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ABSTRACT

Transport of dust particles was studied in radio frequency (RF) plasmas. Dust particles of two sizes were injected in the plasmas.
The plasmas were generated by applying a pulse-time modulated RF voltage. The pulse-time modulation made it possible to change the
electron temperature in the plasmas. The electron temperature dominates the charges of the dust particles and the electric fields around the
sheath where the dust particles are levitated. The equilibrium position of the dust particles can be determined by forces on them derived
from the charges and the electric fields. In this research, it was clearly shown to change the position of the dust particles and drop them
from the plasmas by the pulsed-time modulation. Furthermore, the modulated RF plasma worked as sieves of the dust particles. It was
possible to drop larger dust particles from the plasma, while smaller ones remain in the plasmas.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5093349

I. INTRODUCTION

Dust particles in a low temperature plasma are negatively
charged due to the difference of kinetic energies between electrons
and ions.1 Since electrons are much faster than ions in the plasma,
electrons arrive first to the surface of the dust particles and give
them negative charges. Those negative charges induce a potential
difference between the dust particle and the plasma bulk, i.e.,
potential barrier for electrons. Only fast electrons can overcome
this potential barrier and reach the particle’s surface. The more
negative charges the dust particles accumulate, the less electrons
can reach the surface of the dust particles. When the electron
current toward the surface equals the ion current, the charge of
dust particles gets a constant value. According to the orbital
motion limited theory (OML)1 in the plasma, the charge depends
on the radius of the dust particles rp, the ratio of the electron tem-
perature to the ion temperature Te=Ti, and that of the electron
mass and the ion mass me=mi. The negative charge enables the
dust particle to levitate near the plasma-sheath boundary by forces
such as gravitational, electrostatic, and so on.2,3

In this work, the main goal is to control the transport of dust
particles in order to separate them depending on their sizes in
radio frequency (RF) capacitively-coupled plasmas. Pulse-time
modulation is applied to the RF fundamental signal. Measurements
with a double-probe method show that the pulse-time can signifi-
cantly influence the electron temperature that is hard to be
changed by the regulation of the RF voltage. The variation of the
electron temperature enables the dust particles with monodispersed
size distribution to be transported in the plasmas. This effect is dis-
cussed in the present paper.

Pulse-time modulation of RF power is to superimpose a
rectangle wave to the RF fundamental signal in order to have an
intermittent of plasma generation (Fig. 1). The rectangle wave con-
sisted of a period of zero voltage and that of nonzero. During the
period of zero voltage (off-period), the RF power is not supplied.
The plasma is generated by the RF power in the period of nonzero
voltage (on-period). The frequency and duty cycle ratio of the rect-
angle wave can be regulated in order to obtain specified times of
on-period and off-period. In the off-period, the density of the
plasma decays, i.e., electrons and ions are lost by the recombination
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and diffusion from the center of the plasma to the walls,4 and elec-
tron temperature relaxation occurs by the collision of the electrons
to the neutral molecular in the period.5,6,7

II. EXPERIMENTAL

A PK-3 plus chamber was used with modifications of elec-
trodes (Fig. 2).8 The powered electrode was set at the upper side
and supplied an RF power of 13.56MHz. The bottom electrode was
grounded, and it consists of two parts: a disk set at the center and a
ring surrounding the disk. Both of them were grounded. Between
the disk and the ring, a gap of 2 mm was formed. Argon gas was
fed into the chamber for discharge. The pressure of the gas was set

at 26 Pa (200 mTorr). The MF (melamine-formaldehyde) particles
of 2:55 μm in diameter, and SiO2 particles of 1:05 μm in diameter,
were injected by two dispensers mounted on the top of the
chamber. The RF power was supplied by a function generator and
an amplifier, which could regulate the peak to peak RF voltage
and could superpose a modulation signal to the RF signal. In
experiments, the RF voltage was varied from 80 V to 18 V, the
modulation frequency was set at 10 kHz, and the modulation duty
cycle was changed from 100% (100% duty means without modu-
lation) to 20%. The dust particles were illuminated by a laser at
532 nm in wavelength and observed with a CCD (charge-coupled
device) camera.

