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Dust particles growing or injected in a plasma modify significantly the impedance of capacitively

coupled radio frequency discharges. The principal modifications are the increase of the plasma bulk

resistance and of the plasma sheath capacitance. In this work, we propose a method to evaluate the

impedance of the discharge (sheathþ plasma bulk) during the growth of dust particles in a plasma.

This method does not require the measurement of any current/voltage phase shift. Then, the

evolution of the power coupled into the plasma as well as the voltage drop across the plasma bulk are

derived. It follows that the plasma coupled power increases by a factor of five during the dust growth.

The effect of the reactor stray capacitance on the power coupled to the plasma is underlined. Finally,

a perfect correlation between the evolution of the size of the dust particles in the plasma and the

increase of the plasma/electrode sheath capacitance suggests that charged dust particles induce an

electrostatic force on the plasma sheath. An analytical model is proposed in order to take this

phenomenon into account in future dusty plasma electrical modelling.
VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3689013]

I. INTRODUCTION

Plasma induced dust production in capacitively coupled

radio frequency (CCRF) discharges has been and is still being

widely studied and the span of the researches is very broad.1–6

Sometimes, the occurrence of the dusts in the discharge is

studied in order to avoid it such as it is the case for microelec-

tronics applications7,8 where dusts are one of the most impor-

tant source of irremediable defects on microchips.9,10 On the

contrary, the production of dust can be desired in order to

create new materials with outstanding performances such as

thin film solar cells,11 super hard materials,12 self lubricating

coatings,13 or nanocrystalline diamonds.14 Besides, the ability

to measure the size and the concentration of dust particles

using a CCRF discharge has been underlined recently.15,16

All these applications have at least one common charac-

teristic: The electrical properties of the discharge are affected

by the presence of the dust particles in the plasma. This effect

has been successfully used to detect the occurrence of dust

formation in a discharge and to follow the different dust

growth phases measuring the self-bias voltage of the powered

electrode or the discharge current.17 Unfortunately, this empir-

ical diagnostic has to be adapted from one reactor to an other,

for example, changing the monitored current harmonics.

The initial aim of this work is to go deeper into the study

of the influence of dusts on the electrical properties of the dis-

charge such as the plasma coupled power or the voltage across

the plasma bulk. To meet this requirement, we particularly

focused on the discharge impedance evolution. At the operating

frequency (13.56 MHz), most of this impedance is due to the

plasma sheath but the plasma bulk impedance influence is not

negligible especially when dust particles are produced in the

plasma. Moreover, the electrode sheath thickness evolution

changes during the dust formation. This phenomenon, which is

observable with the naked eye in the presence of an important

dust concentration in the plasma, means that the electrode

sheath capacitance is modified by the presence of dust particles

in the discharge.

Measuring accurately, the electrical parameters of capaci-

tively coupled radio frequency discharges (i.e., the plasma
coupled power or the discharge current) have always been a

crucial point in this research area and simple methods are

required for experimental applications. Usually, subtractive
method is used to determine the power coupled to the plasma.

The purpose of this approach is to evaluate the plasma

coupled power by subtracting the power consumed in the im-

pedance matching circuit from the power provided by the gen-
erator.18 Such a method has been recently proposed by Nelis

et al.19 following Canpont20 and Marshall et al.21 Using a dif-

ferent approach, the originality of our method is to study the
impedance of the discharge without measuring the current

voltage phase shift at the electrode connected to the radiofre-

quency source (active electrode). The obtained results are

compared with an other work carried out under similar condi-
tions. Moreover, this approach helped us to point out the

effect of the stray capacitance on the power coupled to the

plasma during the dust growth and we noticed that the evolu-

tion of the electrode sheath capacitance is strongly correlated
with the evolution of the dust particle size.

This paper is organized as follows: Sec. II is dedicated to

the presentation of the experimental setup; in Sec. III, we pres-

ent how we calculate the plasma bulk impedance during the

dust growth from the measurement of the mean electron density

in the discharge; in Sec. IV, the circuit calibration protocol is

presented; Sec. V concerns the evolution of the electrical pa-

rameters of the discharge during the dust growth; and Sec. VI is

a discussion about the evolution of the electrode sheath capaci-

tance compared with other electrical parameters and with the

evolution of the size of the particles in the discharge. Finally,

we will conclude this contribution.

