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One-dimensional fluid model is utilized to describe the sheath at a dust-containing plasma-wall
boundary. The model equations are solved on the scale of the electron Debye length. The spatial
distributions of electric potential and of the velocities and densities of charged species are
calculated in a wide range of control parameters. The dust charge number, electric force, and ion
drag force are also investigated. The impacts of Havnes parameter, the electron to ion temperature
ratio, the ion collisionality, and the ionization on the spatial distributions of the plasma species and
the incident fluxes of the ions to the wall (or to the probe) are investigated. With increase of
Havnes parameter, the sheath thickness and the ion flux to the wall are reduced, whereas the ion
drift velocity is increased. Enhanced ion thermal motion causes the ion flux to the wall to increase.
An increase in ion collisionality with neutrals causes both the sheath thickness and the ion flux to
the wall to decrease. With increase of the ionization rate, the sheath thickness is found to decrease
and the ion flux collected by a probe increases. The localization of dust particles above the
electrode is intensified by the increases in Havnes parameter, the electron to ion temperature ratio,
collisionality, and ionization rate. © 2014 AIP Publishing LLC.
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I. INTRODUCTION

Small particles (dust) with sizes between a few nano-
meters and a few 10 um are formed in planetary rings and
comets, and earth space environment,l’2 in devices for
plasma-assisted material processing,”* and in fusion
devices™® by plasma-surface interaction processes. Dust-
containing plasmas have been used extensively for many
applications of plasma processing. Depending on the appli-
cation, particle nucleation can be both detrimental or benefi-
cial to the process. In the semiconductor industry, particles
are often considered a potential source for “killer defects”
which may lead to device yield loss. On the positive side,
particles with only a few nanometers in diameter often have
novel properties which open up new applications.” Though it
is not a major problem today, dust is considered a problem
that could arise in future long pulse fusion devices.® In many
plasma applications other than plasma fusion, dust is an
unwanted element and attention has been drawn to find tech-
niques for removing it. Development and improvement of
dust detection and removal tools are underway.®'* Since
various forces act on dust particles in plasmas, combination
of these may be useful to remove dust particles.

Capacitively coupled rf discharges that are commonly
utilized for plasma processing are a good candidate for
experimenting dust behavior in the edge plasma of fusion de-
vice. The main observations of dust in glow discharges have
been distinct cloud formations at the plasma-sheath bound-
ary, near the rf powered electrode.'' ™ Fine dust particles
present in a plasma acquire negative charge due to the higher
mobility of electrons compared to that of the heavier ions.
The negatively charged particles are well confined. They do
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not impact on the processed substrate since the sum of grav-
ity, ion drag, and thermophoresis acting on them is in general
well compensated by the sheath electric confinement force.
Some important issues in dusty plasmas include the problem
of determining the charge and density of dust particles, the
sheath structure, and the spatial distribution of plasma
species.'*2® The ion flux entering the substrate is another
important quantity for plasma processing and electrostatic
probe diagnostics.

The problem of the plasma-sheath transition is still the
subject of numerous recent investigations.”’ >’ Recently,
there has been a lot of interest in the study of plasma sheath
in the presence of dust particles, both regarding fundamental
plasma research and technological applications. In plasma
processing reactors, negatively charged dust particles appear
as contamination to etching, sputtering, and deposition proc-
esses. The sheath containing negatively charged dust par-
ticles is, therefore, relevant to plasma-wall interaction in
various plasma-aided engineering devices including con-
trolled fusion devices.” The plasma sheath provides the
fluxes of ions, radicals, and dust particles to the substrate.
Different features and the quality of a plasma-assisted sur-
face processing depend strongly on the characteristics of the
plasma sheath. Therefore, the study of plasma sheath with
positive ions and charged dust microparticles is of great tech-
nological importance in many industrial applications of
plasma processing.'*"”

In this work, we propose a planar sheath model to char-
acterize the behavior of dust particle. In a previous paper,”®
fluid models for collisionless plasmas with cold ions and
weakly collisional plasmas with a finite ion temperature
were developed for studying the structure of the plasma-
planar probe boundary in low-pressure electronegative dis-
charges. In this study, the model is extended to include the
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effect of dust particles for plasma-plane wall (or probe)
boundary. The dust concentration, finite ion temperature, gas
pressure, and the ionization frequency affect the sheath for-
mation in dust-containing plasmas. The spatial distributions
of electric potential and of the velocities and densities of
charged species (ions, electrons, and dust grains) are calcu-
lated in front of a negatively biased planar wall (or probe)
immersed in dust-containing plasmas. Also, the evolutions
of the dust charge number, electric force, and ion drag force
in a cathode sheath are calculated in a wide range of control
parameters. Especially, the effects of the control parameters
(Havnes parameter, ion temperature, collision, and non-
neutrality parameter) on the ion flux collected by the probe
are investigated.

