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ABSTRACT

The effects of capacitive coupling on electron and ion density profiles are studied in an argon inductively coupled plasma. Electron energy
probability functions and two-dimensional ion density profiles were measured by changing the termination capacitance from 200 to 1000 pF.
Experimental results show that a termination capacitor creates a virtual ground on a coil, and the virtual ground suppresses the local capaci-
tive coupling. At 2 mTorr (non-local electron kinetics), there is little change in the azimuthal electron density distribution for different
termination capacitances. However, at 50 mTorr (local electron kinetics), the virtual ground causes each mode (E-mode and H-mode) to
have the maximum and minimum points in the azimuthal electron density distribution. As the termination capacitance increases, the virtual
ground moves along the coil and the maximum and minimum points of the electron density also move with the virtual ground. These effects
are explained by electron dynamics and the power transfer mechanism in each mode (E-mode and H-mode).

Published under license by AIP Publishing. https://doi.org/10.1063/5.0010018

I. INTRODUCTION

In recent decades, significant advances have been made in semi-
conductor and display manufacturing using various characteristics of
plasmas.1–3 As feature size decreases in microelectronics, the precise
control of plasma processes has become more important to achieve
successful plasma etching.4,5 Inductively coupled plasma (ICP) sources
are primarily used as dry etching sources6–9 because of their advan-
tages such as high electron density at low pressure and independent
ion energy control by coupling substrate bias.10,11

ICPs have many distinct characteristics over the other RF plasma
sources, but the most distinguishable characteristic is their E to H
mode transition.12–15 E-mode occurs in the low RF power regime, in
which the capacitive field between an antenna coil and the ground
accelerates electrons and sustains the discharge. The capacitive cou-
pling is necessary to transfer the RF power from the antenna to the
plasma at E-mode. As RF power increases, the sheath length becomes
shorter due to the increase in electron density. Because of the short
sheath length, the impedance of the sheath decreases, the voltage dis-
tributed to the quartz window increases, and the voltage across the
sheath decreases. As a result, the capacitive field in the sheath is

suppressed. At the same time, power absorption by the electromag-
netic field is enhanced, causing a mode transition from the E-mode
(capacitive coupling discharge) to the H-mode (inductive coupling dis-
charge).9 This heating mode transition is accompanied by hysteresis,
and the hysteresis loop can be changed by the discharge pressure, ini-
tial matching situation, electron density distribution, and multistep
ionization.15–20 In H-mode, in contrast to E-mode, the RF power is
transferred to the plasma by the electric field induced by a time-
varying magnetic field. In this regime, the capacitive coupling from the
coil to the plasma causes additional ion energy loss and reduces the
electron density.

Capacitive coupling accelerates ions toward the substrate and
dielectric window. These accelerated ions cause impurity problems by
sputtering metal wall and dielectric window. To overcome these prob-
lems, several studies have been carried out to reduce capacitive cou-
pling between an antenna coil and the plasma, such as a Faraday
shield,21–23 a parallel structure antenna,24 a DC superposing on an
antenna,25 and a termination capacitor.26,27 Additional attempts to
solve this problem include Yoshida et al.,28 modifying the dielectric
window shape; Kim et al.,29 reducing the voltage of the coil using an
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external magnetic field; and Zheng et al.,30 placing the coil ground on
a dielectric window. Of the various possible solutions, the termination
capacitors are among the most widely used in plasma processes
because of the simple structure and effective suppression of the capaci-
tive coupling. The termination capacitor (capacitance C) creates a vir-
tual ground on the coil (inductance L), and at the characteristic
capacitance when the termination reactance [1/(xC)] coincides with a
half of the coil reactance (xL/2), the virtual ground is located in the
middle of the antenna, creating a voltage standing wave and signifi-
cantly canceling the capacitive coupling between the coil and the
plasma.26,27 This characteristic condition is called the balanced condi-
tion. Optical emission measurements for the presence and absence of
a capacitor in the balanced condition were studied by Edamura and
Benck.31 Many studies on termination capacitors have been con-
ducted, but few have investigated the effect of termination capacitance
on the spatial plasma distribution.