1070-664X/2012/19(3)/033701/8/$30.00 VC 2012 American Institute of Physics19, 033701-1
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II. EXPERIMENTAL SETUP

The CCRF discharge is carried out into a cylindrical dis-

charge box (13 cm diameter, 3.3 cm height) operating at low

pressure (100 Pa) which has been widely described else-

where.22 Dusts are produced in the plasma phase from a 98%

Ar/2% methane initial gas mixture. This reactor is coupled to

a 13.56 MHz generator through a L-type matching network

(see Figs. 1 and 2). The series (blocking) capacitance C3 at

the output of this circuit makes it possible to induce a DC

self-bias at the active electrode when the discharge is ignited.

The electrical potential of this electrode is measured using a

voltage probe for the alternating AC part and a low-pass filter

for its DC value. The electron density is measured from the

plasma induced shift of the TM010 (1.7 GHz) resonance

mode of the discharge box.23,24 The stray capacitance C2 of

the active electrode is 538 pF and has been measured with a

capacitance meter. The discharge is switched on during 20 s.

After this duration, the mean diameter of the spherical dust

particle formed in the discharge reaches 200 nm with 48 nm

standard deviation.15 In the mean time, the electron density,

the amplitude of the radio frequency voltage applied on the

active electrode (top electrode), and the self-bias voltage are

particularly affected (see Figs. 3 and 4). Moreover, the

750.4 nm argon line is recorded. As we can see in Figure 5,

the intensity of this atomic line increases by a factor of 4 to 5

during the dust growth. This radiative transition has a proba-

bility of 4:45� 107s�1 (Ref. 25) and corresponds to the spon-

taneous transition of the argon 2p1 ð3s23p5ð2P0
1=2
ÞÞ exited

level (13.48 eV) to the 1s2ð3s23p5ð2P0
3=2
ÞÞ state (11.83 eV).

An other 2p1 ! 1s4 radiative transition occurs at 667.7 nm

with an associated probability of 2:36� 105s�1 (Ref. 25).

Consequently, the 750.4 nm argon atomic line intensity is 200

times greater than the 667.7 nm argon atomic line which will

be neglected in this study. Moreover, we assume that the

plasma electron density is negligible compared to the neutrals

(which are considered as argon atoms), the electron tempera-

ture is rather weak and the pressure in the reactor is low

enough to neglect any quenching effects for argon exited

atoms. Thus, we can consider that most of the argon neutrals

are in fundamental state and the 2p1 level is mostly depopu-

lated through the 2p1 ! 1s2 spontaneous transition.26 Finally,

the auto-absorption is neglected and the electrons/neutrals col-

lisions remain the only argon neutrals excitation source. This

situation is characteristic of a coronal equilibrium and is

described at steady state by the following relationship:

nenArkexc ¼
n2p1

s
; (1)

with ne is the electron density, nAr ¼ 2:3� 1022m�3 is the ar-

gon neutrals density which is determined from the pressure in

the reactor, kexc is the neutral argon excitation coefficient corre-

sponding to a transition from fundamental to level 2p1 by elec-

tron/neutral collisions, s � 22 ns is the life time of the 2p1

excited state, and n2p1 is the population density of this level.

This density is proportional to the intensity of the 750.4 nm ar-

gon line and it has been determined after having performed the

energy calibration of the spectrometer thanks to a tungsten rib-

bon filament lamp. We find this density to be 1:21� 1011m�3

at the ignition of the discharge and it reaches 4� 1011m�3 after

20 s (see Fig. 5). The relationship between the excitation coeffi-

cient and the electron temperature has been calculated by

Gordillo-Vasquez et al.:27

kexc � 2:78� 10�15 expð�13:5=TeðVÞÞ: (2)

Combining Eqs. (1) and (2), we obtain the following expres-

sion for the electron temperature:

FIG. 1. (Color online) Schematic of the experiment.

FIG. 2. (Color online) Electrical equivalent

circuit of the experiment.
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TeðVÞ � �
13:5

ln 0:7
n2p1

ne

� � : (3)

Using this equation, the electron temperature evolution can

be determined during the dust growth. This result is pre-

sented in Figure 6 showing a 30% increase of the electron

temperature during the process.

