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ABSTRACT

We developed a hybrid plasma source combined with an inductively coupled plasma (ICP) antenna and a capacitively coupled plasma
(CCP) electrode. The ICP antenna and the CCP electrode are connected to a single RF power generator in parallel and a variable capacitor
Cv is connected to the ICP antenna in series. The currents flowing through each source and the CCP electrode voltage are measured for
analysis of the electrical characteristics, and the ion densities are measured while adjusting the capacitance of the Cv. Interestingly, when a
series LC resonance occurs between the inductance of the ICP antenna and the capacitance of the Cv, different trends are observed
depending on the discharge mode. In capacitive mode (E-mode), the ion density is minimized and is controlled by the CCP current. On the
other hand, in inductive mode (H-mode), the ion density is maximized and is affected by the ICP current. The change of the ion density can
be explained by the balance between the total power absorption and power dissipation. It is also in good qualitative agreement with the
calculated plasma density from the power balance equation. By adjusting the Cv, linear control of the ion density can be achieved. To
evaluate the proposed source in terms of O atom generation, the number density ratio of O atom nO to Ar nAr is obtained by using the
optical emission spectroscopy actinometry method. These results show that nO/nAr is controlled. Our source can be applied to plasma
processing, in which ion density and O atom generation controls are important factors.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0006417

I. INTRODUCTION

Inductively coupled plasmas (ICPs) have attractive characteris-
tics, such as generating high ion density (ni > 1011 cm�3) and a rela-
tively simple structure.1–3 However, ICPs cannot generate the linear
ion density due to the E-mode (capacitive coupling) to H-mode
(inductive coupling) transition.4–6 The capacitively coupled plasmas
(CCPs) generate relatively low ion density (ni < 1010 cm�3), but they
can be able to linearly control ion density with RF power.7–9

Nowadays, two or more plasma sources can be combined to utilize the
advantages of each source. These sources are called hybrid sources and
these hybrid sources have been studied because of its advantages com-
pared to single plasma sources. Hybrid sources have been studied for
plasma parameter control. The ion density and ion energy are con-
trolled by the RF power and the DC bias power in DC–RF hybrid
source.10 High ion density has been achieved while independently con-
trolling ion energy in ECR–RF hybrid source.11 The microwave–RF

hybrid source was studied in terms of the control of ion energy distri-
bution and ion flux.12 However, all of the hybrid source requires a
power generator and a matching system for each source.

As semiconductor manufacturing processes become more com-
plex,13–15 sophisticated ion density and radical control become
increasingly important.16–19 When the E- to H-mode transition occurs
in ICP, the ion density suddenly increases from low- to high-density.
This phenomenon limits linear ion density control. In addition, hybrid
sources generally require multiple power generators. Therefore, a new
type of hybrid plasma source that can overcome these disadvantages is
required.

In this work, we develop a hybrid plasma source combining ICP
and CCP with variable capacitor connected to the ICP antenna. By
adjusting capacitance, the current flowing to each source is controlled.
Electron temperature and ion density are measured using the floating
harmonic method (FHM),20 and the electrical properties of voltage
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and current are measured by a voltage probe and current probes,
respectively. When the series LC resonance between the variable
capacitor and the inductance of the ICP antenna occurs, different
trends are observed in each discharge mode. In E-mode, the ion den-
sity is controlled by the CCP electrode current. In contrast, in H-
mode, the ion density is controlled by the ICP current. Furthermore,
linear control of the ion density is achieved by adjusting the capaci-
tance of the variable capacitor Cv. In order to evaluate the proposed
source in terms of O atom generation control, the number density
ratio of O to Ar is obtained from the optical emission spectroscopy
(OES) actinometry method. By adjusting the current flowing through
each source with the variable capacitor, the ion density can be precisely
controlled, which is a significant and important advantage of the pro-
posed hybrid plasma source.