The double-probe method was employed for the measurement
of the electron temperature and ion density with tips of tungsten
wire.9 The size of the tips was 0.35 mm in diameter and 8 mm in
length. Two tips were separated 7 mm from each other.

III. RESULTS AND DISCUSSION

Three experiments to observe particle behaviors were
performed (noted as Exp1, Exp2, and Exp3). In each case, two sizes
of particles (1:05 μm and 2:55 μm in diameter) were identically
injected to the plasma. For the first experiment Exp1, the RF
voltage was changed from 80 V to 18 V without applying modula-
tion signal. For the second experiment Exp2, the RF voltage was
changed from 80 V to 26 V by applying a modulation signal of
10 kHz in frequency and 30% in duty cycle. For the third experi-
ment Exp3, the RF voltage was set at 80 V, a modulation signal of
10 kHz in frequency was applied, and the modulation duty cycle
was changed from 24% to 18%. Particle behaviors in the three

FIG. 1. A pulse-time modulated RF signal. Superposing a rectangle wave to the
RF fundamental signal, one can control to turn on/off a plasma.

FIG. 2. A PK-3 chamber with modified electrodes. The upper electrode was
powered by the RF signal, and the bottom electrode was grounded.
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experiments are shown in Figs. 3–5, respectively. We can see that
in each case, two sizes of particles were initially levitated in the
plasmas, and they were separating into two layers: larger particles
were levitating in the lower layer and smaller particles were in the
upper layer.10 In the case of Exp1, without modulation (Fig. 3),
particles remained levitated in the plasma during the decrease of
the RF voltage from 80 V to 18 V. The RF voltage at 19 V was too
low, and both sizes of particles fell down at the same time. In the
case of Exp2 (Fig. 4), the levitating position of particles changed
during the decrease of the RF voltage from 80 V to 40 V, and the
larger-size particles started to fall down when the RF voltage
decreased to 30 V. When the RF voltage decreased to 26 V, all the
larger-size particles fell down and small-size particles only remained
in the plasma. When the RF voltage returned to 80 V, there were
only small-size particles levitating in the plasma. In the case of Exp3
(Fig. 5), the larger-size particles started to fall down when the mod-
ulation duty cycle decreased to 18%. In a few 10 s, the larger-size
particles were completely fallen; however, the smaller particles still
remained in the plasma. Then, when the modulation duty cycle
returned to 24%, there were small-size particles only levitating in
the plasma.

Electron temperature and ion density in the experiments
were measured by the double-probe method9 at the sheath edge.
Figures 6(a) and 6(b) show the electron temperature and the ion
density as functions of RF power with and without modulation,
respectively. The electron temperature was not influenced by the
RF voltage; however, it was strongly affected by the RF power
modulation. It dropped from 4 eV (without modulation) to 1 eV
(with modulation). The ion density increased with the increase of
the RF voltage. However, the ion density slightly decreased by
adding the RF power modulation. In Exp2, the electron tempera-
ture decreased with the modulation, resulting in falling down of
larger particles. Figure 7 shows the electron temperature and the
ion density as functions of modulation duty cycle, while the RF
voltage was set at 80 V.

The measurements of electron temperature and ion density
were performed without the particles. It was found in a previous
work11 with the same chamber that the presence of the particles
does not give much influence to the electron temperature and the
ion density at the sheath edge. In this work, those values were used
as a boundary condition in calculations.