III. IMPEDANCE OF THE PLASMA BULK

In order to simplify the study, it is useful to model the

discharge (sheathþ plasma bulk) as a series connection of a

resistor and a capacitor and to consider only the fundamental

frequency (13.56 MHz) of the applied voltage at the active

electrode.28 The resistor represents the plasma bulk whereas

the capacitance represents the electrode/plasma sheath. This

hypothesis is justified if the angular frequency x of the

voltage at the active electrode is small enough compared

to the electron/neutral collision frequency � which is our

case: x ¼ 8:52� 107rad � s�1 and � � 8� 108rad � s�1 in ar-

gon at 100 Pa (Ref. 18). According to this simple model, the

discharge impedance can be approximated by

Zp ¼ Rþ 1

jCsx
; (4)

with Cs the electrode/plasma sheath and R being the real part

of the plasma bulk impedance

R ¼ R
1

jxe0

ðh
0

dxÐS
0

er x; að ÞdS

0BBB@
1CCCA; (5)

¼ R
1

2jxe0p

ðh
0

dxÐd=2

0

a � er x; að Þda

0BBB@
1CCCA; (6)

where x and a correspond, respectively, to the axis and to the

radius vectors of the cylindrical discharge box, e0 and er are,

respectively, the permittivity in vacuum and the relative

permittivity of the plasma, h¼ 3.3 cm and d¼ 13 cm are,

respectively, the height and the diameter of the discharge

box. The relative permittivity of the plasma bulk is given

by23,24

er x; að Þ � 1� 3:18� 104 � ne x; að Þ
1þ j �x
�2 þ x2

; (7)

with ne x; að Þ the electron density that is supposed to present

a collisional regime (cosine) spatial profile18

FIG. 3. (Color online) Time evolution of the electron density.

FIG. 4. (Color online) Active electrode voltage amplitude (VRF) and self-

bias voltage (VDC) temporal evolution.

FIG. 5. (Color online) Plasma emission at 750.4 nm and population of the

state 2p1 versus time.

FIG. 6. (Color online) Evolution of the electron temperature versus time.
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ne x; að Þ ¼ 2:5� ne � sin
px

h

� �
cos

pa

d

� �
; (8)

where ne corresponds to the mean electron density determined

by microwave resonant cavity measurement (see Fig. 3).

The strong increase of the resistive part of the discharge

during the dust growth is presented in Figure 7. If we look at

the ignition of the discharge, the plasma bulk resistance is

found to be around 25 Ohms. This value is in a good agreement

with the work of Schauer et al. under similar conditions.29

As it will be presented in Sec. IV, this method for the

determination of the plasma bulk resistance offers the possi-

bility to analyze the evolution of the discharge impedance

without measuring neither the discharge current nor the

current/voltage phase shift which is particularly convenient

because this last measurement is rather difficult to be

performed accurately at 13.56 MHz.

IV. CALIBRATION WITHOUT DUST

In order to perform our analysis, we need to determine

every element of the load circuit. More precisely, we want to

know the value of r, the series resistance of the matching

circuit, and of L ¼ L1 � C3x2ð Þ�1
, the series inductance of

this circuit. This calibration can be performed in two steps,

r and L being respectively determined without and with

plasma in the reactor.

The impedance of the load circuit is given by (see Fig. 2)

ZL ¼ jC1xþ Z�1
2

� ��1
; (9)

with

Z2 ¼ r þ jLxþ Z1 (10)

and

Z1 ¼ jC2xþ Rþ jCsxð Þ�1
� ��1

� ��1

; (11)

with C2 ¼ 538pF the stray capacitance of the reactor, C1 the

load capacitance of the matching network, R the plasma bulk

resistance, and Cs the plasma sheath capacitance.

There are two resonances for ZL: x1 for which ZL is mini-

mum and x2 for which ZL is maximum. In order to induce a

dielectric breakdown between the electrodes of the reactor,

we need to apply a high voltage on the active electrode. The

best condition is obtained when the frequency delivered by

the RF generator matches with x2 and when the impedance

matching between the generator and the load is achieved. To

meet this requirement, one have to adjust C1 and C3.