II. EXPERIMENTAL SETUP AND MEASUREMENTS

Figure 1 shows a schematic of the experimental setup. The top
and bottom of the cylindrical reactor are made of stainless steel, and
the side of the reactor is made of quartz. The height and the inner
diameter of the reactor are 12 cm and 16.8 cm, respectively. The diam-
eter of the CCP electrode is 9 cm, and its surface is covered with
ceramic (Al2O3) to prevent sputtering. A variable capacitor is con-
nected in series with a one-turn ICP antenna, and its variable capaci-
tance range is from 50 to 550 pF. Current probes (110, Pearson
Electronics Inc.) are installed between the matching box (Path Finder,
PLASMART Inc.) and the hybrid plasma source. The measured cur-
rents are used to calculate the system resistance Rs and to investigate
the current flowing to each source. A voltage probe (P5100, Tektronix
Inc.) is mounted onto the powered line to measure the CCP electrode
voltage. The current probes and the voltage probe were connected to
an oscilloscope (DSOX2014A, Keysight). The system resistance Rs is

the sum of the circuit resistance of the matching box and the hybrid
plasma source. Rs is obtained by Rs ¼ Prf=I2rf , when the plasma is
turned off,21,22 where Prf and Irf are the applied RF power and the cur-
rent flowing through the hybrid plasma source system, respectively. Rs
varies from 0.14 to 0.24 X depending on the capacitance of the vari-
able capacitor Cv. When the plasma is turned on, the applied RF power
is consumed by both the hybrid plasma source and the plasma. The
absorbed power Pabs, which is consumed by the plasma, can be
described by the relationship between Pabs and Prf, which is given as
Pabs ¼ Prf � I2rfRs. RF power at 13.56MHz frequency is applied using
RF power generator (R601, SEREN IPS Inc.) and the reflection of the
RF power is maintained under 1%. Argon and oxygen gases are fed
through the top of the chamber from the same gas line, with the flow
rates of argon and oxygen set to 10 and 20 sccm, respectively. The base
pressure is 6.6� 10�3Pa (5� 10�2 mTorr), and the pumping system
includes a rotary oil pump and a turbo molecular pump. The experi-
mental pressures are fixed at 1.33 and 13.3 Pa (10 and 100 mTorr). A
planar type floating probe is used to obtain the electron temperature
(Te) and the ion density (ni) by FHM, and this probe is placed at the
center of the chamber. Assuming that the electrons are in the
Maxwellian distribution. In addition, this method is also applicable to
the non-Maxwell distribution since electrons at the floating potential
Vf in the non-Maxwellian distribution form a Maxwellian distribu-
tion.23 The electron temperature is given as follows:

Te �
v0
4
Ix
I2x

; (1)

where Ix, I2x, and v0 are the amplitude of the first harmonic current,
the amplitude of the second harmonic current, and the amplitude of
the applied sinusoidal voltage, respectively.

The ion density can be found from the amplitude of the first har-
monic current as follows:

ni ¼
Ix

2ð0:61euBApÞ
I0ðv0=TeÞ
I1ðv0=TeÞ

; (2)

where e, uB, AP, I0(v0/Te), and I1(v0/Te) are the electron elementary
charge, the Bohm velocity, the probe area, and the zero and first order
of the modified Bessel functions, respectively.

III. EQUIVALENT CIRCUIT OF THE HYBRID PLASMA
SOURCE

Figure 2 shows the equivalent circuit of the hybrid plasma source.
The ICP section consists of a one-turn ICP antenna connected to the
Cv in series. The CCP section is composed of the CCP electrode. The
RF current flows into the ICP and CCP sections, and the current ratio

FIG. 1. Schematic diagram of the hybrid plasma source. FIG. 2. The equivalent circuit of the hybrid plasma source.
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flowing through each source can be controlled by Cv. The total imped-
ance of the hybrid plasma source ZT, the impedance of the ICP section
ZICP, and the CCP section ZCCP are determined by

ZT ¼
ZICPZCCP

ZICP þ ZCCP
;

ZICP ¼ xLICP � xCvð Þ�1;

ZCCP ¼ xCCCPð Þ�1;

(3)

where LICP, CCCP, and x are the inductance of the ICP antenna, the
capacitance of the CCP electrode, and the angular frequency, respec-
tively. The LICP (�0.98 lH) and the CCCP (�19.5 pF) were measured
by a network analyzer. The series LC resonance f ¼ 1=2p

ffiffiffiffiffiffiffiffiffiffiffiffiffi
LICPCv
p� �

of the ICP section occurs at Cv ¼ 141 pF without plasma. The current
flowing through each source is proportional to its relative impedance
and can be expressed by

IICP ¼ ZICP=ZTð Þ � IRF;

ICCP ¼ ZCCP=ZTð Þ � IRF;
(4)

where IICP, ICCP, and IRF are the ICP antenna current, the CCP electrode
current, and the output RF current from the matching network, respec-
tively. Thus, the current flowing in each section can be controlled.

IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. Electrical characteristics of the hybrid plasma
source

Figure 3 shows that the electrical characteristics depend on Cv at
1.33 Pa (10 mTorr) and 13.3 Pa (100 mTorr). When the series LC reso-
nance occurs in the ICP section, the impedance of the ICP section is
nearly zero. In this situation, IICP is maximized, and ICCP is minimized.
The red dashed line in Fig. 3 represents an LC resonance point at a Cv

of 148 pF. At this Cv value, ICCP are minimized in both pressures.
However, when 300W RF power is applied at a 1.33 Pa (10 mTorr)
neutral pressure, IICP is maximized at 159 pF (green dashed line) and
the LC resonance is shifted from the previous resonance point. This
phenomenon can be explained by the transformer circuit model of an
ICP, as shown in Fig. 2.24 The equivalent inductance L1 is the sum of
the inductance of the primary (antenna) and a negative inductance
term that represents the total reactance of the coupled secondary
(plasma). It can be written as

L1 ¼ L0 �
xM2 xL2 þ x=venð ÞR2½ �
R2
2 þ xL2 þ x=venð ÞR2½ �2

; (5)

where L0, M [¼ k(L0L2)
1/2, where k is the coupling coefficient], L2

(¼l0pR
2/l, where l0, R, l are the permeability of the free space, the

radius of the reactor, and the length of the reactor, respectively), �en,
and R2 (¼ dp/�en, where dp is the skin depth) are the inductance of the
primary antenna coil, the mutual inductance, the geometric induc-
tance, the effective electron collision frequency, and the secondary
resistance, respectively. In the experimental condition, we obtained by
calculating dp and �en.

25 At 1.33 Pa (10 mTorr), dp is a collisionless
skin depth, dp,l, given by dp,l ¼ (m/e2l0n0)

1/2. At this pressure dp,l is
0.77 cm and �en is 34.1MHz. At 13.3 Pa (100 mTorr), dp is the colli-
sional skin depth dp,h [¼ (2mven/xl0n0)

1/2], which is 2.19 cm. �en is
340.8MHz. L1 is calculated from the parameters obtained under

experimental conditions. When Cv is 159 pF, the series LC resonance
in the ICP section occurs at L1 of 0.87 lH. The calculated L1 is 0.9 lH
at 1.33Pa (10 mTorr), so the calculation is in good agreement with the
LC resonance condition. Also, ICCP and VCCP at this point are almost
the same as the CCP current and voltage at 148 pF. At 13.3 Pa (100
mTorr), the observed IICP trend is different from that at 1.33 Pa (10
mTorr). As the applied RF power is increased, the maximum IICP is
measured at a Cv value before the LC resonance point. Interestingly,
despite these changes, ICCP and VCCP are minimized at 148 pF for all
applied powers. This result indicates that the LC resonance point does
not move. At above 150W, IICP suddenly decreased at 135 and 148 pF.
In addition, at 13.3 Pa (100 mTorr), �en becomes approximately 10
times larger than it was at 1.33 Pa (10 mTorr) and is proportional to
R2. As a result, L0 and L1 are almost the same and the LC resonance
point does not change. The dependence of the LC resonance point on
the pressure is observed. Figures 3(c) and 3(f) show VCCP as changing
Cv in both pressures. It is observed that the VCCP follows the same
trend as the ICCP. As the applied power increases, the VCCP dramati-
cally changes, depending on the Cv. In general, a high CCP electrode
voltage is a disadvantage in plasma generation because it causes ion
energy loss. However, our proposed source provides the advantages of
a high breakdown voltage of above 13.3 Pa (100 mTorr) for plasma
processing application, such as ashing and cleaning. In order to dis-
charge the plasma at the high pressures [p� 13.3 Pa (100 mTorr)], a
high breakdown voltage is required.26 Generally, an ignition system is
installed in the high-pressure processing chamber and the plasma is
discharged using its spark. There is a disadvantage in that the ignition
circuit corrodes due to the spark generating particles that are highly
problematic.27 In contrast, our source does not require an ignition sys-
tem; it can easily be discharged by the high electric field of the CCP elec-
trode. By installing Cv as an additional control knob, the currents and
voltage can be controlled at a fixed RF power. The electrical characteris-
tics of the hybrid source are the currents and voltage flowing through
each source, which can be controlled by adjusting the Cv at a fixed
applied power. This feature is an advantage of the hybrid plasma source.