This paper is organized as follows: In Sec. II, the elec-
trostatic sheath model is introduced, the basic fluid equations
and assumptions are given, and the numerical method is out-
lined. Section III describes a simplified model that provides
the initial conditions on the velocities of the ions and dust
grains entering the sheath. The results of the numerical simu-
lations for the sheath structure and the density and velocity
distributions of the charged species and microparticles are
presented and discussed in Sec. IV. Finally, the paper is con-
cluded in Sec. V with a summary of the main results and
their brief discussion.

Il. MODEL EQUATIONS

We consider the plasma of the initial number density 7
consisting of the hot electrons (temperature 7,), and singly
charged positive ions (temperature 7;). When the dust par-
ticles (density ny, grain radius @) are immersed in the plasma
they typically acquire high negative charge (up to a few
thousand electrons) due to the high electron mobility and
modify the equilibrium charge quasineutrality condition as'®

nj —ne — Zgng = 0, (1)

where n; and n, are the ion and electron densities, and Z, is
the dust charge number. In this study, the dominant charging
mechanism is assumed to be the accumulation of electrons
and ions to the surface of the dust grain. Dust particles are
assumed to be the spherical particles. Because the ions are
heavier than the electrons, the ion current to a dust particle is
smaller than the electron current, and the dust particle
becomes negatively charged. In laboratory plasmas where
secondary emission processes due to radiation absorption
and to hot particle impacts are small, the dust particle net
charge is negative.? The thermal electron current to the par-
ticle in the sheath is given by

ST\ [e¢
_ 2 e d
I, = —ma nee<nme) exp(kTe) (ps<0), (2

12
I, = —na’nee (ikTe) (1 + e¢d> (6, >0), (3

e k TE

where e is the electron charge, & is the Boltzmann constant,
m, is the mass of the electrons, and ¢, is the surface floating
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potential of the dust particle (¢, = —Zye/4nepa). The orbit
motion limited (OML) theory can be used to calculate the
charging ion currents as

o (BRI edy
1, =na nle(rcm,) 1-— KT, (¢a <0), 4)

where m; is the mass of the ion. For positively charged dust
grains (¢p; > 0), [; has a dependence of exp(e¢,/kT;) instead
of 1 — e¢,/kT;.

Requiring a zero net current onto the negatively charged
dust particle, Eqs. (2) and (4), and using charge neutrality
condition, Eq. (1), we have

m;T, 1 +4nsoakTe@% exp e, L e, _1-o,
meT,‘ e2

ngy kT, kT, kT;
&)
where & is the permittivity of the vacuum.
If we introduce the Havnes parameter

P = (4neakT, /e*)(na/no), Eq. (5) gives an equation for the
reduced surface floating potential ¢, = Ze? [4meoakT, as

(=P
exp(¢y) = que7 6)
d
T,

where ) defines the temperature ratio y = 7
We assume that the ion density is unaffected by the
presence of the dust component and thus n; = const = ny.
Therefore, for a given Py = (4negakT,/ e?)(nao/no), Eq. (6)
provides the dust charge (via ¢,) at the plasma bulk
region. In order to obtain some physical insight in the theo-
retical analysis, we introduce a set of reference parameters,
typical for plasma processing experiments. The plasma pa-
rameters are chosen to be ny = 1.5 x 10%cm =3, T,=2eV,
T;=0.2-0.02eV, and the average particle size a =6 um.
We fix the plasma density ng; but keep the Havnes parameter
P as a free quantity varying it in a physically meaningful
range of dust densities. Taking as a maximal value, the dust
number density ny0 = 1.8 x 10°cm ™2 gives P, = 1.