A. Determination of r

The series resistance of the circuit is determined adjust-

ing the pressure in the reactor in order to avoid the ignition

of the plasma between the electrodes. The impedance match-

ing is then achieved adjusting L and C1 for a given power of

30 W. Then, C1 ¼ 1:64nF is determined using a capacitance

meter. This capacitance represents the capacitance of the

parallel capacitor of the matching circuit and the capacitance

of the cable starting from the generator to the matching box.

Moreover, we check that the highest voltage applied on the

active electrode is obtained when the impedance matching

is achieved meaning that x2 ¼ x ¼ 85:2� 106rad � s�1

when ZL ¼ Zg ¼ 50 X;x and Zg being, respectively, the ex-

citation angular frequency and the output impedance of the

generator. In these conditions, we have

x2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C1 þ C2

LC1C2

r
; (12)

and the impedance of the load circuit reduces to

ZL ¼
1

C1xð Þ2
1

r
� jC1x

� �
� 50 X; (13)

under usual conditions, 1
r � C1x, thus we find

r � 1

50 C1xð Þ2
� 1:02 X: (14)

B. Determination of L

In a second time, a pure argon plasma is ignited in the

chamber at a pressure of 100 Pa. As a consequence, the imped-

ance of the load circuit has to be readjusted due to the influence

of the plasma impedance. This task is achieved by adjusting L
(through C3) whereas C1 is kept constant. Then, cV2, the AC

voltage amplitude on the active electrode reaches 153 V. Using

Eqs. (9)–(11), it is straightforward to get the expression of cV2

when the impedance matching is achieved (ZL ¼ Zg)

cV2 ¼cV0

Z1ZL

ZL þ Zg

� �
Z2

					
					; (15)

where cV0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
8PgZg

p
� 110V is twice the output voltage

amplitude of the generator connected to a tuned load (Pg is

the output power delivered by the generator).

At first glance, it could appear difficult to get the value of

L from Eq. (15) because Cs, the plasma sheath capacitance, is

also unknown (plasma bulk resistance has been determined in

Sec. III). Remembering that the tuned load has a 50 OhmsFIG. 7. Evolution of the plasma bulk resistance during the dust growth.
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impedance, we get a second equation and the problem can be

solved. As shown in Figure 8, there is only one couple

(Cs � 28 pF; L � 329 nH) in our experimental conditions

which is compatible with a 153 V RF voltage amplitude at the

active electrode.

We can now compute the power coupled to the load

Pl ¼
cV2ffiffiffi

2
p

 !2
Z2

Z1ZL

				 				 cos uLð Þ � 29:9 W; (16)

with ZLj j and uL being, respectively, the modulus and the

argument of ZL, the load impedance.

Finally, the power which is effectively coupled into the

plasma is given by

Pp ¼
cV2

� �2

2 Zp

		 		 cos up

� �
� 2 W; (17)

with Zp

		 		 ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þ Csxð Þ�2

q
and up ¼ � arctanð RCsxð Þ�1Þ

being, respectively, the modulus and the argument of Zp, the

discharge impedance (sheathþ plasma). We notice that only

7% of the power delivered by the generator ends up in the

plasma, the rest is dissipated in the matching network, essen-

tially through r.

The electrical parameters of the circuit which have been

determined for a dust-free plasma are summarized in Table

I. At this point, every element of the electrical circuit has

been determined for a dust-free discharge. Let us see now

what happen when dust particles appear in the plasma.

V. ELECTRICAL PARAMETERS EVOLUTION DURING
THE DUST GROWTH

After the impedance matching is accurately adjusted for a

pure argon discharge, methane is injected in the chamber and

the discharge impedance begins to drift due to the formation

of dust. This phenomenon induces strong modifications on the

voltage amplitude at the active electrode (see Fig. 4). In the

mean time, every element of the matching circuit is kept con-

stant. The plasma bulk impedance is determined according to

the measurement of the mean electron density (see Figs. 3 and

7). Consequently, the sheath capacitance evolution can be

determined from Eq. (15), where it is the only remaining

unknown. The result is presented in Figure 9 where it is possi-

ble to identify four different phases on the evolution of the

sheath capacitance during the dust growth. These phases,

which are presented in Table II, are correlated with those of

the dust formation that are usually identified on the evolution

of the electron density.17,30,31

Obviously, the evolution of the discharge impedance

modifies the coupled power to the load and to the plasma.