B. Ion density control of the hybrid plasma source

In an ICP discharge, there are E (capacitive coupling) and H
(inductive coupling) modes, which can be distinguished by the light
emission intensity of the plasma. In addition, it can also be described
from comparing the skin depth d and chamber radius R.26 If the skin
depth is longer than the chamber radius (d>R), the capacitive cou-
pling is dominant, in E-mode. On the other hand, when the skin depth
is shorter than the chamber radius (d<R), the plasma is mainly
affected by the inductive coupling in H-mode.28,29 When the ion den-
sity is 2� 1010 cm�3 (dp¼ 7.7 cm) at 1.33 Pa (10 mTorr) or is
3� 1010 cm�3 (dp¼ 7.9 cm) at 13.3 Pa (100 mTorr), R and dp are
almost the same length according to the transition density at each
pressure condition. In our experiment, we can distinguish between E
and H modes based on the transition density value (gray dashed line).
Figure 4 shows the ion densities as a function of Cv from 50 to 300W
at 1.33Pa (10 mTorr) and 13.3 Pa (100 mTorr). At 50W in 1.33Pa
(10 mTorr) and below 75W at 13.3 Pa (100 mTorr), these ion densi-
ties are lower than the transition density. Although the pressure condi-
tions are different, the same trend is observed as for the ICCP. In
E-mode, the CCP electrode voltage is applied to the sheath so that the
RF power can be more efficiently transferred to the plasma than the
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ICP antenna. Therefore, the ion density is controlled by the ICCP.
Above an applied power of 75W at 1.33 Pa (10 mTorr), the ion densi-
ties show a trend similar to that of the IICP at the same pressure condi-
tions. This result indicates that ion density is controlled by the IICP in
H-mode. Interestingly, at 150W and 13.3Pa (100 mTorr), both IICP
and ICCP trends are observed based on the transition density. Before
the LC resonance point, the ion density decreased, as with the ICCP,
and then suddenly increased near the LC resonance. At this time, the
IICP is suddenly decreased, as shown in Fig. 3(d). This phenomenon is
due to an effect of multistep ionization and ion acceleration loss that is
decreased by the VCCP during the E to H mode transition.30,31 At

300W, the ion densities are maximized at the LC resonance at both
pressures. In the H-mode, the high ion density is maintained despite
the high VCCP at both ends of the Cv, because the sheath voltage of
the CCP electrode is decreased in the high density. Consequently,
different ion density trends are observed depending on the plasma
driven mode. A conventional single source controls ion density by
varying the applied power. However, our source can be elaborately
controlled to a wide range of ion densities via the external variable
capacitor.

According to the experimental results, the ion density is con-
trolled by ICCP in E-mode and by IICP in H-mode. This phenomenon

FIG. 3. Measured (a) ICP antenna and (b) CCP electrode currents and (c) CCP voltages at 1.33 Pa (10 mTorr), and (d)–(f) these same measurement at 13.3 Pa (100 mTorr)
as a function of Cv.
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can be understood by using the global power balance model,25 as
follows:

n0 ¼
Pabs

euBAeff eT
; (6)

eT ¼ ee þ ei þ ec; (7)

where no, Pabs, e, uB, Aeff, and eT are the plasma density, the absorbed
power of the plasma, the elementary electron charge, the Bohm veloc-
ity, the effective area for particle loss, and the total energy loss, respec-
tively. Here, eT is a function of the electron temperature and is the
sum of the mean kinetic energy lost per ions (ei), electrons (ee), and
the collisional energy loss (ec) per electron–ion created. The voltage of
the CCP electrode VCCP, which is proportional to ei, changes signifi-
cantly with Cv and is an important parameter that can control the ion
density by adjusting the ion energy loss. The plasma density is calcu-
lated for each driven mode at both pressures using the global power
balance equation, Eqs. (6) and (7). Figure 5 shows the normalized
measured ion density and calculated plasma density from a global
power balance model at 1.33 Pa (10 mTorr) and 13.3Pa (100 mTorr),
when the applied powers are 50 W and 300W. Here, the ion density
and calculated plasma density profiles were normalized relative to the
maximum density. The calculated plasma densities are in good quanti-
tative agreement with the measured values. These results indicate that
the plasma is absorbed mostly by the transferred power from the CCP
electrode in the E-mode (50W) and is absorbed dominantly by the
transferred power from the ICP antenna in the H-mode (300W).32 In
contrast, the calculated plasma densities show a large discrepancy with
the ion densities at 300W. The reason is that VCCP caused the huge
ion acceleration loss at the CCP electrode, which is proportional to the
ei, and was largely changed depending on Cv. Therefore, the ion den-
sity decreased considerably near 100 pF and 300 pF where the VCCP is
large. On the other hand, eT in Eq. (6) is significantly smaller than
VCCP. When Te,p changes from 2.2 eV at 10 mTorr to 1.5 eV at 100
mTorr, eT changes from 52V to 67V, where Te,p is the calculated elec-
tron temperature based on the particle balance equation.25 Under this

