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Two-dimensional axisymmetric particle-in-cell simulations with a Monte Carlo collision algorithm

(PIC-MCC) have been conducted to investigate the effect of capacitive coupling in a miniature

inductively coupled plasma source (mICP) by using two models: an inductive model and a hybrid

model. The mICP is 3 mm in radius and 6 mm in height with a three-turn planar coil, where argon

plasma is sustained. In the inductive model, the coil is assumed to be electrostatically shielded, and

thus the discharge is purely inductive coupling. In the hybrid model, we assume that the different

turns of the coil act like electrodes in capacitive discharge to include the effect of capacitive

coupling. The voltage applied to these electrodes decreases linearly from the powered end of the

coil towards the grounded end. The numerical analysis has been performed for rf frequencies in the

range of 100–1000 MHz, and the power absorbed by the plasma in the range of 5–50 mW at a fixed

pressure of 500 mTorr. The PIC-MCC results show that potential oscillations at the plasma-

dielectric interface are not negligible, and thus the major component of the absorbed power is

caused by the axial motion of electrons in the hybrid model, although almost all of the power

absorption is due to the azimuthal motion of electrons in the inductive model. The effect of

capacitive coupling is more significant at lower rf frequencies and at higher absorbed powers under

the calculation conditions examined. Moreover, much less coil currents are required in the hybrid

model. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4764333]

I. INTRODUCTION

In order to broaden the application fields of microplasma

sources, such as microthrusters,1–7 plasma displays,8,9 minia-

ture mass spectrometers,10 and plasma biomedicine,11 it is

crucial for a profound understanding of microplasma charac-

teristics. For measurements of plasma parameters in a small

space of less than a few millimeters the Langmuir probe

method is very challenging, so optical diagnostics are widely

used instead.9 However, the spatial distribution of plasma pa-

rameters is not readily available in experiments, and thus the

information obtained from such experiments is limited. Since

numerical simulations can also be useful to compensate for a

lack of information, many fluid and particle simulations have

already been performed.1,5–7,12–16

In our previous study, two-dimensional axisymmetric

particle-in-cell simulations with a Monte Carlo collision

algorithm (PIC-MCC) were conducted to investigate the ar-

gon microplasma characteristics of a miniature inductively

coupled plasma source (mICP) with a 5 mm diameter planar

coil, where the radius and length are 5 mm and 6 mm, respec-

tively.16 The numerical results were in reasonable agreement

with the experimental data. In this model, however, capacitive

coupling of the rf antenna coil to the plasma through a dielec-

tric window was not taken into account. Hopwood et al.17,18

fabricated a mICP generator and experimentally investigated

the plasma characteristic, which was to be expected in induc-

tive discharges; their Langmuir probe measurements indicated

that the electron temperature and the plasma potential were in-

dependent of the rf power.

However, there should be a large potential difference

between both coil ends since such mICPs were operated at a

high frequency of �500 MHz.17–20 For example, if a mICP

with a coil inductance L¼ 40 nH is sustained by inducing

the coil current Icoil¼ 1 A at the rf frequency f¼ 500 MHz,

the potential drop reaches 126 V by calculating 2pfLIcoil. In

conventional large ICPs, high electron densities (1011–

1012 cm�3) can be obtained, and thus the sheath thickness

(�0.1 mm) is much less than the thickness of the dielectric

window (a few cm). In this case, most of the potential can be

dropped across the dielectric window, and thus capacitive

coupling can be neglected.21 However, in mICPs the electron

density is usually one order of magnitude lower than that in

conventional ICPs, and the dielectric window is very thin (a

few hundred lm).18–20 In this case, the sheath thickness

becomes comparable to, or larger than, the dielectric window

gap, and thus most of the large potential can be dropped

across the sheath, implying that capacitive coupling would

not be neglected if a Faraday shield is not inserted between

the antenna and the plasma. Since the mICP developed by

Hopwood et al.17–20 did not have a Faraday shield, their

mICP might be sustained by capacitive discharges rather

than inductive discharges. On the other hand, Doughty22 fab-

ricated a mICP with a Faraday shield and showed that his

mICP can operate with the shield. The difference between

with and without a Faraday shield is to be investigated.

Although there are several papers on fluid simulations

including capacitive coupling for conventional large ICPs,23–25a)E-mail: takao.yoshinori.7a@kyoto-u.ac.jp.
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there are no papers on PIC-MCC simulations taking into

account the effect of capacitive coupling for mICPs, to the best

of our knowledge. In this work, we have incorporated the effect

of capacitive coupling into our PIC-MCC model by using a

simple method, which expresses the potential oscillation at the

coil-dielectric interface. The purpose of this study is to investi-

gate the effect of capacitive coupling in a mICP with a three-

turn planar coil based on two models. The numerical model is

described in Sec. II. The results and discussion are then pre-

sented in Sec. III, where we have indicated that most of the

power deposition occurs in the axial direction when capacitive

coupling is included, and the effect of capacitive coupling

becomes more significant at lower frequencies and at higher

absorbed powers. Finally, conclusions are drawn in Sec. IV.

