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Abstract: A floating harmonic probe (FHP) is used to measure the electron
energy and ion density in plasmas. It applies an AC voltage to an electrically
floated probe and measures harmonic frequency components in the probe current
which contain information about the parameters. In this study, we have
quantitatively investigated the effects of stray impedances in an FHP measurement
system on the calculated parameters. We also discuss the influence of the electron
energy distribution function (EEDF) when it deviates from a Maxwellian shape on
the FHP measurement. A new approach of multi-harmonic analysis of FHP data
(MHA-FHP) is proposed to analyze the electron energy in plasmas with
non-Maxwellian EEDFs. The MHA-FHP method has been compared with the
conventional FHP and Langmuir probe methods thorough the measurement of
low-temperature argon plasmas. Experimental results indicated that the MHA-FHP
method can provide the shape of the EEDFs, effective electron temperature, and ion

density.
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1. Introduction

Diagnostics of electron-related plasma parameters, such as electron density ne and
temperature T. are essential for the research and development of low-temperature
plasma technologies. These parameters govern electron-related inelastic collisions
that generate ions, radicals, and excited species. Electrical probing methods are
widely used to diagnose low-temperature plasmas generated in low-pressure gas
atmospheres. The Langmuir probe (LP) method, which analyzes the current-voltage
(1-V) characteristics of a metal probe inserted into the plasma, is one of the most
common methods.*?

In low-temperature reactive plasmas used in material processes such as
plasma-enhanced chemical vapor deposition (PECVD), it is difficult to adequately
measure the parameters using DC-based electrostatic probing methods, including the
LP method. This is because DC-based methods generally require the maintenance of
a clean metallic-probe surface, i.e., a low-resistance contact between the probe and
the ion sheath during the measurement.®>* One approach to reactive plasma
diagnostics is to avoid deposition or surface modification on the probe during the
measurement by using a thin noble metal probe heated by an electric current flow.>®
Another approach is to use AC-based methods that can obtain information on
plasmas through dielectric materials on the probe. For example, the plasma
absorption probe method is an AC-based technique developed for measuring ne. It
detects the resonant frequency between the surface wave on the dielectric cover of a
probe antenna and the plasma oscillation.”®

The floating harmonic probe (FHP) method is also an AC-based measurement
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method that examines both electron energy and plasma density. In the FHP method,
a kHz-order AC voltage is applied to an electrically floating probe. Due to the
nonlinearity of the ion-sheath impedance, current components with harmonic
frequencies of the applied AC voltage are generated and flow in the probe. In typical
FHP measurements, the first and second-harmonic current amplitudes, Te and the ion
density n;j are derived under the assumption of Maxwellian electron energy
distribution function (EEDF). ni equals ne in an electrically neutral plasma. The FHP
method was first demonstrated in fusion plasma diagnostics®*? and has also been
applied in low-temperature plasma diagnostics.*® The feasibility of feedback control
of plasma density based on continuous FHP measurement has been experimentally
verified to achieve advanced plasma-process control.

Since the FHP method can measure parameters even when there is a dielectric on
the probe surface, it has attracted interest as a tool for parameter monitoring in
reactive plasmas. To establish reactive plasma monitoring, FHP measurements with
dielectric-coated probes were compared with the DC-based probe without the
dielectric coating.’®'® The FHP method was used to measure Te and ni during a
process of deposition of a diamond-like carbon film.'®1") Zanagka et al. investigated
the influence of the dielectric-film thickness on the FHP measurement and recorded
the temporal changes of Te and n;i during iron-oxide film deposition.*® In addition to
the continuous deposition processes, Sato et al. monitored the temporal changes of
Te and n; in a cyclic deposition process of silicon nitride films with a repeated pulsed
discharge process.'® These studies suggest that the FHP method is a suitable tool for
monitoring and controlling advanced reactive-plasma processes.

Our study of the FHP method has two objectives. One is to quantitatively evaluate
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the stray impedances in the FHP system and their influence on the measurement.
Current flowing to the ground through stray impedances is a common problem in
AC-based electrical instruments. In previous studies, the probe-current amplitude
measured without plasma generation was subtracted from the amplitude measured in
plasma.'®>!®) Choi et al. analyzed the influence of the stray capacitance by applying
AC voltages with different frequencies to the probe.?? By applying AC voltages with
two frequencies and analyzing the current components at summation and differential
frequencies the influence of stray capacitance was avoided.?>?? In this study, we
measured the stray impedances emanating from each component of the measurement
system and additionally considered the capacitance formed by a plasma around the
probe. Quantitative evaluation of the stray impedances improved the accuracy of the
FHP measurements, especially under low-plasma-density conditions.