condition, eT is substantially changed small compared to VCCP, so it is
negligible. Thus, there is a large discrepancy between the absolute
value of the measured ion density and the calculated plasma density.

In a conventional ICP source, the ion density cannot be linearly
controlled at an intermediate pressure [p� 6.65Pa (50 mTorr)]
because a density jump occurs due to the E to H mode transition.
However, using our plasma source, the ion density can be linearly gen-
erated. Because the CCP electrode voltage is appropriately controlled
by adjusting the Cv value, this effect indicates that power dissipation
through ion acceleration at the CCP electrode can also be controlled.
Figure 6(a) shows that the various combinations of applied powers
and Cv can control ion densities through a wide range from low to
high density. Low density control (combination 1) consists of low
applied powers (50–100W) and Cv in the 148–258 pF range. This
combination can control the ion density in units of 7 � 109 cm�3.
Intermediate density control (combination 2) consists of intermediate
and high applied powers (150–300W) and control of Cv within the
range of 285–147pF. This set of parameters can adjust the ion density
in units of 4 � 1010 cm�3. High density control (combination 3) con-
sists of high applied powers (200–300W) and a Cv range of 100–148pF,
which can control the ion density in units of 3 � 1010 cm�3.
Interestingly, the density jump-up is not observed, which is one of the
strong features of our source. The ion energy flux is also linearly con-
trolled under each of the three conditions, as shown in Fig. 6(b). The
ion energy flux (ECi) can be calculated from the ion flux and the sheath
voltage as follows:

ECi ¼ eCiVs � 0:8ðeCiVCCPÞ; (8)

where Ci is the ion flux obtained from the FHM20 and Vs is the sheath
voltage at the CCP electrode. Since the hybrid plasma source is an
asymmetric CCP source because the ground area of the reactor is
approximately four times larger than the CCP area, VCCP is mostly
applied to the CCP electrode sheath. Here, the sheath voltage is about
0.8VCCP

25 and the unit for the ion energy flux is mW/cm2. The ion
energy flux is obtained under each experimental condition.

FIG. 4. Ion densities as a function of Cv at various applied powers at (a) 1.33 Pa (10 mTorr) and (b) 13.3 Pa (100 mTorr).
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Combination 1 is in the low density region, for which the same trends
were observed in the ion energy flux and ion density. However, combi-
nations 2 and 3 show the opposite trends in ion energy flux and ion
density. In the case of combination 3, the ion energy flux can be
adjusted in a wide range of 600–1500 mW/cm2 while maintaining a
high ion density. Using our plasma source, the ion density can be line-
arly and precisely generated with various combinations. Further, our

source can be effectively applied to plasma processing for which ion
density control is an important factor.

C. Oxygen plasma

O2 and Ar are injected at 20 sccm (95.3%) with 1 sccm (4.7%) of a
trace rare gas (TRG) for optical emission actinometry. The ion density

FIG. 5. (a) Normalized measured ion density and calculated ion density from the global model as a function of Cv at 1.33 Pa (10 mTorr) and 13.3 Pa (100 mTorr) using applied
powers of (a) and (b) 50W (E-mode) and (c) and (d) 300W (H-mode).

FIG. 6. (a) The linearly controlled ion densities from Fig. 4 and (b) ion energy flux profiles as a function of Cv at 13.3 Pa (100 mTorr).
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and the electron temperature as a function of Cv at 100 mTorr and
300W in an oxygen plasma is shown in Fig. 7(a). When the series LC
resonance occurs at 148pF, a density jump occurs due to the E to H
mode transition. Concurrently, the electron temperature is minimized,
and the ion density is maximized. At the series LC resonance, the VCCP

is minimized, as shown in Fig. 3(f). The sheath voltage Vs is closely
related to the VCCP and is also minimized at resonance. Since the Vs is
minimized, the ion acceleration loss is reduced, and the plasma poten-
tial is also minimized. Thus, the Te is lowest at 148pF.