II. NUMERICAL MODEL

Figure 1 shows a schematic of the mICP with the 5 mm

diameter planar coil presently investigated, which has the

same dimensions as that fabricated by Minayeva and Hop-

wood.19 The microplasma source is composed of a cylindrical

metal tube the inner radius and the length of which are 3 mm

and 6 mm, respectively. The three-turn coil is located on the

top of a 700 lm thick dielectric window, and the bottom of

the plasma source is bounded by a metal wall. The Ar plasma

is generated by the rf current applied to the coil at high fre-

quencies of 100–1000 MHz for a relatively high pressure of

500 mTorr, compared with conventional ICPs. The grid spac-

ing is set at 0.1 mm at regular intervals, and the cylindrical

coordinates (r-z) are employed, with the origin being placed

on the z-axis at the bottom of the plasma source.

The present PIC-MCC model consists of the electro-

magnetic equation for the rf-induced azimuthal electric field,

Poisson’s equation for the electrostatic field due to the space

charge, the equation of motion, and collisions of charged

particles. A number of simulated superparticles (singly ion-

ized argon ions and electrons) are loaded into a two-

dimensional spatial computational mesh (r, z), along with

three velocity components (vr, vh, and vz). The equation of

motion for charged particles is solved explicitly by a time-

centered leap frog method for time integration and the

Buneman-Boris method for the velocity advance with a coor-

dinate rotation for the position advance.26 The collision of

charged particles can be treated separately from the calcula-

tion of motion as long as the time step chosen is much

smaller than the mean free time.27 The postcollision veloc-

ities of charged particles are determined by the conservation

equations of momentum and energy. The reactions to be

taken into account are elastic scattering, excitation, and ioni-

zation for electrons and elastic scattering and charge

exchange for ions,28–31 which are described by the null-

collision method to reduce the calculation time.29 The data

on the cross-sections for electron-neutral and ion-neutral col-

lisions are the same as those used in Ref. 16. Neutral par-

ticles are assumed to be spatially uniform throughout the

simulation with a Maxwellian velocity distribution at a gas

temperature of 300 K. The motion of excited-state atoms,

Coulomb collisions between charged particles and the sec-

ondary electrons are not considered in this study. Our PIC-

MCC model generally follows the methodology described in

Ref. 16 and the references therein.

A. Electromagnetic field

The mICP is generated by the rf current applied to the

antenna coil. All wave quantities, such as the electromag-

netic field and current density, are assumed to vary harmoni-

cally in time as eixt, where i is the square root of �1, t is the

time, and x is the rf angular frequency. We also assume that

the coil is composed of three concentric rings, so that the

electric field only has the azimuthal component. Then, the

induced electric field Eh and the plasma current density jh are

set to be Eh ¼ ~Eheixt and jh ¼ ~jheixt , respectively, where
~Eh and ~jh are the complex amplitudes. The complex ampli-

tude of the electromagnetic fields is obtained from the fol-

lowing equation:32–35

@2

@r2
þ 1

r

@

@r
þ e0l0x

2 � 1

r2
þ @2

@z2

� �
~Eh ¼ ixl0

~jh; (1)

where e0 is the electric permittivity of a vacuum and l0 is the

magnetic permeability of a vacuum. The boundary condi-

tions of ~Eh are set to zero at the metal wall assuming per-

fectly conducting materials, and on the z-axis (r¼ 0) owing

to the axisymmetry. On the plasma-dielectric window inter-

faces the electric field is analytically derived from Biot-

Savart’s law, which is the sum of the fields over the three-

turn coil current and the plasma current.33–36 The magnetic

field B is then obtained from Faraday’s law with the electric

field determined by Eq. (1).

