm, 50 nm, 80 nm and 100 nm. The

discharge conditions are same as in figure 1.

In addition, we also show the time averaged EEDFs at z = 0.3 cm (near the sheath),

z = 0.9 cm, and z = 1.5 cm (center of the discharge), with different radii of dust particle in

figure 4. For the case of smaller dust particles ( ≤ 50 nm), more high energy electrons near

the sheath (z = 0.3 cm) are observed than those in the bulk (z = 0.9 and 1.5 cm), due to
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acceleration of electrons by the expanding sheath. As the dust particle radius increases and

the disturbance to the plasma becomes more obvious, the sheath thickness becomes larger,

so that the position z = 0.3 cm selected here may locate in the sheath area as shown in figure

2, resulting in a change from 22 eV to 20 eV in the high-energy tail of EEDF. However, the

high-energy tail of EEDF at z = 1.5 cm gradually enhances from approximately 20 eV to

25 eV as the radius of dust particle is large enough. This not only explains the tendency of

the electron temperature at fixed locations (such as z = 0.3 cm, z = 1.5 cm) with increasing

radius of dust particle in figure 2, but also suggests transition of electron heating mode.

3.2 Heating mechanism in dusty plasma

The heating mechanism is a crucial parameter for plasma, and can be largely affected by

the presence of dust particles. We thus present the spatiotemporal profiles of the electron

impact source term (the term on the right hand side of the electron continuity equation

which represents sum of the source and loss terms for electron production) (first column),

as well as the electric field (second column) in figure 5 under the base discharge conditions

for different sizes of dust particle. Generally, for the case of 1 nm, two electron heating

mechanisms dominate. One is called the typical α-mode heating, in which electrons are

accelerated with the enhanced electron impact source term during the sheath expansion

phase as shown in figure 5(a). The other is the reversed field heating mode caused by the

field reversal near the collapsing sheath. As the sheath collapses, the positive ions in the

sheath are gradually exposed, while the electrons near the sheath cannot timely shield them,

due to the collision processes. As a result, separate charges will cause the occurrence of a

reversed electric field in the opposite direction of the applied electric field. This field reversal,

as shown in figure 5(b) (labeled ‘1’), will accelerate the electrons to ensure the quasineutral

and cause a maximum electron impact source term near the collapsing sheath in figure 5(a)

(labeled ‘1’). Therefore, it can be inferred that if the electrons are hindered, a strong field

reversal will appear in the sheath collapse region.

Moreover, when increasing the dust particle radius to 80 nm in plasma, a bulk heating

effect maintained by the drift field is observed obviously, as shown in figure 5(c) and 5(d).

Since the significant loss of electrons by the attachment on the dust surface would induce a
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Figure 5. Spatiotemporal evolutions of electron impact source term(first column), corre-

sponding electric field (second column) during two rf cycles in SiH4 discharges driven by 50

MHz, for dust radius of 1 nm (first row), 80 nm (second row), 100 nm (third row) present

in the plasma. The electric field reversal and its heating mode are labeled ‘1’ in the graphs.

The discharge conditions are same as in figure 1

decreased plasma conductivity, a strong drift field will need to build up in the bulk to sustain

the discharge current[72], which can be noticed in the electric field distribution in figure 5(d).

And with the radius of dust particle increasing from 80 nm to 100 nm, the drift field heating

effect is more pronounced, compared with the reversed field heating. Similar enhanced
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drift field heating has been observed experimentally in a capacitive hydrogen diluted silane

discharge in which the amount of dust and negative ions is increased[55]. In fact, the drift

field in the bulk depends on the electron density and the collision frequency. Low electron

density and high collision frequency may effectively reduce plasma conductivity, and thus

enhance the drift heating effect[72]. The enhanced electric field in the bulk would increase

the ionization rate to compensate for the electron loss by dust and maintain the global

balance of electrons. In addition, as shown in figure 5, the reversed field is weakened at

the presence of large dust particles (100 nm) in plasma. This implies that the depletion of

electrons and ions by dust may reduce the effect of charge separation during sheath collapse.