Figure 1 shows the calculated evolution of ¢, with Py
for different y (= 100, 50, 10) in Ar plasmas. As ngyy is
increased, the intergrain spacing decreases, and the average
grain charge is also reduced. The evolution of ¢, with P
has sensitive dependence on ). As ) decreases, the reduced
surface potential increases. This is attributable to increased
ion current to the dust particle. However, as P is increased
(nyo 1s increased), the dependence on y becomes weak.

We assume the sheath region lies between z =0 and the
wall (the presheath is neglected) with the plasma filling the
half space z < 0, where z is the position along the vertical
axis, which is in the same direction as gravity.* The plasma
variables are calculated along the distance from the plasma
region to any arbitrary small distance near the planar wall
using a set of coupled equations including the steady state
fluid equations of continuity and motion for the ion, the dust
particle, Poisson equation with Boltzmann electron.>'*? The
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FIG. 1. Calculation of the reduced surface potential (&d()) as a function of
Py based on hot ion theory for different y (= 100, 50, 30).

model equations are developed for a planar geometry with
the assumption of one-dimensional motion of charged spe-
cies towards the wall.

The ions are governed by the continuity and momentum
balance equations

d

E (l’ljl),') = VjzNe, (7)
dv; d¢ dpi
m;n;v; dz = —en; d dz Minevi;0; — mini(Vip + Via )i,

®)

where p; and v; are the pressure and fluid velocity of the ions,
v;, is the ionization frequency, v;, and v;; are the ion
momentum-transfer collision frequencies with neutrals and
with dust particles, and ¢ is the electric potential. The third
term on the right-hand side of Eq. (8) represents the decrease
of fluid momentum as ions are born at rest.>* The fourth
term represents ion drag forces due to collisions with neu-
trals and dust particles.24 The v;, and v;; are written as'”

T,‘ Ti
Vin = NpOin\| —5  Vid = Nq0¢ff\| (9)
m; n;

where n,, is the neutral number density, and ¢;, and o are
the momentum transfer cross section for ion-neutral colli-
sions and for the ion-dust collisions, respectively. The effec-
tive scattering cross section in the ion-dust collisions can be
written as

1 = L iz’ (10)
Oeff  Oid T

where 0,4 = (2v/21/3)(d pa)*A (A is the modified
Coulomb logarithm) is the scattering cross section for an
individual grain and the second term represents a cross sec-
tion corresponding to the largest admissible impact parame-
ter ~A/2 (A ~ n;Ol /3 is the average interparticle distance).
Figure 2 represents the evolution of o, for dust grains with
a radius of 6 um as a function of P for different . The o4
decreases with increasing Py. In very diluted dust formations
(P — 0), the o, mainly consist of the scattering cross
section for an individual isolated grain, while in extremely
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FIG. 2. Evolution of the effective scattering cross section (g.) as a function
of Py for different ;.

dense clouds (P — o0), the o, — nA2/4.]0 As y is
decreased (i.e., T; is increased for a fixed T,), the cross sec-
tion becomes lower due to higher thermal motion of ions. It
should be noted that v;; depends strongly on n; and a (thus,
Py), and 7.

The Poisson’s equation is written as

d*¢

soﬁ = —e(n;

—ne) + eZyny. (11D
We assume that electrons follow the Boltzmann energy
distribution

Ne = Ne €XP (/fT(b) , (12)

where 7, is the electron density at the plasma bulk region.

Among the forces acting on the dust microparticles, the
electric, gravitational, and ion drag are considered. The par-
ticulate trapping is clearly caused by the force balance of the
electrostatic potential and the gravity, as well as the ion drag
due to the ion streaming to the electrode. Therefore, the
equation of motion for a dust particle is written as

dvy d(,‘b
—=eZy,—+F F; 1
Mmavy—— = eZy— +F, +Fi, (13)

where v, is the velocity of the dust particle, Fy(= 4na’p,
g/3) is the gravitational force, and F; is the ion drag force,
which is given by'®