The particle behaviors in plasmas can be explained by an
equilibrium between electrostatic force at the edge of the plasma
sheath and gravity force on the particles.2,12,13 The electrostatic
force is depending on the charge number of the particles and the
electric field of the sheath. The orbit-motion-limit (OML) model
gives a solution of the particle charge in plasmas.13,14 The sheath
structure can be calculated by introducing the Bohm criterion and
the Child-Langmuir law.15

The particle charge is due to the inequality of electron and ion
speeds in a low temperature plasma, then a potential difference
occurs between the particles and the local plasma. In the plasma,
the particles receive both electron and ion flows. Those electrons
and ions are affected by the potential difference. Note the electron
flow as Γe(VD � Vp) and the ion flow as Γi(VD � Vp), where VD is
the voltage of the dust surface and Vp is the plasma potential.
When Γe(VD � Vp) ¼ Γi(VD � Vp), the particle charge reach a

FIG. 3. Particles in the plasma decreasing the RF voltage from 80 V to 18 V.
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FIG. 4. Particles in the plasma decreasing RF from 80 V to 26 V and then
returning to 80 V with a RF power modulation of 10 kHz in frequency and 30%
of the duty cycle.

FIG. 5. Particles in the plasma decreasing modulation duty cycle from 24% to
18% and then returning to 24% with a RF power modulation of 10 kHz while the
RF voltage was set at 80 V.
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steady state. By solving the equation Γe(VD � Vp) ¼ Γi(VD � Vp),
the potential difference can be determined. The particle charge
then can be deduced from the potential difference VD � Vp with a
capacitor model. In order to express the electron and ion flows, one
should consider two situations: the particles in the plasma bulk and
those in the sheath.

In the plasma bulk, one can consider a particle having a
floating potential Vf and the plasma potential is Vp. The ion
thermal speed is much higher than the ion drift speed. Then, elec-
tron and ion flows toward the particle can be expressed by the
OML model as

Γe ¼ πrp
2ne

8kBTe

πme

� �1
2

exp
e(Vf � Vp)

kBTe

� �
(1)

and

Γi ¼ πrp
2ni

8kBTi

πmi

� �1
2

1� e(Vf � Vp)

kBTi

� �
, (2)

respectively, where rp, ne, ni, kB, Te, Ti, me, and mi, e are particle
radius, electron density, ion density, Boltzmann’s constant, electron
temperature, ion temperature, electron mass, ion mass, and
elementary charge, respectively. A steady state requires that the
electron flow equals the ion flow. Thus, from the equation
Γe(Vf � Vp) ¼ Γi(Vf � Vp), the potential difference between the
particle and the plasma bulk Vf � Vp can be determined, and the
particle charge can be expressed14 as

Q ¼ (Vp � Vs)4πϵ0rp 1þ rp
λDL

� �
, (3)

FIG. 6. (a) Electron temperatures as functions of RF voltage with and without
modulation. (b) Ion densities as functions of RF voltage with and without RF
modulation. The frequency and duty cycle for modulation were 10 kHz and 30%,
respectively.

FIG. 7. (a) Electron temperatures as functions of modulation duty cycle. (b) Ion
densities of functions of modulation duty cycle. The frequency and RF voltage
were 10 kHz and 100 V, respectively.
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where λDL and ϵ0 are the linearized Debye length and the vacuum
permittivity, respectively.

λDL ¼ λDeλDiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ2De þ λ2Di

q , (4)

where λDe and λDi are the electron and ion Debye length,
respectively.17

In the case of particles getting charge in the sheath, electron
depletion and high ion drift speed toward the wall should be taken
into account. Considering the potential of particle, Vp, the plasma
potential, the plasma density, and the electron temperature at the
edge of presheath are denoted Vs, n0, and Te, respectively. Ion
density, ion drift velocity, and space potential at the local in the
sheath are as ni(z), ui(z), and V(z), respectively. The electron and
ion flows can be expressed by

Γe ¼ πrp
2ne

8kBTe

πme

� �1
2

exp
e(Vf � V(z)þ V(z)� Vp)

kBTe

� �
(5)

and

Γi ¼ πrp
2ni(z)ui(z) 1� e(Vf � V(z))

1
2miu2i

� �
, (6)

respectively. The particle charge should take a simple capacitor
model due to the electron depletion,

Q ¼ (Vf � Vp)4πϵ0rp: (7)