The heating mechanism also largely depends on external parameters, such as the power

supply frequency, voltage and gas pressure. Figure 6 displays the spatiotemporal evolutions

of the electron impact source term (first column) and electric field (second column) at the

discharge frequency of 13.56 MHz instead of 50 MHz for different radii of dust particle. The

other conditions are the same as in figure 1. We can observe that the typical α-mode heating

is weaker than the reversed field heating in the case of 13.56 MHz with the dust particle

radius at 1nm, as shown in figure 6(a) and 6(b). In fact, as the frequency decreases, the

sheath oscillation frequency slows down, resulting in a decrease in α-mode heating during the

expansion phase. Accordingly, the reversed field heating becomes relatively apparent. On

the other hand, with the radius of dust particle at 100 nm, the drift field heating gradually

dominates the electron heating, and the valid discharge area becomes more narrow.

Figure 7 compares spatiotemporal plots of the electron impact source term at the pressure

of 300 mTorr (first row), and 100 mTorr (second row), with dust particle radius of 1 nm and

80 nm at the frequency of 50 MHz. As can be seen from figure 7(a), for the case of 1 nm

dust particles, the heating mechanism is dominated by α-mode at the pressure of 300 mTorr,

accompanied by the local field reversal heating. However, at the lower pressure as shown in

figure 7(c), it is hard to observe the field reversal heating, due to the fact that in this case,

less collisions would make electrons respond and neutralize the charge separation efficiently

during the collapse period. This further implies the dependence of the field reversal on the

gas pressure. Besides, for the lower pressure in figure 7(d), the introduction of the large

dust particles into the plasma does not have a significant effect on the heating mechanism,
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Figure 6. Spatiotemporal evolutions of electron impact source term(first column), corre-

sponding electric field (second column) during two rf cycles in SiH4 discharges driven by

13.56 MHz, for dust radius of 1 nm (first row), 80 nm (second row), 100 nm (third row)

present in the plasma. Other discharge conditions are same as in figure 1

but produces a thicker sheath due to a decrease in plasma density.

Subsequently, figure 8 shows spatiotemporal plots of the electron impact source term at

the voltage of 100 V (first row), and 140 V(second row), with dust particle radius of 1 nm

and 80 nm at the frequency of 50 MHz. For the voltage of 140 V, similar results of the

electron impact source term are obtained compared with those in the lower voltage case
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Figure 7. Spatiotemporal evolutions of electron impact source term at the pressure of 300

mTorr (first row, as reference case), and 100 mTorr (second row), in SiH4 discharges driven

by 50 MHz, for dust radius of 1 nm (first column) and 80 nm (second column) present in

the plasma. Other discharge conditions are same as in figure 1

except much higher values. Actually, the α–mode and reversed field heating are enhanced

due to the increased sheath voltage drop at a higher RF voltage, resulting in larger electron

impact source during either sheath expansion or sheath collapse.

3.3 Distributions of the dust particles

In this section, we mainly focus on the spatial distribution of dust particles. Generally,

for small dust particles, the distribution which satisfies the parabolic distribution between

the electrodes is similar to that of the negative ion due to relatively small ion drag force

acting on them. For large dust particles, greater ion drag force makes them move toward the

electrodes, while the electric field force near the sheath has the opposite effect. And then,
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Figure 8. Spatiotemporal evolutions of electron impact source term at the voltage of 100 V

(first row, as reference case) and 140 V (second row) in SiH4 discharges driven by 50 MHz,

for dust radius of 1 nm (first column) and 80 nm (second column) present in the plasma.

Other discharge conditions are same as in figure 1

stable peaks in the density profiles will be established near the sheaths where the electric

field force is in equilibrium with the ion drag force[77, 86]. It is reported when two distinct

peaks of dust density appear near the sheaths with very few particles left in the discharge

center, a typical so-called void phenomenon will be formed[7, 63, 87, 88].