2 2nan; 2InA
Finaznim,-v?(l e¢j>+ m”(ed’f) " 14
m;v; m;v

i

The charge number of a micron size dust particle (Z;) in the
sheath can be determined by the electron and ion currents
striking the particle.
We assume that the dust particle flux is conserved in the
sheath as
d
d—(ndvd) =0. (15)
z
The variation of plasma variables in the plasma-wall
transition region can be characterized with several scale
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lengths.?’ The ionization length or the ion mean free path
can be used for observing the variation of plasma variables
in the sheath region. On the other hand, the electron Debye
length can be used as a scale length for the sheath region
since the sheath width extends only a few electron Debye
length. The solution of the model equations describes the
structure of the sheath region in front of a planar wall. We
have the dimensionless functions and parameters

_z - - Ny b U
5_)_7 n=-—, ng=—, R Md_‘_a
D ) neo Cs Csd
e _ /ApVi 5. _Vin s Vi
- = ) q= ) in — " > id — 7 >
kT, Cs Viz Viz
(16)

where ¢, is the ion acoustic speed (= \/kT./m;), Csq is the
dust acoustic speed (= /ZkT,/mq) (Z = Po/(1 — Py )
ﬁdo),23’24 and /p is the electron Debye length. The ¢, some-
times called the non-neutrality parameter, is a measure of the
ionization rate.

The dimensionless equations of ion continuity and mo-
mentum balance for the ion, the dust particle, and Poisson’s

equation are written

— (Au) = qe™", 17

1\du dn que™ gqe™"
—— ) === —-—"——=—"——q(0in + 0ig)u, (18
(u yu) dé dé 7] yRu 9+ dia)u, - (18)

dlzid - ﬁd0<1 —PO&st) (—Z d_”_,_f +f> (19)
= g il

“ag Py ‘dé
- —’Z—%’W%W (—zdj—gﬂg +f;), 0)
%: n—e " —Ziy, 21
where f'is the normalized force as
fo= P;jf’ . fi= i;” : (22)

and the subscript 0 denotes the quantities evaluated at the
sheath edge. Integrating Eqs. (17)—(21) with the initial values
at £=0, we obtain 71, u, ug,ny,Zy,f;,n as a function of &. At
the sheath edge, it is assumed that the potential and the elec-
tric field are approximately zero (=0, dn/dZ = 0). It should
be noted that the control parameters in the model equations
are Py, 0;,, 7, and q. Thg values of a, T,, and 7149 determine
Py, and Fig. 1 provides ¢ 4, (and Z,p). From the definition of
Py and quasi-neutrality condition, the initial values of 72 and
fg are 1/(1 — Popyo) and Pooh 0/ (Zao(1 — Po ) ), Tespec-
tively. By this, we can keep 7, as a constant value for the
cases of varying Py. The initial values of u and u, at the
sheath edge should be chosen.
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lll. SIMPLE MODEL

For collisionless, continuous, and cold ions, Eqs. (17)
and (18) are reduced to

d . du_dy
d—é(nu)—O, uE—dé. (23)

Then, normalized ion density and velocity, by integrating
Eq. (23), are

2 -1/2
ﬁ(HMQ Cou=(+2)"? @
0

The charging ion current to the dust particles, Eq. (4)
can be rewritten as

Lm%w{lzmﬂ. (25)

m;v?

Combining Egs. (2), (3), (12), (24), and (25) with the charge
equilibrium, /, + I; = 0, we obtain

oo (1 2/ + 20))
exp(~,) =

(1—Poy)

exp(n). (26)

Then, using the boundary condition, =0 at =0, we can
get

(1 — Podpy)

Tm, ~
3, (o + 2¢ 40/ 110)

exp(¢ o) = 27)

This equation provides the relation between the dust surface
potential and ion Mach number u,, as well as the relation
between &5 4o and ratio of the dust particle density to the posi-
tive density at the interface, P,.”* Figure 3 represents the cal-
culated evolution of ¢ 4, with Py for different uo (= 1.0, 1.5,
2.0) in Ar plasmas. The calculated values of (}5 40 by the cold
ion theory are larger than those from the hot ion theory
(Fig. 1). This can be explained by the fact that for cold ions
with Mach number larger than 1, the balance of electron and
ion flow to the dust particle is achieved with a higher surface

Reduced Surface Potential

FIG. 3. Calculation of the reduced surface potential (¢ 40) as a function of
Py based on cold ion theory for different u, (= 1.0, 1.5, 2.0).
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floating potential. As u, is increased, the reduced surface
potential (and the average grain charge) increases, and thus,
the intergrain spacing also increases. However, as P is
increased (n, is increased), the dependence on u, becomes
negligible.