To solve Eq. (1) the relation between ~jh and ~Eh should

be specified. In the PIC-MCC model, one can derive the

plasma current density directly by following electron trajec-

tories. This calculation is fully kinetic and no assumptions

FIG. 1. Schematic of the mICP with the 5 mm diameter planar coil. The sim-

ulation area for charged particles is only the Ar plasma region (6 mm in

height and 3 mm in radius), while that for the potential is both the Ar plasma

and dielectric regions (6.7 mm in height and 3 mm in radius). The grid spac-

ing is set at 0.1 mm at regular intervals, and cylindrical coordinates (r-z) are

employed, with the origin being placed on the z-axis at the bottom of the

plasma source.
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are required about the mechanism of electron heating. The

kinetic plasma current density is obtained from the following

equation:37

~jh ¼
1

Vg
Rð�qWevhÞexpðiDwÞ; (2)

where q is the charge, Vg is the cell volume centered at a grid

point, We is the weight of an electron superparticle (i.e., the

number of physical electrons per computational particle for

electrons), vh is the amplitude of the azimuthal component of

the electron velocity at the fundamental frequency, R is the

summation of all the electron superparticles in the volume

Vg, and Dw is the phase difference between Icoil and jh. The

azimuthal component of the ion current density can be

ignored owing to the low mobility.

B. Electrostatic field

The potential / and electrostatic field E due to the space

charge are given by

@2

@r2
þ 1

r

@

@r
þ @2

@z2

� �
/ ¼ � qðr; zÞ

e0

; (3)

E ¼ �r/; (4)

where q is the charge density. To solve Eq. (3) we choose to

derive our finite differenced Poisson equation using a Gaus-

sian pillbox on our rectangular mesh.38 The boundary condi-

tions of / are zero potential on the metal wall. On the

plasma-dielectric interfaces, the surface charge rd on the

dielectric is also taken into account and obtained from the

summation of the charged particles incident thereon. The

electric fields on the plasma-dielectric boundaries are solved

using half-size Gaussian pill boxes.38 It should be noted that

the dielectric region is also included in the potential calcula-

tion, although the simulation area for charged particles is

only the Ar plasma region.

C. Capacitive coupling

In order to investigate the effect of capacitive coupling

of the rf antenna coil, we set two types of boundary condition

on the top of the dielectric window (z¼ 6.7 mm). Here, the

dimensional effect of the coil is ignored and the current

along the coil is assumed to be concentrated on the coil-

dielectric interface. Figure 2 shows a schematic of the poten-

tial profile at the coil position z¼ 6.7 mm for both cases with

and without the effect of capacitive coupling (w/ CC and w/o

CC). When capacitive coupling is not included, we assume

that the coil is electrostatically shielded, and the potential is

fixed at zero over the entire dielectric region with z¼ 6.7 mm

as a boundary condition; thus, the discharge is purely induc-

tive coupling. We refer to the analysis based on this as the

inductive model (or expressed as “w/o CC” for short). On

the other hand, when capacitive coupling is included, the

innermost coil is assumed to be connected to an rf generator

while the outermost coil is assumed to be connected to the

ground. We also assume that the different turns of the coil

act like electrodes in capacitive discharge. The voltage

applied to these electrodes decreases linearly from the pow-

ered end of the coil (r¼ 1.3 mm) towards the grounded end

(r¼ 2.3 mm) and the z-axis. The potential between the outer-

most coil (r¼ 2.3 mm) and the side metal wall (r¼ 3.0 mm)

is fixed at zero. Since the coil with inductance L has the im-

pedance of ixL, the potential at the innermost coil oscillates

as /(t)¼xLIcoil cos(xt) when the time-varying current of

the rf coil is taken as I(t)¼ Icoil sin(xt). Here, the coil induct-

ance L is set at 36 nH in our calculations.17 We refer to the

analysis based on this as the hybrid model (or “w/ CC”). It

should be noted that the above approximation would lead to

an overestimation of capacitive coupling since Icoil decreases

along the coil owing to capacitive coupling between the coil

and plasma.23,25 Implementation of this effect within our

model is left for future work.

D. Additional remarks

Initially, spatially uniform ions and electrons with Max-

wellian velocities are loaded in the simulation area, where

the initial number of electron and ion superparticles is set at

550 000. When the number exceeds or falls below a prede-

fined limit owing to their ionization or disappearance at the

boundaries, the number of superparticles is adjusted to about

the initial number in the same manner as described in

Ref. 39. In order to speed up the simulation, ions motion

and collisions are calculated only once per 25 electron time

steps, owing to their difference in the speed of motion. Here,

the numerical time step for electrons Dte is taken to be

FIG. 2. Schematic of the potential profile on the top of the dielectric window

(z¼ 6.7 mm) for (a) the inductive model (without the effect of capacitive cou-

pling: w/o CC) and (b) the hybrid model (with the effect of capacitive cou-

pling: w/ CC). In the inductive model, the potential is fixed at zero as a

boundary condition. In the hybrid model, the innermost coil is assumed to be

connected to an rf generator while the outermost coil is assumed to be con-

nected to the ground, and the voltage decreases linearly from the powered

end of the coil (r¼ 1.3 mm) towards the grounded end (r¼ 2.3 mm) and the

z-axis. Here, the dimensional effect of the coil is ignored, and the coil current

flows at points r¼ 1.3, 1.8, and 2.3 mm on the coil-dielectric interface.
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5.0� 10�12 s under every calculation condition presented in

Sec. III. The time step is sufficient to resolve the electron

plasma frequency and is much smaller than the mean free

time in every case. The total power absorbed by the plasma

Pabs is obtained by calculating the change in kinetic energy

of electrons and ions before and after each charged particle

is moved on integrating the equation of motion.40 In the sim-

ulation, the total power absorption is used as an input param-

eter; we rescale Icoil to yield the specified total power

absorption until the steady state solution is obtained. The

macroscopic parameters, such as the electron density and

electron temperature, are determined by averaging over 5 ls

after the steady state is reached.