The spatial distribution of the plasma is very important because
it is directly related to the process results and a uniform plasma is
required to improve process yield.32–34 The virtual ground has zero
potential with respect to ground, and the vicinity of the virtual ground
has the weakest capacitive coupling within the coil and a very weak
electrostatic field.27,35,36 If the termination capacitance changes, the
virtual ground moves along the antenna. This movement of the virtual
ground changes the voltage distribution along the coil and causes a
spatial change of the local capacitive coupling. The change of the local
capacitive coupling can change the electron density profile. Therefore,
a study on the spatial variation of plasma parameters with the termina-
tion capacitance is required.

In this paper, we investigate the changes of electron and ion den-
sity profiles with changing termination capacitance in an argon
plasma. The dependence of electron density on termination capaci-
tance varies with mode and pressure. The change in the electron and
ion density profiles with the termination capacitance is clearly seen at
high pressure.

II. EXPERIMENTAL SETUP

Experiments were performed in a reactor as shown in Fig. 1. The
reactor has a cylindrical shape with an inner diameter of 40 cm and a

height of 15 cm. RF power of 13.56MHz was applied to a single-turn
coil through an impedance matching network. RF power of 20W was
applied for E-mode discharge, whereas 300W of RF power was
applied for H-mode discharge. The matching network had a standard
type circuit, which consists of two vacuum variable capacitors. The
reflection of RF power was maintained under 1% of the applied power.
The termination capacitor was connected in series with the antenna
coil, and its capacitance was varied from 200 to 1000 pF. The base
pressure was kept lower than 8� 10�6Torr by a rotary vain pump
and turbo molecular pump. Argon gas was used, and the pressures
were measured using a capacitive manometer gauge (CMG). The gas
flow rate was maintained at 15 SCCM. The top wall was covered with
quartz of 2 cm thickness. A single-turn coil with a diameter of 20 cm
was placed on the quartz. Water was flowed in the coil to prevent tem-
perature effect on the coil resistance. To measure the terminal voltages
V1 and V2, two high-voltage probes were installed at terminal 1 and
terminal 2, respectively. The output of the high-voltage probes was
connected to a digital oscilloscope. V1 is the voltage of the start posi-
tion of the coil, and V2 is the voltage of the end of the coil. A RF-
compensated Langmuir probe made of tungsten wire (10mm in
length and 0.1mm in diameter) was placed 8 cm below the quartz.
The RF choke filter resonates at 13.56MHz and its second harmonic
of 27.12MHz to compensate RF fluctuation.37 To obtain electron den-
sity and radial density distributions, the electron energy probability
function (EEPF) was measured. The second derivative of probe cur-
rent Ip is proportional to EEPF fe(e) as follows:

feðeÞ ¼
2me

e2A
2e
me

� �1
2 d2IpðVÞ

dV2
; (1)

where e, me, e, A, and Ip are the electron energy, the electron mass, the
electron charge, the probe area, and the probe current, respectively.
The EEPF is related to the electron energy distribution function
(EEDF) fe(e)¼ e1/2ge(e) as follows:

geðeÞ ¼
2me

e2A
2ee
me

� �1
2 d2IpðVÞ

dV2
: (2)

Electron density ne is obtained from the integral of the EEDF3 as

FIG. 1. (a) Experimental setup and (b) two-D probe arrangement.
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ne ¼
ð1
0
ge eð Þde: (3)

To obtain two-dimensional ion density profiles, a wafer-type probe38

with a diameter of 30 cm was installed 11 cm below the quartz, and the
ion density profiles were measured based on the floating harmonic
method.39 When a small sinusoidal voltage (t0 cosxt) is applied to the
probe tip, the measured current has harmonics due to the non-
linearity of the sheath. Comparing the ratio of the amplitudes of the
first and second harmonics, the electron temperature can be obtained.
The electron temperature, Te, and the ion density, ni, are given as
follows:40

Te �
t0
4
Ix
I2x

ðt0 < TeÞ; (4)

ni ¼
Ix

0:61euBA
Te

t0
; (5)

where t0, Ix, I2x, uB, and A are the amplitude of the probe bias voltage,
the current of a fundamental frequency, the current of the second
harmonic, the Bohm velocity, and the probe area, respectively. A
quasi-stationary sheath and constant ion flux are assumed.41 The
wafer-type probe, which consists of 29 probe tips, has a radius of
15 cm, and each probe tip has a diameter of 15mm.