If we neglect the ion drag and gravitational force, Eq.
(13) (and Eq. (19)) becomes

dud ~ d}’]
— = 28
Uiz b4 e (28)
Integrating from # =0 to 5 and setting ¥ = — (;7 (}Sd dn, we
can get the dimensionless dust density utilizing Eq. (15)
~ 1
Ny, = B (29)

o 1+ 2/l

Then, the Poisson’s equation, Eq. (21) is written as

d? 1 2\ /2
_Z: _ (1 +—’27> —e

g —1/2
_Poba (1 L ﬁ) , (30)

1 — Podpyo U3

Equation (30) can be integrated once by multiplying
both sides by dn/dé, then we obtain

1 (dn\? 1 (dn\®
E(d_é> +V(77)—§<d—é>éo, (31)

where (dn/df)é;o ~ 0 is the weak presheath electric field,
and Sagdeev potential is

“(2) ( 2
— 1—1/1—&-217/14)
1 — Py ’
P 2
+°”d‘3(1—,/1+2\11/u§0>. (32)
1 — Podh g9

Analogous to the analysis of a particle in the potential well,
it requires the potential V (1, ug, ug0) < O in the sheath, which

leads to
~2
Po 0

(d%/(;@) . Lo ]

dn? =0 ug(1 = Podag)  uGo(1 — Podyo)
P0(4q~5[~10/u(2) - “g - 2&550)
(uf +2¢ 40 +2)(1 — Pod o)

Vi) = (1 - +

<0.

(33)

An analysis of a particle in the Sagdeev potential pro-
vides relations between Py, 1y, and u,. The ion critical Mach
number ug ., depends on Py and u; as well as the dust
charge at z=0. Figure 4(a) indicates that the ion-entering--
sheath- velocity must exceed the ion sound velocity owing to
the dust electrostatic drag force that is in —z direction.”® For
small P, the ion critical Mach number increases with Py,
The further increase of Py to a certain level, however, leads
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FIG. 4. (a) Ton critical Mach number versus P for different dust Mach num-
bers uyy (= 2.5, 3.0, 3.5). (b) Dust critical Mach number versus Py, for differ-
ent ion Mach numbers 1, (= 2.5, 3.0, 3.5).

to a depletion of the electrons and a consequent reduction on
the dust surface potential (dust charge) that makes the dust
electrostatic drag force become small. Therefore, the ion crit-
ical Mach number begins to decrease. It was shown numeri-
cally by Liu e al.* that ion drift speed into the sheath
reaches a maximum and decreases afterward with increasing
dust density. Also, the smaller the dust Mach number is, the
larger the ion critical Mach number will be. This is because
that if the ion velocity relative to the dust becomes smaller,
then the dust effect on the ion becomes weaker.

Also there exists a critical dust Mach number u,, for a
given condition (P, and ug). The relation between the dust
critical Mach number and P, is exhibited in Fig. 4(b). It is
shown that the dust critical Mach number becomes larger
first as P increases, then the number begins to decline after
a maximum. This is due to the fact that the ion electrostatic
drag force on dust particle makes the dust entering sheath ve-
locity larger. With the continuous increase of P, the dust
surface potential (dust charge) is reduced, so that the dust
critical number starts to decline. Also we can see, the smaller
the ion Mach number is, the relatively larger the dust critical
Mach number will be.

IV. RESULTS AND DISCUSSION

The main focus of this paper is placed on the investiga-
tion of the effects of Havnes parameter, the ratio of electron
temperature to ion temperature, and collision and ionization
rate on the spatial distributions of the electric potential, the
velocities and densities of ions and electrons, the velocity
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and density of dust particles, the dust charge number, the
electric force, and the ion drag force along the sheath toward
the negatively biased planar wall.

The spatial distributions of 7, u, 1y, g, Zy, f;, n are calcu-
lated for various values of Py, y, d;,, and ¢. For that purpose,
Egs. (17)—-(21) are solved numerically by using the
fourth-order Runge-Kutta method with the initial conditions.
We have chosen the parameter; ny = 1.5 x 10" cm3,
T,=2eV,a=6um, p, =2g/cm’, uz=3,and up= 1.