III. RESULTS AND DISCUSSION

A. Base case condition

The PIC-MCC simulations for both the inductive and

hybrid models were carried out at an Ar gas pressure p¼ 500

mTorr, rf frequency f¼ 500 MHz, and absorbed power

Pabs¼ 10 mW as the base case condition. It should be noted

that the volume-averaged power density at 10 mW for the

mICP shown in Fig. 1 is calculated to be 5.9� 10�2 W/cm3,

which is comparable to that for conventional ICPs.32 In such

mICPs, the power transfer efficiency was determined to be

less than a few percent below 1 Torr because most of the rf

power was dissipated in the microfabricated circuit.19

Figure 3 shows the two-dimensional distribution of the

absorbed power density Q, electron temperature Te, electron

density ne, and potential / in the mICP under the base case

condition. The distribution of Q in the inductive model is

quite different from that in the hybrid model. In the inductive

model, most of the rf power is deposited locally near the coil

in a toroidal pattern, where the electrons are heated, and a

negative power deposition can be seen in most of the bulk

area because of the electron diffusion towards the walls,

while a positive power deposition appears widely in the

hybrid model. In both models, a positive power deposition

on the walls is exhibited owing to the ion heating in the

sheath area. Since electrons diffuse to the bulk region and

FIG. 3. Two-dimensional distributions of the time-averaged (a) absorbed power density Q, (b) electron temperature Te, (c) electron density ne, and (d) potential

/ in the mICP based on the inductive model (left, w/o CC) and the hybrid model (right, w/ CC), calculated at the Ar gas pressure p¼ 500 mTorr, rf frequency

f¼ 500 MHz, and absorbed power Pabs¼ 10 mW as a base case condition.

093306-4 Takao, Eriguchi, and Ono J. Appl. Phys. 112, 093306 (2012)

Downloaded 08 Nov 2012 to 130.54.110.71. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



lose their energy through collisions, Te decreases around the

center of the mICP, where the flat potential is obtained. The

effect of the ambipolar diffusion increases Te near the plasma-

sheath interface and the deceleration of electrons decreases Te

near the walls due to the potential barrier. The peak Te is

obtained at a position close to where the peak Q is seen in the

inductive model, while there is no significant peak in the

hybrid model and the high Te spreads to the bottom area com-

pared to the inductive model. Although the gas pressure is rel-

atively high, the peak ne is not localized where the peak Q is

obtained and exhibited on the z-axis close to the coil, owing to

the diffusion effect and large surface-to-volume ratio of the

mICP. In the hybrid model, the peak ne is a little away from

the coil and its value (6.9� 1010 cm�3) is slightly lower than

that in the inductive model (7.1� 1010 cm�3). While the dis-

tribution of / is similar to that of ne, the peak / in the hybrid

model (18.8 V) is slightly higher than that in the inductive

model (17.9 V), which implies the effect of capacitive

coupling. Compared with the difference of Q distributions

between both models, measurable parameters (Te, ne, and /)

show little difference among their distributions. Therefore, it

would be almost impossible in experiments to measure the

difference in distributions obtained above.

Figure 4 shows the axial distributions of the potential /,

electron density ne, and ion density ni at the innermost coil

(r¼ 1.3 mm) in the mICP based on the hybrid model under

the base case condition. The plots of / and ne are shown at

several times in the phase of the rf cycle: xt/2p¼ 0, 1/8, 2/8,

4/8, 5/8, and 6/8. Here, the ion is immobile during the rf

cycle of 500 MHz, so that the profile of ni is plotted as a

time-averaged value. Since the thickness of the dielectric

window is comparable to the sheath thickness, as shown in

Fig. 4(b), the amplitude of the potential oscillation at

plasma-dielectric interface (z¼ 6.0 mm) is about half of that

at the three-turn coil (z¼ 6.7 mm), and hence the effect of

capacitive coupling is not negligible. As shown in the inset

in Fig. 4(b), the value of ne becomes maximum at the phase

xt/2p¼ 1/8 and minimum at 5/8, although the maximal and

minimal values of / at z¼ 6.7 mm are obtained at xt/2p¼ 0

and 4/8, respectively. Since electrons have inertia and the rf

frequency is relatively high, electrons slightly lag the poten-

tial. Moreover, / at z¼ 6.0 mm is asymmetric with respect

to zero and its time-averaged value becomes slightly nega-

tive (see Fig. 10(b)). Since the net direct current should be

zero on the dielectric wall, the dielectric window plays the

role of a blocking capacitance for capacitive discharges.