33 Figure 7(b)
shows the emission intensities of the O (844.6 nm) and Ar (750.4 nm)
lines that are maximized at the series LC resonance. The emission
intensities show similar behavior to the ion density as a function of Cv.

To evaluate the control of the O atom generation using the
hybrid plasma source, the O atom (3p 3P, 844.6 nm, E¼ 10.94 eV)
number density was obtained from the measured intensity peaks of
light emission by using OES actinometry. The intensity of optical
emission lines of the oxygen hybrid discharge is recorded by a spec-
trometer (HR4000, Ocean optics Inc.), yielding a spectral resolution of
0.5nm/FWHM. The hybrid plasma is optically thin, and the light is
collected by the optical probe. Figure 8 shows a sample optical emis-
sion spectrum, covering the 700–860nm wavelength range, of an oxy-
gen plasma for different values of Cv. Ar emission lines emerged at
various wavelengths, including 750.4, 763.5, 794.8, and 811.5nm, and
O atom peaks were visible near 777.4 nm and at 844.6 nm. The emis-
sion intensity of the 750.4nm Ar (2p1, E ¼ 13.48 eV) line is a good
pair for the energy of emitting levels of 844.6nm O atom line and is
not affected by the electron impact out of metastable states.34,35 The
emission intensities are changed by adjusting Cv. When the series LC
resonance occurs, the emission intensities of both the 844.6nm O and
750.4 nm Ar lines are maximized.

Figure 9 shows the O-to-Ar number density ratios as a function
of Cv. The O-to-Ar number density ratio is given by36–40

nO
nAr
¼ kAr

kO

bAr
bO

cAr
cO

IO
IAr

; (9)

where the rate coefficients, kAr and kO, for the electron impact excita-
tion from the ground states and the rate coefficient expressions
kAr ¼ 2.48� 10�14 Te 0.33 exp (�12.78/Te) and kO ¼ 7.1� 10�9 exp

(�8.6/Te) m3 s�1.25,41 The optical branching ratio, bAr and bO, for the
emitting states at the monitored wavelengths is bAr/bO ¼ 1.42–44 The
spectral response corrections, cAr and cO, are relative sensitivities of
the spectrometer at the wavelengths where the species and actinometer
emit for the spectrometer employed, which is 2.5.39,40 In this work,
effects of the self-absorption are neglected.45,46 At the series LC reso-
nance, nO/nAr is maximized and is controlled by adjusting Cv. This
experiment result shows that the hybrid plasma source controls O
atom generation at a fixed pressure and applied power. This feature is
a unique advantage of the hybrid plasma source. Further, our hybrid
plasma source can be applied to processing plasmas, such as in the
ashing process of a photoresistor (PR) and in plasma dry cleaning.

V. CONCLUSION

We developed a hybrid plasma source that combines an ICP
source and a CCP source in parallel using a single RF power generator.
The currents flowing through each source were controlled by a vari-
able capacitor connected to the antenna in the ICP section. To

FIG. 7. (a) Ion density and electron temperature and (b) O 844.6 nm and Ar 750.4 nm emission intensities as a function of Cv at a fixed RF power of 300W and 13.3 Pa (100
mTorr) in an oxygen plasma. Flow rates (sccm) are O2:TRG¼ 20:1. (TRG ¼ trace rare gas).

FIG. 8. Optical emission spectrum from 700 to 860 nm at a fixed RF power of
300W and 13.3 Pa (100 mTorr) in an oxygen plasma. Flow rates (sccm) are
O2:TRG¼ 20:1. TRG ¼ trace rare gas.
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investigate the characteristics of the proposed hybrid source, the elec-
trical properties and the plasma parameters were measured. The elec-
trical characteristics of the voltage and current flowing through each
source can be controlled by adjusting the Cv at a fixed applied power.
The ion density showed different trends depending on the discharge
mode. In E-mode, the ion density was governed by the CCP current,
whereas it was controlled by the ICP current in H-mode. These results
show that a large discrepancy of the absolute value with the calculated
plasma density from the power balance equation is in good qualitative
agreement. Using the variable capacitor, a wide range of the ion densi-
ties were obtained at a fixed applied power. Interestingly, the ion den-
sity was controlled linearly at 13.3Pa (100 mTorr) by adjusting power
dissipation, which is a very unique feature of our hybrid plasma
source. This type of control is impossible in conventional ICPs due to
the E–H transition. In addition, OES actinometry method verified that
our source was capable of controlling O atom generation. Our plasma
source can be applied to plasma processing applications where ion
density control and stable plasma operation are important such as O
atom generation for dry cleaning or dry treatment.
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45N. Konjević, Phys. Rep. 316, 339 (1999).
46D. V. Lopaev, A. V. Volynets, S. M. Zyryanov, A. I. Zotovich, and A. T.
Rakhimov, J. Phys. D 50, 075202 (2017).