In order to calculate the particle charge in the sheath, the
ambient potential profile V(z) and the ion density distribution
ni(z) are necessary to be obtained by the sheath model, which is
given by the Bohm criterion and the Child-Langmuir law.15 In the
case of electron depletion in the ion sheath, local potential V(z) is
related to ion density nz,

@2V(z)
@z2

¼ � eni(z)
ϵ0

: (8)

By taking into account our experimental conditions, the mean
free path of ions can be estimated around 0.1 mm, which is smaller
than the estimated sheath width. The collision sheath model should
be taken, and the ion mean speed in the sheath can be expressed as

ui(z) ¼ μiE(z)

¼ �μi
@V(z)
@z

,
(9)

where μi and E(z) are the ion mobility and the electric field, respec-
tively. Since there is neither ion source nor drain in the sheath, the
ion current should remain constant,

Ji ¼ eni(z)ui(z) ¼ const: (10)

According to the Bohm criterion, to form an ion sheath, ions
should have a mean velocity of uB ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

(KBTe=mi

p
) at the sheath

edge.15 This requires that the ion density at the sheath edge
ni(s) ¼ exp(�1=2)n0 � 0:6n0, where n0 is the ion density in the

plasma bulk. The ion current is

Ji ¼ 0:6en0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(kBTe=mi

p
): (11)

By combining Eqs. (8), (9), and (11), V(z), E(z), and ni(z) can be
solved as

V(z) ¼ �
ffiffiffiffiffiffiffiffiffiffiffi
8Ji

9ϵ0μi

s
(D� z)

3
2, (12)

E(z) ¼ � @V(z)
@z

¼
ffiffiffiffiffiffiffiffi
2Ji
ϵ0μi

s
(D� z)

1
2, (13)

and

ni(z) ¼ ϵ0
e
@E(z)
@z

¼ ϵ0
2e

ffiffiffiffiffiffiffiffi
2Ji
ϵ0μi

s
(D� z)�

1
2: (14)

Here, D is a constant when one chooses the wall as z ¼ 0.
We determine the constant D and a sheath edge denoted as S.
Note that the constant D is not the sheath edge, since the ion
density ni(D) reaches infinity in Eq. (14). The sheath edge S should
be located in between z ¼ 0 and z ¼ D. Equations (12)–(14) are
available in an interval z [ [0, S). The interval z . S corresponds
to the pre-sheath region, where ions are accelerated to the Bohm
speed by the local electric field from ambipolar diffusion.16 The
ambipolar diffusion gives an ion current,

Ji(z) ¼ eni(z)ui(z) ¼ �eDa
@ni
@z

, (15)

where Da is the ambipolar diffusion coefficient. Taking an approxi-
mation as Da � μi

kBTe
e , the local electric field can be expressed as

E ¼ � kBTe

e
1
ni

@ni
@z

: (16)

At the sheath edge, the continuity condition of the electron field
requires that

lim
z!S�

E(z) ¼ lim
z!Sþ

E(z), (17)

therefore, ffiffiffiffiffiffiffiffi
2Ji
ϵ0μi

s
(D� S)

1
2 ¼ � kBTe

e
1

ni(S)
@ni
@z

����
z¼S

: (18)

Taking the Bohm criterion and the ambipolar diffusion [Eq. (15)]
into account, the continuity condition is given byffiffiffiffiffiffiffiffi

2Ji
ϵ0μi

s
(D� S)

1
2 ¼ kBTe

eDa
uB: (19)

Therefore,

D� S ¼ kBTeuB
eDa

� �2 ϵ0μi
2Ji

� ϵ0u2B
2Jiμi

: (20)
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At a steady state in the plasma, time averaged ion and electron
currents toward the walls,