Figure 5 shows the normalized electron energy probabil-

ity function (EEPF) in the entire plasma area under the base

case condition. Here, the normalized EEPF fp (e) is defined

as fpðeÞ ¼ fdðeÞ=
ffiffi
e
p

, where e is the electron energy in elec-

tron volt and fd(e) is a normalized electron energy distribu-

tion function, i.e.,
Ð

fdðeÞde ¼ 1. As shown in the figure,

both the EEPFs are non-Maxwellian. At higher electron

energies, depletions in EEPFs are clearly seen owing to the

inelastic collisions, where the depletions occur above the ex-

citation threshold energy (Eex¼ 11.6 eV). At lower electron

energies, the EEPF of the inductive model is the same as that

of the hybrid model, while the inductive model results in a

large amount of high energy electrons compared with the

hybrid model. A high electron energy leads to a high ioniza-

tion rate (as will be shown in Table I in the following Sub-

section III B), and then a high electron density in the

inductive model as shown in Fig. 3(c).

B. Frequency dependence

Figure 6 shows the time-averaged distribution of ne and

its peak values in the mICP as a function of rf frequency in

the range of 100–1000 MHz. In the inductive model, the dis-

tribution of ne is almost independent of the frequency, where

the peak ne occurs at around z¼ 4.7 mm on the z-axis under

every frequency condition, while the peak ne slightly

decreases with increasing frequency. In the hybrid model,

the distribution of ne is dependent on the frequency and the

peak ne significantly increases with an increase in frequency.

The position of the peak ne moves away from the coil with

decreasing frequency, implying a thicker sheath adjacent to

the coil and less inductive coupling.

Figure 7 shows the axial distribution of the time-

averaged / and the surface charge density on the dielectric

window at the innermost coil (r¼ 1.3 mm) for f¼ 100, 250,

500, and 1000 MHz. The potential distribution is almost in-

dependent of the frequency in the inductive model, while

FIG. 4. Axial distributions of the (a) potential /, (b) electron density ne and

ion density ni at the innermost coil (r¼ 1.3 mm) in the mICP based on the

hybrid model (w/ CC) under the same conditions as those in Fig. 3. Notice

that the three-turn coil is located at the axial distance z¼ 6.7 mm as shown

in Fig. 1. The plots of / and ne are shown at several times in the phase of

the rf cycle: xt/2p¼ 0, 1/8, 2/8, 4/8, 5/8, and 6/8, while ni is plotted as a

time-averaged value. The inset shows the detailed profiles of ne and ni in the

sheath region adjacent to the coil.
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significant frequency dependence is observed in the hybrid

model, where / in the bulk area increases and / at the plasma-

dielectric interface decreases and exhibits significantly nega-

tive values with decreasing frequency. At lower frequencies,

more electrons reach the dielectric window during the positive

cycle of the potential oscillation, so that the dielectric window

is more negatively charged, which results in the negative

potential on the dielectric. This large potential difference

between in the bulk and on the dielectric leads to the large ion

heating. Since a larger fraction of rf power deposits into ions

through the acceleration in the sheath, which reduces the

power deposition into electrons, ne decreases with decreasing

frequency. In addition, the large negative potential increases

the sheath thickness adjacent to the coil, which results in the

distribution of ne as shown in Fig. 6(a).

Table I shows the coil current Icoil and power balance

results based on both models for f¼ 100, 250, 500, and

1000 MHz. The total power absorbed by the plasma Pabs

consists of the electron heating Pabs,e and ion heating Pabs,i,

while the total power lost by the plasma Ploss is equal to the

sum of the power lost to electron and ion wall losses (Pl,e,wall

FIG. 5. Normalized EEPFs in the entire plasma area based on the inductive

model (w/o CC) and the hybrid model (w/ CC) under the same conditions as

those in Fig. 3. Here, Eex and Eiz are the excitation and ionization threshold

energies, respectively.

TABLE I. Coil current Icoil and power balance results based on the inductive

model (w/o CC) and the hybrid model (w/ CC), calculated at p¼ 500 mTorr

and Pabs¼ 10 mW for f¼ 100, 250, 500, and 1000 MHz.