III. EXPERIMENTAL RESULT

Figures 2(a) and 2(b) show the radial electron density profiles at
the pressures of 2 mTorr and 50 mTorr. A fixed RF power of 20W for
E-mode and 300W for H-mode was applied. At 2 mTorr, the electron
density is maximized at the center of the plasma. As pressure increases
to 50 mTorr, the electron density is maximized near the coil. When
the termination capacitance increases from 200pF to 400 pF, the max-
imum density of the radial electron density decreases in E-mode but
increases in H-mode. As the termination capacitance increases from
400 pF to 1000 pF, the maximum radial electron density increases in
E-mode and decreases in H-mode. Remarkably, the electron density
variation with the termination capacitance is larger at higher pressures
and in E-mode.

The measured voltages V1 and V2 as a function of termination
capacitance are shown in Fig. 3. As the termination capacitance
increases from 200pF to 1000 pF, V1 monotonically increases and V2

monotonically decreases. At C¼ 200 pF, V1 is about 30V. In this con-
dition, the reactance of the coil is almost canceled by the reactance of
the capacitor, and a virtual ground is created near terminal 1. At
C¼ 400 pF, V1 and V2 are the same, and the virtual ground is created
at the middle of the coil. At C¼ 1000 pF, when V2 is between 200 V
and 300V, the reactance of the capacitor is small, so it can hardly

FIG. 2. Radial electron density profiles for various termination capacitances at (a) 2 and (b) 50 mTorr. (c) The radial measurement position of the electron density profiles.
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cancel the reactance of the coil. As a result, the virtual ground is cre-
ated in front of the termination capacitor. These data demonstrate that
the position of the virtual ground changes with the capacitance. The
positions of the virtual ground for different termination capacitances
are shown in Figs. 4(a) and 4(b).

If the material and structure of the coil are constant, the resis-
tance and reactance per unit length of the coil are constant, and the
voltage distribution along the coil is linear. In our experiment, since
the coil is made of copper of constant thickness, the voltage distribu-
tion along the coil is linear. Therefore, to investigate the virtual ground
position, we obtained the linear distribution of voltage along the coil
based on the measured voltages of V1 and V2. Figure 4(a) shows the
linear voltage distribution along the coil for different capacitances at
50 mTorr in H-mode. Here, we define the length of the coil from ter-
minal 1 to terminal 2 as d and the distance along the coil from termi-
nal 1 as r. In Fig. 4(a), red circles are the points where the potential is
0V in the voltage distribution, where a virtual ground is created. As
termination capacitance increases from 200 pF to 1000 pF, the virtual
ground moves from near terminal 1 to near the terminal 2. If the

termination capacitance is infinitely large, the voltage of terminal 2
will be 0 (like a grounded coil). However, at 1000 pF, since the termi-
nation capacitance is not large enough to ignore the impedance of the
termination capacitor, the virtual ground is created at about 0.8d. The
virtual groundmoves along the coil clockwise with increasing termina-
tion capacitance as shown in Fig. 4(b). Near the virtual ground of the
antenna, the voltage is close to 0 and the capacitive coupling is sup-
pressed.26,27 Therefore, the electron density profiles can be changed
with termination capacitance.

As shown in Fig. 2, the pressures of 2 mTorr and 50 mTorr have
different radial electron density profiles, and there is a difference in
change of the radial electron density profile with the termination
capacitance. At 2 mTorr, there is little change in the electron density
profile. However, at 50 mTorr, the electron density near the coil
changes significantly with the capacitance. These differences can be
explained by the dependence of electron kinetics on the pressure.