Figure 9 shows the profiles of time averaged dust density, electrical field force and ion

drag force acting on the dust particle for different particle sizes at the base conditions. It

is found in our simulation that, the distribution of dust particles with radius of 1 nm tends

to form a small bimodal structure with a relatively small value located in the discharge

center and two peaks also in the bulk, indicating that the effect of the ion drag force can

not be ignored here. For dust particles with radius larger than 1nm, their distributions are

typically two peak structures, as expected[40, 43, 46, 63]. On the other hand, as the dust
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Figure 9. The profiles of time-averaged dust density (a), electric field force (b) and ion drag

force (c) acting on the dust, for different particle sizes at the base discharge conditions. The

dust density is normalized with the corresponding maximum value in order to compare the

change of the dust peak. The discharge conditions are same as in figure 1.
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particle radius changes from 1 nm to 50 nm, the peaks tend to move toward the electrodes,

mainly due to the increasing ion drag force compared with the electrical field force, as shown

in figure 9(b) and (c). At the same time, the sheath thickness does not change greatly as

shown in figure 2(d). However, when the radius of dust particle changes from 50 nm to 80

nm or even 100 nm, the sheath thickness begins to widen due to great electron loss, so that

the peaks move back toward the bulk.

It has been noticed when the voltage amplitude is reduced[87] or the pressure is

increased[88], the dust void tends to disappear. But, up to now, little work has been done

on the effect of the external parameters on the dust bimodal structure. To get a deeper

insights, we first display in figure 10, with the radius of dust particle fixed at 50 nm, the

axial distribution of time averaged dust density, electron density, electric field, as well as

corresponding electric field force and ion drag force acting on the dust particles, for different

gas pressure. Compared with the case of 100 mTorr, the sheath thickness decreases at 300

mTorr as seen from figure 10(b), causing the peaks to move toward the electrodes as seen

from figure 10(a). In addition, with increasing pressure, the peak values of the electric field

force in the sheath increase, while those of the ion drag force are reduced. In general, the

ion drag force depends on the positive ion flux Γi and the χ in equation 4. For pressure of

300 mTorr, although the ion flux at the peak position of the ion drag force increases from

4.7 ×1014 to 11×1014 cm−2s−1, a slower transport process (leading to a lower mean velocity

of the ion νs) and a smaller electron Debye length (leading to a lower coulomb logarithm

coefficient) would be obtained due to an increased dissipation of the electron energy in in-

elastic collisions, leading to the decreasing maximum value of χ from 6.9×10−24 to 2.1×10−24

(g·cm·s−1). As a result, these factors induce an decrease in ion drag forces.

For the case of different voltages, the corresponding profiles are shown in figure 11, with

the dust particle radius of 50 nm. It is obvious that for a higher voltage of 140 V the dust

peaks move toward the bulk compared with the case of 100 V, which is still attributed to

a larger sheath thickness. And with the increase of voltage, both the peak values of the

electric field force and ion drag force increase, as shown in figure 11(c). As for a larger

ion drag force at higher voltage, it is attributed to the increase of ion flux from 11×1014

to 14×1014 cm−2s−1 and the change in χ value from 2.1×10−24 to 3.2×10−24 (g·cm·s−1)
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Figure 10. The profiles of time-averaged dust density (a), electron density and electric field

(b), and corresponding electric field force and ion drag force acting on the dust (c), for

different pressure. Other discharge conditions are same as in figure 1. The dust density is

normalized by the corresponding maximum value in order to compare the change of the dust

peak.
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Figure 11. The profiles of time-averaged dust density (a), electron density and electric field

(b), and corresponding electric field force and ion drag force acting on the dust (c), for

different voltages. Other discharge conditions are same as in figure 1. The dust density is

normalized by the corresponding maximum value in order to compare the change of the dust

peak.