Figures 5(a) and 5(b) represent the normalized electric
potential and the ion velocity along the distance from the
plasma (¢ =0) to the wall for three different Py (= 0.0001,
0.001, 0.01). Here, ¢=0.001, y=100, and 0,,=0.2 are
used. It is seen clearly that a simple parabola is an extremely
good approximation for the shape of the time averaged elec-
tric potential over the entire spatial extent of the sheath.'®
On the basis of energy conservation law (Eq. (24)), the elec-
tric potential energy of the ions in the sheath is equal to their
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kinetic energy, so the normalized electric potential and ion
velocity distribution across the sheath are proportional to
each other.?’” As Py is increased (for instance, as 1, becomes
higher for fixed n, and T,), according to formula in Eqgs. (9),
(10), and (16), 0,4 is increased from 0.53 (Py,=0.0001) to
2.87 (Pp=0.001) and to 9.14 (P,=0.01). Then, with
increase of P, the normalized electric potential and the ion
velocity are found to grow rapidly (going from the plasma to
the wall), and the sheath thickness becomes narrower. The
rapid ion acceleration in the case of higher Py is related to a
drastic decrease in electric potential along the sheath, which
is caused by a stronger imbalance between the ion density
and the negative species density in the sheath. These profiles
were experimentally verified by Arnas er al.*>® The sheath
modifications deduced from the observed increase in the ion
velocity indicate that micron-sized particles whose charge is
due to the plasma particles fluxes influence self-consistently
the plasma particle distributions in their neighborhood.*®

30 8
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Figure 5(c) illustrates the normalized electron density
along the distance for different P,. It is observed that the
electron density falls fast toward the wall and the sheath
thickness decreases as P increases. Physically speaking, as
ngo 1s increased (for fixed ny and T,), more electrons attach
to the dust particles, so the ion to electron density ratio rises
inside the sheath.!” Therefore, the length of non-neutral
region (that is, sheath thickness) decreases with increasing
Py. A similar phenomenon can happen when 7, becomes
higher for fixed 7, and ny,.

In Figures 5(d)-5(f), we have examined the normalized
velocity and density of the dust particles, and the dust charge
number. We note that away from the sheath edge, the electric
force, the gravitational force, and the ion drag force balance
and the total force becomes zero. At this point, the dust ve-
locity and its number density reach a local minimum and
maximum, respectively.'> The charge reversal point
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corresponds to the position of the maximum dust number
density. As Py is increased, the charge reversal point shifts
towards the sheath edge and the maximum of the trapped
dust grains becomes sharp. The position of the charge rever-
sal point is closely related to the curvature of the modeled
potential, which is proportional to the electric field at the
sheath edge, E; = kT,/el; (/; is the ion collision mean free
path).'® Thus, the results of the fluid theory qualitatively
simulate the trapping of dust grains. To maintain a clean
processing situation in plasma reactors, we should have a
tool design that avoids traps and dangerous storage of dust
grains during plasma process.'® Dust grain size is a key pa-
rameter in dust management and development of dust-free
surface processing in low pressure plasma tools. For a fixed
condition of ny, ng, and T,, a decrease in the grain size
results in a reduction of P, which leads to a less severe dust
grains trap near the electrode. We note from Fig. 5(f) that the

25] (@) / (b)

FIG. 6. (a) Normalized potential (1),
(b) normalized ion velocity (u), (c)
normalized densities of ions and elec-

trons (7 and n./n.), (d) normalized
dust velocity (u,), (e) normalized dust
density (n4/nqo), (f) dust charge num-

ber (-Z,), (g) electric force (—Zy %),
and (h) ion drag force (f;) along
the normalized distance for different y
(=10, 50, 100). Here, ¢=0.001,
Py=0.001, and ¢,, = 0.85 are used.