Inductive model (w/o CC) Hybrid model (w/ CC)

f (MHz) 100 250 500 1000 100 250 500 1000

Icoil (A) 21.3 10.0 6.63 5.28 6.09 0.69 0.15 0.051

Pabs,e (mW) 8.57 8.54 8.43 8.29 6.74 8.17 8.44 8.48

Pabs,e,r (mW) �1.65 �1.37 �1.08 �1.00 0.39 0.72 2.73 3.08

Pabs,e,z (mW) 1.11 0.87 0.23 �0.42 5.92 6.71 4.77 5.25

Pabs,e,h (mW) 9.11 9.04 9.29 9.71 0.43 0.73 0.95 0.16

Pabs,i (mW) 1.43 1.46 1.57 1.71 3.26 1.84 1.56 1.52

Pabs,i,r (mW) 0.80 0.81 0.85 0.90 1.03 0.97 0.91 0.88

Pabs,i,z (mW) 0.63 0.66 0.72 0.82 2.23 0.87 0.66 0.64

Pabs,i,h (mW) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Pl,e,wall (mW) 0.21 0.24 0.30 0.38 0.36 0.25 0.23 0.24

Pl,i,wall (mW) 0.19 0.21 0.26 0.31 0.54 0.28 0.23 0.23

Pl,e,elas (mW) 0.06 0.06 0.05 0.05 0.04 0.06 0.06 0.05

Pl,e,exc (mW) 7.00 6.88 6.58 6.20 4.90 6.45 6.80 6.78

Pl,e,ion (mW) 1.30 1.36 1.50 1.67 1.44 1.41 1.36 1.42

Pl,i,elas (mW) 0.34 0.35 0.36 0.39 0.77 0.43 0.37 0.36

Pl,i,cex (mW) 0.90 0.91 0.95 1.01 1.95 1.13 0.97 0.93

FIG. 6. Two-dimensional distributions of the time-averaged electron density

ne in the mICP based on the inductive model (left, w/o CC) and the hybrid

model (right, w/ CC) for f¼ (a) 100, (b) 250, and (c) 1000 MHz; (d) the

peak ne as a function of rf frequency, calculated at p¼ 500 mTorr and

Pabs¼ 10 mW.
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and Pl,i,wall, respectively), and collisions with neutral particles.

Here the collision losses are elastic scattering, excitation, and

ionization for electrons (Pl,e,elas, Pl,e,exc, and Pl,e,ion, respec-

tively), and elastic scattering and charge exchange for ions

(Pl,i,elas and Pl,i,cex, respectively). The power absorbed by the

plasma Pabs and the power lost by the plasma Ploss agree to

within 0.12%. We also see similar good agreement between

Pabs,e (¼Pabs,e,rþPabs,e,zþPabs,e,h) and Ploss,e (¼Pl,e,wall

þPl,e,elasþPl,e,excþPl,e,ion) and between Pabs,i (¼Pabs,i,r

þPabs,i,zþPabs,i,h) and Ploss,i (¼Pl,i,wallþPl,i,elasþPl,i,cex).

The absorbed power can be divided into each coordinate

direction. In the inductive model, almost all of the power

absorption is due to the azimuthal motion of electrons, while

the major component of the power absorption is due to the

axial motion of electrons in the hybrid model. This differ-

ence is clearly seen in the spatial distributions of the

absorbed power density as show in Fig. 3(a). As indicated in

Table I, capacitive coupling dominates over inductive cou-

pling in the frequency range of 100–1000 MHz in the hybrid

model. Moreover, we confirm that a lot of rf power deposits

into ions at lower frequencies, which is caused by the accel-

eration of the ions owing to the large potential drop in the

sheath adjacent to the coil as discussed above. The large de-

pendence of ion heating on the frequency results in a

decrease in electron density with decreasing frequency. On

the other hand, a substantial amount of power is lost through

collisions, particularly due to the excitation of electrons

owing to the high collision frequency at a high pressure of

500 mTorr.

Regarding the coil current required to deposit 10 mW

into the plasma, Table I indicates that Icoil in the inductive

model is much higher than that in the hybrid model. Unfortu-

nately, there are no experimental results of Icoil for the mICP

since the absolute measurement of Icoil is difficult owing to

the small size of the circuit and the inability to calibrate the

current measurement at a high frequency of 500 MHz.19

Hence, we cannot directly compare our calculated Icoil

results with experimental data. In view of the fact that the

coil of the mICP developed by Hopwood20 was fabricated

from electroplated thin gold (7 lm thickness and 400 lm

width), such a high current would be larger than the fusing

current of a thin gold wire.41 This implies that his mICP

would not be sustained by purely inductive discharges. It

should be noted that at a frequency of 100 MHz, a high value

Icoil¼ 6.09 A is required even in the hybrid model. The

results of Icoil indicate that it is desirable to use a thick and/

or wide antenna, to which a high current can be applied,

when mICPs employ a Faraday shield or low frequency as

demonstrated in Refs. 42–45.