This is what is presented in Figure 10 where we can see that

the power coupled into the plasma increases by a factor of

five (2 W!10 W) during the dust formation while the power

coupled to the load decreases slightly during the dust growth

(29.9 W!27 W) due to the drift of the load impedance.

Actually, we found that the plasma coupled power is more or

less inversely proportional to the electron density in the reac-

tor, which is in accordance with theory.18 Moreover, the am-

plitude of the radio frequency voltage drop across the plasma

bulk is enhanced in the same way as the plasma coupled

power during the dust growth (see Fig. 11) leading to a strong

increase of the electric field in the plasma. These phenomena

trigger the increase of the plasma light emission (Fig. 5), of

the ionisation rate and of the electron temperature (Fig. 6)

usually observed during a dust growth in a capacitively

FIG. 8. Relationship between L, Cs, and cV2 for an optimized impedance

matching.

TABLE I. Parameters of the electrical circuit without dust in the plasma. Pg

is the power provided by the generator.

Name Value Unit

C1 1640 pF

C2 538 pF

Cs 28 pF

r 1.02 X
R 25 X
Zg 50 X
L 329 nH

Pg 30 W

Pl 29.9 W

Pp 2 W

FIG. 9. (Color online) Time evolution of the electrode plasma sheath

capacitance.
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coupled radio frequency discharge and reported in many

works.17,22,32–36

Finally the phase shift between the current and the volt-

age at the active electrode was computed according to the

evolution of the discharge impedance (see Fig. 12). In our

conditions, the phase shift evolution is monotonous during

the dust formation. This is not what Schauer et al. obtained

in their experiments. This discrepancy could be due to the

dust particle size and/or concentration which might have

been higher in Schauer’s experiment than in ours leading to

a bigger electron density decrease during the dust formation

due to electron attachment on the dust particles. Neverthe-

less, a comparison can be carried out if we roughly extrapo-

late our measurements. In fact, we can notice that the plasma

bulk resistance is inversely proportional to the mean electron

density as follows:

R � 2:4� 1017

ne
þ 4:05; (18)

and during the last phase of our dust growth

(ne < 3� 1015m�3 or 6 < t < 20 s), the sheath capacitance

is proportional to the plasma bulk resistance as follows:

Cs � 4:4� 10�13 þ 6:5� 10�12; (19)

if we consider this relationship to remain valid for smaller

electron densities, the plasma bulk resistance and the plasma

sheath capacitance can be extrapolated for smaller electron

densities. Then, the phase shift between the current and the

voltage at the active electrode can be extrapolated taking into

account the stray capacitance C2. This extrapolated phase shift

is presented in Figure 13 which is in a very good accordance

with the work of Schauer et al. in the sense that the phase shift

evolution with respect to the electron density might be not

monotonous during the dust growth if the electron density is

small enough (or the dust concentration and/or size are too

much important). If we still consider our extrapolation for R
and Cs, the relationship between the electron density and the

power coupled to the plasma can be calculated for electron

density smaller than 3� 1015m�3. As shown in Figure 14, the

power coupled to the plasma could reach 50% of the power

delivered by the generator in our experimental conditions, this

value being related to an electron density of about 1015m�3.

In order to study the effect of the stray capacitance on the

power coupled to the plasma, this power is also calculated

varying the stray capacitance value into the range 65% and

calculating which value for L should be set to achieve the im-

pedance matching without dust. The range of variation of the

stray capacitance is chosen in order to ensure that our extrapo-

lations are still acceptable. In practice, the stray capacitance

value is usually found between 100 pF and several nF. For

such values, we have no guarantee that our hypothesis remains

acceptable. Yet, it appears in Figure 14 that the effect of the

stray capacitance on the power coupled into the plasma is not

negligible. Consequently, the stray capacitance should

TABLE II. Identification of the different dust growth phases.

Beginning (s) End (s) Dust growth phase

0 2 Methane conversion

2 3 Nucleation

3 6 Agglomeration

6 20 Surface deposition growth

FIG. 10. (Color online) Load (a) and plasma (b) coupled powers evolution.

FIG. 11. (Color online) Plasma bulk voltage drop evolution during the dust

growth.