Ji ¼ eni(S)uB (21)

and

Je ¼ ene(S)

ffiffiffiffiffiffiffiffiffiffiffi
kBTe

2πme

s
exp � e(Vwall � Vp(S))

kBTe

� �
, (22)

have to be equal, where me, Vwall, and Vp(S) are the electron mass,
the potential at the wall, and the plasma potential at the sheath edge,
respectively. Therefore,

eni(S)uB ¼ ene(S)

ffiffiffiffiffiffiffiffiffiffiffi
kBTe

2πme

s
exp � e(Vwall � Vp(S))

kBTe

� �
: (23)

At the sheath edge, the neutral condition ni(S) ¼ ne(S) gives

Vwall � Vp(S) ¼ � 1
2
ln

mi

2πme

� �
kBTe

e
: (24)

By substituting Vwall and Vp(S) by the potentials of V(0) and V(S),
the Child-Langmuir law was obtained [Eq. (12)]. Then, Eq. (24) is

�
ffiffiffiffiffiffiffiffiffiffiffi
8Ji

9ϵ0μi

s
D

3
2 þ

ffiffiffiffiffiffiffiffiffiffiffi
8Ji

9ϵ0μi

s
(D� S)

3
2 ¼ � 1

2
ln

mi

2πme

� �
kBTe

e
(25)

and derives

D ¼ eu2B
2Jiμi

� �3
2

þ 1
2
ln

mi

2πme

� �
8Ji

9ϵ0μi

� ��1
2 kBTe

e

 !2
3

: (26)

The sheath edge is given as S ¼ D� eu2B
2Jiμi

. Once the coefficient D and
sheath edge S are determined, the potential, electric field, and ion
density in the plasma sheath can be calculated from the electron
temperature and the ion density of the plasma bulk measured in the
experiments. Figure 8 shows the profiles of the electric field E(z) and
ion density ni(z) calculated as examples. The solid curve is a solution
of the Child-Langmuir law, which is available for z , S. z ¼ S is
considered as the sheath edge, where ions attain the Bohm speed.
The region z , S is the sheath, where electron depletion occurs, and
the region z . S is considered to have a quasineutral condition.
For z . S, the Child-Langmuir law being not available any longer,
one should take the dotted curve, which is the solution of ambipolar
diffusion. By using the sheath potential and ion density, the particle
charge can be calculated through Eqs. (5)–(7) for two particle sizes
in the sheath (Fig. 9). The electrical field increases and the particle
charge decreases with getting closer to the lower grounded electrode,
caused by the electron depletion.13 The electrostatic forces on the
particles, calculated by F(z) ¼ E(z)Q(z), are shown as functions of
height from the electrode in Fig. 10. There are maximum points of
electrostatic forces in the middle of the sheath edge and the lower
grounded electrode. Whether the particles can levitate or not
depends on the balance of gravitational force and the maximum elec-
trostatic force. While the maximum electrostatic force is larger than
the gravitational force, the particles can levitate at a position higher
than the maximum point of electrostatic force. In the calculation,

when the ion density decreases, the sheath width increases; however,
the electrostatic force decreases. When the electron temperature
decreases, the sheath width decreases too and the electrostatic force
decreases. The position of the particles can be changed by the
plasma parameters.

The electrostatic force acting on the particles in the sheath
was calculated by introducing the electron temperature and ion
density measured by the double-probe.9 The maximum electro-
static forces (Fe) in the experimental conditions were extracted
and plotted to compare with the gravitational forces (Fg) on the
particles (Figs. 11 and 12).

In Exp3, the RF voltage was fixed at 80 V and modulated at
10 kHz, and the electrostatic forces (Fe) decrease with decreasing
the modulation duty cycle (Fig. 11). When the modulation duty
cycle was decreased to 15%, the maximum electrostatic force for
the larger particles became weaker than the gravitational force,
while the electrostatic force acting on the smaller particles was still
stronger than the gravitational force. Thus, at 15% of the modula-
tion duty cycle, the larger particles fell down and the smaller parti-
cles remained trapped in the plasma.