FIG. 9. nO/nAr number density ratio as a function of Cv at a fixed RF power of
300W and 13.3 Pa (100 mTorr) in an oxygen plasma. Flow rates (sccm) are
O2:TRG¼ 20:1. TRG ¼ trace rare gas.

Physics of Plasmas ARTICLE scitation.org/journal/php

Phys. Plasmas 27, 093504 (2020); doi: 10.1063/5.0006417 27, 093504-8

Published under license by AIP Publishing

https://doi.org/10.1088/0963-0252/1/2/006
https://doi.org/10.1088/0963-0252/5/2/008
https://doi.org/10.1109/27.281547
https://doi.org/10.1088/0022-3727/29/5/017
https://doi.org/10.1088/0963-0252/7/1/003
https://doi.org/10.1088/0963-0252/7/1/003
https://doi.org/10.1088/0022-3727/11/13/004
https://doi.org/10.1088/0963-0252/15/4/035
https://doi.org/10.1063/1.106112
https://doi.org/10.1016/j.apsusc.2003.12.013
https://doi.org/10.1116/1.579792
https://doi.org/10.1116/1.582271
https://doi.org/10.1116/1.582271
https://doi.org/10.1109/JPROC.2017.2665781
https://doi.org/10.1116/1.5113631
https://doi.org/10.1088/1361-6641/ab73e7
https://doi.org/10.1088/0963-0252/22/5/055011
https://doi.org/10.1016/S0040-6090(00)01636-9
https://doi.org/10.1088/0963-0252/24/2/024001
https://doi.org/10.1016/S0040-6090(00)01392-4
https://doi.org/10.1016/S0040-6090(00)01392-4
https://doi.org/10.1063/1.2204352
https://doi.org/10.1088/0963-0252/3/4/002
https://doi.org/10.1116/1.576457
https://doi.org/10.1063/1.3371816
https://doi.org/10.1088/0963-0252/1/3/006
https://doi.org/10.1088/0963-0252/1/3/006
https://doi.org/10.1209/0295-5075/82/15001
https://doi.org/10.1063/1.4823721
https://doi.org/10.1063/1.2212387
https://doi.org/10.1063/1.5099290
https://doi.org/10.1063/1.2734501
https://doi.org/10.1088/1361-6595/aa61e6
https://doi.org/10.1063/1.124010
https://doi.org/10.1103/PhysRevA.59.2749
https://doi.org/10.1103/PhysRevA.59.2749
https://doi.org/10.1063/1.328060
https://doi.org/10.1063/1.450339
https://doi.org/10.1088/0022-3727/28/9/014
https://doi.org/10.1088/0963-0252/9/2/304
https://doi.org/10.1088/0963-0252/9/2/304
https://doi.org/10.1063/1.4807298
https://doi.org/10.1116/1.4904213
https://doi.org/10.1088/0022-3727/34/7/312
https://doi.org/10.1088/0963-0252/14/2/021
https://doi.org/10.1088/0963-0252/14/2/021
https://doi.org/10.1088/0022-3727/44/28/285203
https://doi.org/10.1063/1.1315332
https://doi.org/10.1016/S0370-1573(98)00132-X
https://doi.org/10.1088/1361-6463/50/7/075202
https://scitation.org/journal/php

	s1
	s2
	d1
	d2
	s3
	f1
	f2
	d3
	d4
	s4
	s4A
	d5
	s4B
	f3
	d6
	d7
	d8
	f4
	s4C
	f5
	f6
	d9
	s5
	f7
	f8
	l
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40
	c41
	c42
	c43
	c44
	c45
	c46
	f9