FIG. 12. (Color online) Curent/voltage phase shift at the active electrode

versus time.
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influence the ionisation rate and the electron temperature

evolution that is to say the dust growth kinetic. Finally, this

parasitic capacitance might explain the usual discrepancies

observed comparing similar experiments carried out on differ-

ent reactors. This result suggests the necessity to consider the

whole electrical circuit if one want to reproduce an experi-

ment on another setup or if one want to model (and then com-

pare with reality) the electrical evolution of the discharge

during a dust growth.

VI. DUST PARTICLE SIZE AND SHEATH
CAPACITANCE CORRELATION

As the electron density decreases in the plasma during

the dust formation, the plasma electrode sheath width

should increase according to dust-free discharge classical

theories.18,37–39 Actually, we observe even with the naked eye a

decrease of the plasma electrode sheath width (which implies

an increase of the electrodes sheath capacitance). This experi-

mental observation is in accordance with the evolution of the

sheath capacitance determined in Sec. V (see Fig. 9). Thus, it

appears that classical (dust-free) models have to take into

account the effect of the dust particles on the electrical parame-

ters of the discharge. During our measurements analysis, we

noticed that the increase of the sheath capacitance is propor-

tional to the dust particles size. In fact, there is a perfect match

between the increase of the sheath capacitance (DCs) and the

ratio between the variation of the self bias (DVDC) and the vari-

ation of the electron density (Dne). In a previous work,15 we

have demonstrated that this last ratio is proportional to the dust

particle size during the agglomeration and the surface deposi-

tion growth phases. The comparison is shown in Figure 15.

After studying different hypothesis in order to explain

this phenomenon, we interpret this experimental finding as

the result of the interaction between the electric fields of the

electrode sheath and of the dust particle sheath. In fact, the

dust particles being charged proportionally to their size /d

(orbital motion limited theory40,41), those located in the vi-

cinity of the sheath exert an electrostatic force on the sheath.

Moreover, it is reasonable to consider the dust particle con-

centration to remain constant in the vicinity of the electrode/

plasma sheath during the process so the force exerted by the

dust particles on the discharge sheath should be proportional

to the mean size of the particles located close from the

sheath. If we assume that the sheath width variation Dsm is

proportional to the size of the dust particles, the electrode

sheath capacitance (which corresponds mainly to the active

electrode sheath capacitance in a strongly asymmetric dis-

charge18) during the dust growth is given by

Cs ¼
Cs0

1� Dsm

sm0

(20)

¼ Cs0

1� a/d

sm0

(21)

with Cs0
and sm0

the initial electrode sheath capacitance and

the initial sheath thickness at the ignition of the discharge

and a is a positive constant. Finally, if the relative variation

of the sheath thickness is small such as it is the case for our

experiment, a first order Taylor series approximation of

FIG. 13. Active electrode current/voltage phase shift extrapolation versus

the electron density.

FIG. 14. (Color online) Plasma coupled power extrapolation versus the elec-

tron density for different stray capacitances. The power delivered by the

generator is 30 W.

FIG. 15. (Color online) Comparison between DCs and DVDC

ne
(/d is the diame-

ter of the dusts according to Ref. 15).
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Eq. (20) exhibit the observed linear relationship between the

electrode sheath capacitance and the size of the dust particles

Cs � Cs0
1þ a � /d

sm0

� �
: (22)

VII. CONCLUSION

This work which was initially performed in order to

study a new method to measure the power coupled to the

plasma has brought a lot more. We have demonstrated the

ability to measure the evolution of the plasma coupled power

and of the discharge impedance without measuring the phase

shift between the current and the voltage at the active elec-

trode. This method allowed us to follow the evolution of the

plasma impedance during the dust formation. We noticed

that a strong increase of the power coupled into the plasma

occurs due to the dust particles formation. This phenomenon

is responsible for the increase of the light emission and of

the electron temperature of the plasma.

Moreover, we pointed out the effect of the stray capaci-

tance on the power coupled into the plasma. This capacitance

should play a role on the dust particle growth in the reactor

and could be responsible for discrepancies between similar

experiments.

Finally, we underlined that theoretical models developed

for dust-free discharges should be completed in order to take

into account the presence of the dust particles in the dis-

charge and we proposed a way to correlate the evolution of

the sheath capacitance and the size of the dust particles in

dusty plasma. This result should be used by people who want

to model dusty plasma sheath.
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