Figure 8 shows the normalized EEPFs in the entire

plasma area for f¼ 100, 250, 500, and 1000 MHz. While a

larger fraction of high energy electrons is obtained with

increasing frequency in the inductive model, the number of

high energy electrons tends to increase with decreasing fre-

quency in the hybrid model. In the inductive model, most of

the rf power is deposited into the electrons in the azimuthal

direction, as indicated in Table I. Even though Icoil decreases

with increasing frequency, the azimuthal electric field

increases with increasing frequency since the azimuthal elec-

tric field is proportional to the rf angular frequency.33,35 This

higher electric field produces higher energy electrons. On the

other hand, in the hybrid model, a higher Icoil is also required

with decreasing frequency as in the case of the inductive

model. However, the increase rate is much larger than that of

the rf frequency, so that a higher amplitude of the potential

oscillation in the sheath is obtained at lower frequencies.

Such a higher potential drop, i.e., a higher electric field,

gives higher energy electrons at lower frequencies in the

hybrid model. This actually leads to a higher ratio of

FIG. 7. Axial distributions of / at the innermost coil (r¼ 1.3 mm) in the

mICP based on (a) the inductive model (w/o CC) and (b) the hybrid model

(w/ CC); (c) the surface charge density on the dielectric window at

r¼ 1.3 mm as a function of rf frequency under the same conditions as those

in Fig. 6.
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ionization loss to the total collision loss at lower frequencies

as shown in Table I. However, the wall loss is also higher

with decreasing frequency, so that ne is lower than that in the

inductive model at lower frequencies.

C. Power dependence

Figure 9 shows the time-averaged distribution of ne and

its peak values in the mICP as a function of absorbed power

in the range of 5–50 mW. The peak ne increases linearly

with increasing absorbed power in the inductive model, and

its rate of increase is higher than that of the hybrid model.

The electron density is more localized in the area near the

coil in the inductive model while the distribution spreads

over a wider area in the hybrid model. This would be due to

the oscillation of the potential in the bulk plasma in the

hybrid model as shown in Fig. 4(a).

Figure 10 shows the axial distribution of the time-

averaged / and the surface charge density on the dielectric

window at the innermost coil (r¼ 1.3 mm) for Pabs¼ 5, 10,

25, and 50 mW. Although the increase in ne results in a steep

gradient of / owing to the thinner sheath, the potential distri-

butions remain almost the same in the inductive model as in

the case of frequency dependence. In the hybrid model, the

distribution of / becomes flat in the bulk area with increas-

ing absorbed power. The tendency is similar to that of the ne

distribution as shown in Fig. 9. Increasing absorbed power

leads to an increase in large potential oscillation at the

plasma-dielectric interface owing to the larger Icoil. This

leads to the large negative charge on the dielectric window

and large negative potential at the interface, and then a large

FIG. 8. Normalized EEPFs in the entire plasma area based on (a) the induc-

tive model (w/o CC) and (b) the hybrid model (w/ CC) under the same con-

ditions as those in Fig. 6.

FIG. 9. Two-dimensional distributions of the time-averaged electron density

ne in the mICP based on the inductive model (left, w/o CC) and the hybrid

model (right, w/ CC) for Pabs¼ (a) 5, (b) 25, and (c) 50 mW; (d) the peak ne as

a function of absorbed power, calculated at p¼ 500 mTorr and f¼ 500 MHz.
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energy loss because of the undesired acceleration of the ions.

This result can be seen in Table II, where Icoil and power bal-

ance results are summarized. As shown in Table II, the per-

centage of the ion absorbed power increases, and that of the

electrons decreases with increasing absorbed power in the

hybrid model. Moreover, the higher rates of electron and ion

losses to the walls occur at higher absorbed power. These

effects suppress the increased rate of ne at higher absorbed

powers in the hybrid model as shown in Fig. 9(d).

Figure 11 shows the normalized EEPFs in the entire

plasma area for Pabs¼ 5, 10, 25, and 50 mW, where the

opposite dependence on the absorbed power can be seen

between the inductive model and the hybrid model. A larger

fraction of high energy electrons is obtained with increasing

absorbed power in the hybrid model, while high energy elec-

trons tend to increase slightly with decreasing absorbed

power in the inductive model. Hence, the ionization collision

loss increases in the hybrid model and decreases in the induc-

tive model with increasing absorbed power as indicated in

FIG. 10. Axial distributions of / at the innermost coil (r¼ 1.3 mm) in the

mICP based on (a) the inductive model (w/o CC) and (b) the hybrid model

(w/ CC); (c) the surface charge density on the dielectric window at

r¼ 1.3 mm as a function of absorbed power under the same conditions as

those in Fig. 9.