FIG. 8. Electric field and ion density in sheath and presheath calculated with
the Child-Langmuir law (solid curve) and ambipolar diffusion (dotted curve).
S means the sheath edge. In the interval z , S, one should take the solid
curve. In z . S, the dotted curve is taken.
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In Exp1 and Exp2, maximum electrostatic forces in the sheath
were extracted as functions of RF voltage, with parameters of the
electron temperature corresponding to the modulation duty cycle
(Fig. 12). Solid circles and rectangles are for Exp1, without modula-
tion. Open marks are for Exp2, applied modulation at 10 kHz, 30%
of the duty cycle fixed. A decrease of the RF voltage caused a slight
decrease of the electrostatic force acting on the particles in the
sheath. Without modulation, the decrease in the RF voltage was
not enough to break the balance of the electrostatic and gravita-
tional forces. That is why in Exp1, we could not drop the larger

particles from the plasma without turning off the plasma by
extremely reducing the RF voltage. For Exp2, the tendency of the
electrostatic force as a function of the RF voltage was similar to that
of Exp1; however, the force was 10 times smaller than that of Exp1

FIG. 9. Charge of particles of 2:55 μm in diameter (dotted curve) and 1:05 μm
(solid curve) in the sheath, calculated from the plasma parameters of
Te ¼ 1:08 eV and ni ¼ 3� 109 cm�3.

FIG. 10. Electrostatic forces on particles of 2:55 μm in diameter (dotted curve)
and 1:05 μm (solid curve) in the sheath, calculated from the plasma parameters
of Te ¼ 1:08 eV and ni ¼ 3� 109 cm�3.

FIG. 11. Electrostatic forces in the sheath for particles of 2:55 μm in diameter
(red circles) and 1:05 μm (black rectangles) in changing the modulation duty
cycle from 90% to 15%. Two dotted straight lines show gravitational forces on
particles of 2.55 and 1:05 μm in diameter.

FIG. 12. Electrostatic forces in the sheath for particles of 2:55 μm in diameter
(red circles) and 1:05 μm (black rectangles) in changing the RF voltage from
80 V to 25 V in the case with and without modulation. Solid marks show the
case without modulation, where the electron temperature remained around 4 eV
in the experiments. Open marks show the case with the modulation at 10 kHz in
frequency 30% in the duty cycle, where the electron temperature remained
around 1 eV. Two dotted lines show gravitational forces for the particles of 2.55
and 1:05 μm in diameter.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 126, 043302 (2019); doi: 10.1063/1.5093349 126, 043302-8

Published under license by AIP Publishing.

https://aip.scitation.org/journal/jap


due to modulation. In this case, the maximum electrostatic force
acting on the larger particles became weaker than the gravitational
force by decreasing the RF voltage, and the larger particles fell
down and the smaller particles only remained in the plasma.

IV. CONCLUSION

RF power modulation and RF voltage regulation were applied
to low temperature RF dusty plasmas containing two sizes of parti-
cles. The particles’ behaviors were observed by laser light scattering.
By applying modulation and changing the modulation duty cycle,
particle transport was controlled: the position of the particle
descended slowly and the larger particles started to fall down for
a given value of the duty cycle. The ion density and electron tem-
perature in the experiments were measured by a double-probe
method. Calculations of the plasma sheath were combined with
the Child-Langmuir law and ambipolar diffusion. This combination
gave a reasonable spatial distribution of the ion density around the
sheath edge, compared with the Child-Langmuir law only, which
usually takes a boundary condition of E(S) ¼ 0 and causes the ion
density to be infinity at the sheath edge. The orbital-motion-limited
model was applied to calculate the mean charge of the particles in
the sheath. Finally, the electrostatic forces acting on the particles
were obtained in the calculations. As a result, decreasing the RF
voltage and modulation duty cycle can decrease the electrostatic
forces. Applying modulation and decreasing the modulation duty
cycle, the electrostatic force could be significantly decreased. By oper-
ating the RF voltage and the modulation duty cycle, one can regulate
the electrostatic force acting on the particles in the plasma sheath.
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