At low pressure, where the electron energy relaxation length ke is
longer than the discharge length l, the electrons are heated near the
coil and can travel the entire volume of the plasma before they lose

FIG. 3. Measured terminal voltages V1 and V2 as a function of termination capacitance at pressures of (a) 2 and (b) 50 mTorr.

FIG. 4. (a) Calculated voltage distributions along the coil for different capacitances at 50 mTorr in H-mode. (b) The virtual ground position on the coil.
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their energy. The electron kinetics which has difference between maxi-
mum electron heating region and maximum ionization region has
been well studied and is referred to as “non-local electron kinet-
ics.42–45” In this regime, as shown in Fig. 2(a), the electron density is
maximum at the center of the plasma and decreases gradually toward
the boundaries. At low pressure, the plasma potential is maximal at
the center of the plasma due to ambipolar diffusion.3,46 Electrons expe-
rience the ambipolar potential as a potential wall to overcome.
Electrons have kinetic energy and potential energy, and if there are no
collisions, the sum of these two energies is conserved. Therefore, elec-
trons have maximal kinetic energy at the center of plasma where the
plasma potential is maximized. For this reason, in the low pressure
and non-local electron kinetics regime, maximum ionization occurs at
the center of plasma. At high pressure, the electron energy relaxation
length decreases due to frequent electron–neutral collisions. In this
regime, the electrons are heated near the antenna coil and lose their
energy in the same region before reaching the center of the plasma.
Therefore, the plasma density is maximum near the antenna coil in
this local kinetics. To verify the electron kinetics, ke was compared to
the discharge length, l. The electron energy relaxation length in inelas-
tic range can be written as3

ke �
kmkinel

3

� �1
2

; (6)

where km is the total mean free path for momentum transfer and kinel
is the mean free path accounting for all collisional energy loss process.
kinel is as follows:

k�1inel ¼ ng
2m
M

� �
rel þ rex þ riz þ � � �

� �
; (7)

where ng, M, rel, rex, and riz are the neutral gas density, the neutral
gas mass, the elastic collision cross section, the excitation collision
cross section, and the ionization collision cross section, respectively.
The collision cross section data for argon gas are obtained from the
Biagi database.47 In our experiments, at 2 mTorr, the electron energy
relaxation length is 60 cm for ionization (15.76 eV). Since ke exceeds
the discharge length l, the electrons are governed by the non-local

kinetics. Therefore, at 2 mTorr, the radial electron density profiles are
determined by ambipolar diffusion and do not change with the termi-
nation capacitance, as shown in Fig. 2(a). However, at 50 mTorr, the
ke is 2.4 cm for the ionization (15.76 eV), which is shorter than dis-
charge length l. In this regime, the electrons are governed by local elec-
tron kinetics, and the electron density profiles are determined by local
heating and local ionization. Therefore, at 50 mTorr, the local capaci-
tive coupling, which changes with the position of the virtual ground,
changes the local heating and local energy loss, resulting in a signifi-
cant change in the radial electron density profiles. To investigate the
change of the local electron density with the virtual ground position,
the EEPFs are measured at a fixed position below the coil midpoint
with increasing termination capacitance from 200pF to 1000 pF.

As shown in Fig. 5(c), a Langmuir probe is placed under the mid-
point of the coil. Figures 5(a) and 5(b) indicate that at C¼ 400 pF, for
which the virtual ground is closest to the measurement point, the elec-
tron densities are maximized in H-mode and minimized in E-mode.
The variation of the electron density is small in H-mode, while it is
remarkably large in E-mode. The observed electron density variations
with increasing the termination capacitance from 200pF to 400 pF at
2 mTorr are 7% in H-mode and 19% in E-mode, and at 50 mTorr, the
electron density variations are 4% in H-mode and 50% in E-mode.
The suppression of local capacitive coupling near the coil is clearly
seen in the EEPFs.