TABLE II. Coil current Icoil and power balance results based on the induc-

tive model (w/o CC) and the hybrid model (w/ CC), calculated at p¼ 500

mTorr and f¼ 500 MHz for Pabs¼ 5, 10, 25, and 50 mW. Note that each

component of the power is expressed as a percentage of Pabs.

Inductive model (w/o CC) Hybrid model (w/ CC)

Pabs (mW) 5 10 25 50 5 10 25 50

Icoil (A) 7.41 6.63 5.95 5.61 0.10 0.15 0.28 0.41

Pabs,e/Pabs (%) 83.3 84.3 85.2 85.6 84.8 84.4 83.2 81.8

Pabs,i/Pabs (%) 16.7 15.7 14.8 14.4 15.2 15.6 16.8 18.2

Pl,e,wall/Pabs (%) 3.36 2.95 2.62 2.45 2.08 2.26 2.52 2.75

Pl,i,wall/Pabs (%) 2.16 2.55 3.14 3.62 1.60 2.27 3.52 4.75

Pl,e,elas/Pabs (%) 0.48 0.53 0.58 0.61 0.54 0.55 0.56 0.56

Pl,e,exc/Pabs (%) 63.7 65.8 67.7 68.5 68.8 68.0 65.9 64.1

Pl,e,ion/Pabs (%) 15.8 15.0 14.3 14.0 13.5 13.6 14.2 14.5

Pl,i,elas/Pabs (%) 4.02 3.64 3.25 3.01 3.74 3.69 3.71 3.76

Pl,i,cex/Pabs (%) 10.5 9.52 8.48 7.85 9.86 9.65 9.64 9.68

FIG. 11. Normalized EEPFs in the entire plasma area based on (a) the induc-

tive model (w/o CC) and (b) the hybrid model (w/ CC) under the same con-

ditions as those in Fig. 9.
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Table II. In the inductive model, Icoil decreases with increas-

ing absorbed power while Icoil increases in the hybrid model.

Since the electrons gain the energy from the azimuthal elec-

tric field in the inductive model and the azimuthal electric

field is proportional to Icoil, high energy electrons decrease at

higher absorbed power. On the other hand, in the hybrid

model, a larger Icoil is required with increasing absorbed

power, and thus high energy electrons increase owing to the

larger potential oscillation at the plasma-dielectric interface.

It should be noted that a much larger Icoil is required at the be-

ginning of the calculation for higher power absorption in the

inductive model. Once ne increases, the coupling efficiency

between the rf electric field and the plasma increases, so that

Icoil decreases with increasing absorbed power at steady state.

IV. CONCLUSIONS

Two-dimensional axisymmetric PIC-MCC simulations

for a mICP in Ar have been carried out to investigate the

effect of capacitive coupling by using an inductive model

and a hybrid model. The mICP has a 3 mm inner radius and

is 6 mm in height with a planar three-turn coil (5 mm in di-

ameter). Both inductive and capacitive coupling of the rf coil

to the plasma through a dielectric window are included in

the hybrid model, while the discharge is purely inductive

coupling in the inductive model. The calculations have been

performed for rf frequencies in the range of 100–1000 MHz,

and the power absorbed by the plasma in the range of

5–50 mW at a fixed pressure of 500 mTorr.

The PIC-MCC results show that potential oscillation at

the plasma-dielectric interface cannot be neglected in the

hybrid model, since the thin dielectric window is comparable

to the sheath thickness. Consequently, the major component

of the power deposition is attributed to the axial motion of

electrons and capacitive coupling dominates over inductive

coupling in the hybrid model, whereas most of the power

deposition is due to the azimuthal motion of electrons in the

inductive model. The effect of capacitive coupling is more

significant at lower rf frequencies and at higher absorbed

powers, although there is slight difference under the base

case condition (500 MHz, 10 mW). The peak electron den-

sity significantly decreases with a decrease in frequency and

its increasing rate decreases with increasing absorbed power

in the hybrid model. This is due to the large negative charge

on the dielectric window, which results in a large energy loss

owing to undesired acceleration of ions in the sheath adja-

cent to the coil. In order to deposit a fixed power into the

plasma, a much higher coil current is required in the case

without capacitive coupling or at low frequency. This result

indicates that it is desirable to use a thick and/or wide

antenna, which has a large fusing current, when mICPs

employ a Faraday shield or low frequency. The next steps

include incorporating an external circuit, such as a matching

network, into the present model.
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