Electric Force
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dust charge is negative almost throughout the sheath and its
absolute value decreases from the sheath edge until it
changes sign abruptly somewhere close to the wall and then
becomes positive. This is due to the fact that the density of
electrons falls faster than that of ions in the sheath. Then, the
grain charge is due only to the ion flux, where the electrons
vanish and there is a pure ion sheath near the wall.**

The electric force and ion drag force corresponding to
the three different Py are shown in Figs. 5(g) and 5(h). The
magnitude of electric force increases with P, although the
dust charge becomes small. As is obvious from Fig. 5(g), the
electric force decelerates the dust particles along the sheath
before they reach the charge reversal point and then acceler-
ates them. On the other hand, the strength of the electric field
increases with distance from the sheath edge. Therefore, the
decelerating electric force increases with the distance and
shows a minimum (the largest negative value) before the
charge reversal point.'”> However, the ion drag force always

Phys. Plasmas 21, 013701 (2014)

accelerates the dust grains and its value decreases from the
sheath edge due to decreased ion density, and then increases
again close to the wall because of the large ion velocity. At
the charge reversal point, the electric force vanishes while
the ion drag force reaches a minimum. With 7., ny, and ngy
unchanged, an increase in the grain size (a) results in
increased Py. As a is increased, the ion drag force near the
sheath edge increases since the ion drag force is proportional
to the square of @,'® but the ion drag force falls fast due to a
drastic decrease in the ion density.

Figures 6(a) and 6(b) show the profiles of the normal-
ized electric potential and the ion velocity for three different
y (=10, 50, 100). Here, ¢ =0.001, P, = 0.001, and 6,,= 0.85
are used. From the ion continuity equations, the ion density
is inversely proportional to the ion velocity. So the ion den-
sity decreases towards the wall, as the ion velocity increases.
As 7y is increased (as T; becomes lower for a fixed T,), the
normalized electric potential and the ion velocity increase
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slightly fast (going from the plasma to the wall). Figure 6(c)
illustrates the profiles of the normalized densities of ions and
electrons along the distance for different y. It is observed
that as y decreases the densities of ions and electrons
decrease slowly toward the wall.

Figures 6(d)-6(f) represent the spatial profiles of the
normalized velocity, number density, and charge number of
the dust particles. As 7y is increased, the charge reversal point
shifts towards the sheath edge and the maximum of the
trapped dust particle density becomes sharp. In other words,
enhanced ion thermal motion makes the trapped dust distri-
bution smoothly peaked and the possibility of trapping dust
particles is reduced. The electric force and ion drag force
corresponding to the three different y are shown in Figs. 6(g)
and 6(h). It is observed that as y increases the electric force
becomes higher, while the ion drag force becomes lower.
This can be attributed to the fact that higher y results in
higher electric field strength (higher slope of the normalized
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potential shown in Fig. 6(a)) and a rapid depletion of the ion
density in the sheath (as shown in Fig. 6(c)).

Figures 7(a) and 7(b) represent the normalized electric
potential and the ion velocity along the distance for three dif-
ferent 0,, (= 0.85, 3.53, 8.54). Here, ¢=0.001, y =100, and
Py=0.001 are used. The 9, indicates the ratio of the fre-
quency of momentum transfer collisions with neutrals (v;,) to
the ionization frequency. This value defines the collisionality
of ions and depends on pressure and 7; (or y) as noted in Eq.
(9). With other parameters (P, y, and ¢) unchanged, J,, can
represent the pressure of plasmas. An increase in J;, is found
to cause the normalized electric potential and the ion velocity
to increase more rapidly (going from the plasma to the
wall).** If §,, is increased for a fixed ¢ (i.e., fixed Ap, ¢;, and
v;.), the ion mean free path (4;) decreases, then the electric
field at the sheath edge increases and the sheath thickness
decreases. In a physical interpretation, an increase of collision
induces the decrease of the ion flux to the wall, since the
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FIG. 9. Normalized ion flux entering
the probe versus normalized potential

for different values of (a) Py, (b) 7, (c)
Oin» and (d) g.
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effect produced by collisions is equivalent to a friction
force.> It results in a decrease in the electron flux to the wall,
and thus the sheath thickness decreases with increasing J;,.

Figure 7(c) shows the normalized ion density along the
distance for different J;,. It is observed that with increasing
0;, the ion density falls drastically toward the wall and the
sheath thickness decreases. Figures 7(d) and 7(e) are the nor-
malized velocity and density of the dust particles. Figure 7(f)
shows the dust charge number. As ¢,, is increased, the
charge reversal point shifts towards the sheath edge. Under a
higher ¢;, condition, the dust particle velocity is steeply
slowed down before the charge reversal point but accelerates
fast after that point, as well as it exhibits a sharp maximum
in the trapped particle density. In Figs. 7(g) and 7(h), we
have examined the electric force and ion drag force corre-
sponding to the three different ,,. We note that both forces
decrease with increasing J;,, being attributable to the drastic
decrease of the ion density along the sheath.