Figure 6 shows the EEPFs in a total energy scale (sum of kinetic
and potential energies) at 2 mTorr. The EEPFs are measured at the
same measurement point as shown in Fig. 5(c). In E-mode [Fig. 6(a)],
the EEPFs exhibit a bi-Maxwellian distribution,48,49 which has two
temperatures. In H-mode [Fig. 6(b)], the EEPFs exhibit a Maxwellian-
like distribution.3 This is a typical characteristic of low-pressure argon
discharge. At low electron density and low pressure for argon dis-
charge, EEPFs are a bi-Maxwellian distribution because of the
Ramsauer minimum48,50 and ambipolar potential well. Low energy
electrons, which are generated by ionization, cannot overcome the
ambipolar potential well, and the Ramsauer minimum prevents
Ohmic heating of the low energy electrons in the argon discharge.
Therefore, the low energy electrons are confined within the plasma
bulk, and only high energy electrons overcome the ambipolar potential

FIG. 5. Electron densities under the midpoint of the coil as a function of termination capacitance at (a) 2 and (b) 50 mTorr and (c) the position of these measurements.
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and reach the heating region. In H-mode, the EEPF becomes
Maxwellian-like due to frequent electron–electron collisions.3,48 As
shown in Fig. 6, the EEPFs in a total energy scale have different start-
ing points for 200 pF and 400 pF, which indicates a difference in
potential energy. This difference in potential energy indicates a differ-
ence in plasma potential and shows suppression of capacitive coupling.
In E-mode [Fig. 6(a)], the plasma potential difference between 200 pF
and 400 pF is 3.7V, and the electron density is decreased. In H-mode
[Fig. 6(b)], the plasma potential is reduced by 1.3V at 400 pF com-
pared to 200 pF, and the electron density is increased.

Figure 7 shows the EEPFs in a total electron energy scale at 50
mTorr. In E-mode, the EEPFs are Druyvesteyn-like distribution.51

This distribution is typical for an argon discharge in low-frequency
fields (�en

2 � x2) with few electron–electron collisions.48,52 In this
condition, low-energy electrons have high temperature and high-
energy electrons have low temperature. Low-energy electrons acceler-
ate with few electron–neutral collisions due to the Ramsauer mini-
mum; therefore, electron temperature of low-energy electron group is
increased. On the other hand, since inelastic electron–neutral

collisions occur frequently, high-energy electrons are depleted and the
high-energy group temperature is decreased. In H-mode, EEPFs
become Maxwellian distribution due to increased electron–electron
collisions. In E-mode [Fig. 7(a)], the plasma potential difference is 7V,
and the electron density is decreased significantly. In H-mode [Fig.
7(b)], as the termination capacitance increases, the plasma potential
reduced by 0.9V and the electron density is increased slightly. Figures
6 and 7 show that the suppression of the capacitive coupling with the
termination capacitance is small in H-mode but very large in E-mode.
The difference in the capacitive coupling suppression effect between
E-mode and H-mode can be understood by the power transfer mecha-
nism in each mode.

In H-mode, the sheath length is short due to the high electron
density. Since the impedance of the sheath is small, only a small frac-
tion of VRF appears across the sheath.

3 In this regime, most of the RF
power is transferred through inductive coupling, and very small
amounts of RF power are transferred through the capacitive cou-
pling.14 As a result, the suppression of capacitive coupling has little
effect on the power transfer, and the electron density variation and the

FIG. 6. (a) E-mode EEPFs at 2 mTorr (200 pF, 400 pF). (b) H-mode EEPFs at 2 mTorr (200 pF, 400 pF).

FIG. 7. (a) E-mode EEPFs at 50 mTorr (200 pF, 400 pF). (b) H-mode EEPFs at 50 mTorr (200 pF, 400 pF).
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suppression of the capacitive coupling are very minimal in H-mode.
However, In E-mode, since the electron density is low, the sheath
length is long, and high voltage is applied across the sheath. This high
voltage enhances the E-field within the sheath, and the E-field delivers
RF power to the plasma. Since almost all RF power is transferred
through capacitive coupling, electron density variation and suppres-
sion of the capacitive coupling are very significant.