24

Page 24 of 31AUTHOR SUBMITTED MANUSCRIPT - JPhysD-117721.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



1 2 3
0

1

2
50 nm

N
om

al
iz

ed
 d

us
t d

en
si

ty

z (cm)

 13.56 MHz
 50 MHz

(a)

1 2 3

-6

-4

-2

0

2

4

6
 13.56 MHz -n

e

 50 MHz -n
e

(b)

el
ec

tro
n 

de
ns

ity
 (

cm
-3

) 

z (cm)

-400

-200

0

200

400
 13.56  MHz -E
 50 MHz -E

E(
V

/c
m

)

1 2 3
-0.6

-0.3

0.0

0.3

0.6
 13.56 MHz - F

e

 50 MHz - F
e

F e
(1
0-7

dy
n)

F i
on

dr
ag
(1
0-7

dy
n)

z (cm)

-0.06

-0.03

0.00

0.03

0.06
 13.56 MHz - F

i

 50 MHz -F
i

(c)

Figure 12. The profiles of time-averaged dust density (a), electron density and electric field

(b), and corresponding electric field force and ion drag force acting on the dust (c), for

different driving frequencies. Other discharge conditions are same as in figure 1. The dust

density is normalized by the corresponding maximum value in order to compare the change

of the dust peak.
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at the peak position of the ion drag force. In fact, the increase in the value of χ, to a

large extent, depends on the increase in ion mean velocity under high voltage conditions.

For different operating RF frequencies, almost the same profiles are exhibited in figure 12.

In the case of higher RF of 50 MHz, the dramatic increase of the peak value of ion drag

force mainly depends on the ion flux increase from 1.6 ×1014 to 11×1014 cm−2s−1, although

the value of χ decreases from 3.11×10−24 to 2.11×10−24(g·cm·s−1). In addition, except for

the above analysis of the change trend of the ion drag force, for the electric field force,

the above simulation results show that the electric field force increases with the increase of

the pressure, voltage and frequency, which is attributed to two factors. On the one hand,

because of higher pressure, frequency and voltage operating condition, dust will collect more

electrons. On the other hand, the corresponding electric field in the sheath also increases.

4 CONCLUSION

In this work, a 1D hybrid fluid/MC model has been developed to study the effect of dif-

ferent sizes of dust particle on the plasma properties in a pure silane discharge, especially for

the plasma density, electron temperature, sheath properties, EEDF and the heating mech-

anism. The simulations reveal that when the dust particles are relatively small, even with

their radii less than 50nm, the changes in plasma properties are not quite significant. Once

the radius of dust particle reaches 80 nm or 100 nm, the electron density decreases due to

the recombination on the dust surface, accompanied by an increase in electron temperature

to maintain the discharge. In particular, evident overshoots are observed in time evolution

profiles of positive and negative ion densities, due to the sudden increase in electron tem-

perature. And then, subsequent decreases in the ion density appear due to the decrease in

the generation source caused by dust. Finally, a steady state of the plasma is obtained.

For silane plasma without dust particles, a hybrid combination of α-mode and local field

reversal heating is present at the base conditions, in which the decrease in the pressure, as

well as the driving voltage and frequency, may weaken the reversed field heating. However,

by increasing the dust particle radius in the plasma, the drift field heating is enhanced

gradually and dominates the heating mechanism, which is mainly due to the consumption

of electrons by the dust particles, resulting in a low electrical conductivity, and consequently
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an enhanced drift field in the bulk.

In addition, the axial distribution of the dust particles in the plasma easily forms a

bimodal structure. Moreover, with the increase in the radius of the dust particle, the two

peaks first move towards the electrodes as a result of the increasing ion drag force, and

then move away from the electrodes due to the increase of sheath thickness caused by a

lower electron density. Furthermore, the effect of external discharge parameters including

the pressure, voltage and frequency on the bimodal structure has been well investigated.

Finally, in the next study, we will investigate dust void and vortex formation by a two-

dimensional fluid/MC model self-consistently coupled with an aerosol dynamics model in

which the dust growth process will be taken into account.
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[16] Vepřek S, Schopper K, Ambacher O, Rieger W and Vepřek Heijman M G J, 1993 J. Elec-
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