Next, the effects of ¢ on the sheath have been studied.
The profiles of the normalized electric potential and the ion
velocity at three different values of ¢ (= 0.001, 0.005, 0.007)
are indicated in Figures 8(a) and 8(b). Here, J;,=0.1,
»=100, and P,=0.0001 are used. It is seen that as ¢ is
increased, the electric potential increases more rapidly, and
the sheath thickness decreases. Also, the ion velocity
becomes larger with increasing g. An increase in ¢ under a
condition with fixed Py, 7, and 0 is equivalent to either an
increase in Ap or an increase in n,, (a decrease in /;), thus an
increase in ¢ produces a decrease of the sheath thickness.

Figure 8(c) shows the profiles of the normalized den-
sities of ions and electrons along the distance for different g.
It is observed that the densities of ions and electrons decrease
rapidly toward the wall with increasing as ¢, indicating a
decrease in the sheath thickness. Figures 8(d)-8(f) are the
profiles of the normalized velocity, density, and charge num-
ber of the dust particles, respectively. As ¢ is increased, the
dust grains are more decelerated first and accelerated fast

after the charge reversal point. And the charge number
changes rapidly, and the charge reversal point shifts towards
the sheath edge and the maximum of the trapped dust parti-
cle density becomes sharply peaked. The electric force and
ion drag force corresponding to the three different ¢ are
shown in Figs. 8(g) and 8(h). It is observed that as ¢ is
increased the electric force becomes higher, while the ion
drag force becomes lower. This can be explained by the fact
that higher ¢ results in higher electric field strength (as
shown in Fig. 8(a)) and a rapid depletion of the ion density
in the sheath (as shown in Fig. 8(c)).

If the wall is replaced by the Langmuir probe, a point
on the curve of the electric potential at the probe position,
¢ = ¢, gives the normalized potential #,. The model pro-
vides the probe characteristics of the dimensionless ion flux
(current)—normalized voltage by plotting 72¢ u;, versus the
dimensionless electric potential 17,. Figures 9(a)-9(d) are the-
oretical / — V curves plotted in this way. Here, we have
examined the dependence of the ion flux on Py, ¢, ,,, and 7.
It is clearly seen that the ion flux increases with ¢, but
decreases with Py, 7, and 6,,. When P, becomes larger, the
ion flux to the probe decreases. The P, dependence is attrib-
utable to the increased ion collisions with dust grains. As the
ions have larger thermal motion, the ion flux collected by the
probe increases.>® Figure 9(c) indicates that as J;, is
increased, the ion flux to the probe decreases even though
the sheath thickness decreases. From Fig. 9(d), it is seen that
an increase of ¢ induces the increase of the ion flux collected
by the probe because of a larger production of ions by
ionization.

V. CONCLUSION

One-dimensional fluid simulations are used to describe a
sheath in dust-containing plasmas. The spatial distributions
of electric potential and of the velocities and densities of
plasma species are calculated in front of a negatively biased
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planar wall. The control parameters are the Havnes parameter
(Py), the electron to ion temperature ratio (y), the ratio of the
rate coefficient for the ion momentum transfer collision to
that for the ionization (J;,), and the non-neutrality parameter
(¢)- The behavior of the dust charge number, the electric
force, the ion drag force, and the ion flux collected by the
wall are also investigated as functions of control parameters.
We have found that an increase of P, induces the decrease of
the sheath thickness as well as of the ion flux to the wall, and
that with increase of P, the ion drift velocity increased, and
the localization of trapped dust particles is intensified. We
have shown that enhanced ion thermal motion causes the ion
flux to the wall to increase, and the trapped dust distribution
to be less sharply peaked. With increase of the ion collision
with neutrals, both the sheath thickness and the ion flux to the
wall decrease, and the trapped dust distribution becomes
sharply peaked. An increase of ionization causes the sheath
thickness to decrease and the ion flux collected by a probe to
increase, and the trapped dust distribution sharply peaked.
Our results are of direct interest to the control and probe diag-
nostics of dust grains in various dust-containing plasmas.
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