Our experimental results show that the virtual ground moves
with the termination capacitance and changes the local capacitive cou-
pling. At high pressure (local electron kinetics regime), the change of
the local capacitive coupling changes the electron density profiles sig-
nificantly. These results imply that the azimuthal electron density dis-
tribution will have a maximum in H-mode and a minimum in E-
mode. If the termination capacitance increases, the virtual ground will
rotate clockwise along the coil, and the maximum and minimum
points of electron density in H-mode and E-mode are expected to
move along with the virtual ground. To verify the effect of virtual
ground on azimuthal density variation, two-dimensional ion densities
were measured under the same experimental conditions.

Two-dimensional ion density profiles at 50 mTorr in E-mode are
shown in Fig. 8. Yellow circles indicate the minima of the azimuthal
ion density distributions along the coil. As shown in Fig. 2(b), the
radial profiles are concave. The positions of the minima in the azi-
muthal ion density distributions in E-mode agree well with those of
the virtual ground, as shown in Figs. 4(a) and 4(b). The minimum
point of ion density moves clockwise with an increase in the termina-
tion capacitance from 200pF to 1000 pF.

Figure 9 shows the two-dimensional ion density profiles for dif-
ferent termination capacitances at 50 mTorr in H-mode. Black circles
indicate the maxima of the azimuthal ion density distributions along
the coil. The maximum point of the azimuthal ion density distribution
rotates clockwise with an increase in the termination capacitance. The

position of the maximum point coincides with the virtual ground posi-
tion (see Fig. 4), and they move together.

As we expected, there are minima and maxima in the azimuthal
ion density distributions in E and H modes, respectively, and the posi-
tions of the minimum and maximum ion density move clockwise with
increasing termination capacitance. The positions of the virtual
ground agree well with Fig. 4. The density variation is up to 7% in H-
mode and up to 50% in E-mode. As a result, the electron and ion den-
sity profiles can be controlled by adjusting termination capacitor at
higher pressure.

IV. CONCLUSION

In this paper, changes of the electron and ion density profiles
with the termination capacitance were observed in argon inductively
coupled plasma. At 2 mTorr, where the electrons are governed by
non-local electron kinetics, the electrons can travel the entire volume
of the plasma before losing their energy, and the ionization reaction
takes place in the entire volume of the plasma. As a result, the electron
and ion profiles are determined by ambipolar diffusion, and the overall
densities change with the termination capacitance but there are little
changes to the electron and ion profiles with the termination capaci-
tance. However, at 50 mTorr, the electrons are governed by local elec-
tron kinetics, and the electron and ion density profiles are remarkably
changed with termination capacitance. In this regime, the electron and
ion density profiles are determined by local heating and local ioniza-
tion. Therefore, local capacitive coupling, which changes with the loca-
tion of the virtual ground, changes the local heating and local energy
loss, resulting in a significant change in the electron and ion density
profiles. Our experimental results directly show the relationship
between the capacitive coupling and the profiles of electron and ion
density. Until recently, there has been little density control in the azi-
muthal direction, and this paper proposes a new method to control

FIG. 8. Two-dimensional ion density profiles at 50 mTorr in E-mode with various termination capacitances.
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density profile in the azimuthal direction. In addition, it is possible to
control the radial direction by changing the structure of the coil. In
our experiments, the electron and ion density changes occur in the azi-
muthal direction because the coil is a one-turn loop. However, this
effect can also lead to electron and ion density changes in other direc-
tions by changing the structure of the coil. For example, if the coil is a
double-spiral or multi-spiral coil, the virtual ground will move from
the center of the chamber to the edge as the termination capacitance
increases. Therefore, such a coil is able to control the electron and ion
density profiles in the radial direction. Accordingly, this effect can be
applied in many ways and is useful for generating a uniform plasma.
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