The main objective of this study was to perform FHP measurements without
assuming a Maxwellian EEDF. This extends the applicable plasma sources and the
range of discharge conditions of the FHP method. Previously, FHP methods
modified with the theoretical background of an AC-superposition method in the LP
measurement®?3) has diagnosed effective electron temperatures Tes in plasmas with
non-Maxwellian EEDFs.24%) Our approach has been to establish an evaluation
procedure for Tefr and n;i in non-Maxwellian-EEDF plasmas without the need for a
small-amplitude approximation, required by the AC-superposition method. The lack
of this approximation allows us to apply an AC voltage with a relatively large
amplitude. This novel approach contributes to the accurate measurement of
amplitudes of the harmonic currents. The applied voltage had a single frequency, and

a lock-in amplifier was used to determine the amplitudes and phases of the probe
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current at the first, second, and third-harmonic frequencies. Using these three current
amplitudes, we estimated the EEDF shape, Tefr, and nij. Multi-harmonic analysis of
the FHP data considering the stray impedances was performed in two
low-temperature plasma sources: a surface-wave plasma (SWP) and an inductively

coupled plasma (ICP) generated in a low-pressure argon (Ar) atmosphere.

2. Floating harmonic probe (FHP) method

2.1 Conventional analysis for Maxwellian-EEDF plasmas

Figure 1(a) shows the basic components of the FHP method. When an AC voltage is
applied to a probe inserted in the plasma using an electric circuit with a blocking
capacitor, the voltage at probe Vpr becomes

Vor = (Vg + Vge) + Vo cos wt (1)
where V¢ is the floating potential; Vqc is the DC self-bias voltage; Vo and « are the
amplitude and angular frequency, respectively, of the applied AC voltage. The current
flowing in the probe ipr near V¢ is composed of an ion saturation current iis and an
electron current ie. The ion current was assumed to be constant at iis in the range of the
Vpr. le IS determined by the electron saturation current ies, the plasma potential Vpi, the

Vpr, and the electron temperature Te, when the EEDF in the tested plasma source is a

Maxwellian distribution, as follows:

Vo =V,

) ©

lpr = lis — le = lis — les €XP {_

Te is assumed in units of eV in this and all following formulas. Due to the presence of a
blocking capacitor, the DC component in iy IS zero. ipr can be expressed by the

summation of the AC electron current components at harmonic frequencies of the
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applied voltage ie_» as shown in Fig. 1(b). In the Maxwellian-EEDF case, the amplitude
ratio of the electron current components of the first 1w and second-harmonic 2w

frequencies, ie_1, and ie_2q, is correlated with Te as

|ie_1a)| — Il(VO/Te)
|ie_2w| 12 (VO/Te)

€)

where 1j(z) is the j'™ modified Bessel function.* The ion density n; can be calculated

using the following relationship:

n = |ie_1w| IO(VO/Te)
' 2(0.61qcugd) I; (Vo/Te)

“4)

where, ge is the elementary charge, ug is the Bohm velocity, and A is the surface area of
the probe tip.'® Using these relationships (Eq. (3) and (4)), the FHP method achieves a
continuous output of the electron temperature Te and the ion density ni by monitoring
le 1o and e 20. We refer to this conventional analysis method as “CA-FHP” in

subsequent sections.

2.2 Multi-harmonic analysis for non-Maxwellian-EEDF plasmas

In the case of non-Maxwellian-EEDF plasma, we consider the following form of

EEDF ge(e) in this study.?%2"

Ve £y’
9(8) = 9 g Touy72 P {_CX (e } v

where gx and Cx are constants normalizing the EEDF, ¢ is the electron energy, and Teft

is the effective electron temperature. ¢ and Tefr are assumed in units of eV in this and all

following formulas. When X = 1 and X = 2, ge(¢) becomes the Maxwellian and

Druyvesteyn distributions, respectively.
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The electron current ie as a function of voltage V = Vp — Vpr is expressed using ge(e)

as follows:

. geNeA f°° ( qu> 2e
V) = 1— - d 6
(V) r ), - mege(E) £ (6)

where me is the mass of the electron. When the AC voltage is applied, as shown in Fig.

1(b), the probe current ipr becomes
ipr = lis = le (Vo = (Ve + Vi + Vo cos b)) = iz —ie(6)  (7)

The electron current ie can be expanded in a Fourier series with harmonic amplitudes of

2T
w

le ke = ﬁfozie(t) cos(kwt) dt (8)

The ratio of the electron current amplitudes between the first and k™ harmonic

frequencies at the probe voltage becomes:

2n/w | poo £ X
lic x| B fo fqev(e —q.V) exp {—CX (queff) }ds] cos(kwt) dt o
; = = X
lic 10| f027t/w [fqev(g — q.V) exp {_CX (Qe;eff) }dg] cos(wt) dt

This ratio includes three variable parameters: the DC component in V, i.e., <V> = <V

—Vor> = Vo — (Ve + Vo), X, and Tetr. These can be determined using the numerical

fitting of Eq. (9), with a set of harmonic currents from [ie_10| tO |ie_4s|- In this study, since
it was difficult to detect the ie 4., signal in our experimental system, we determined the

voltage Vere = Vpi — Vs using the following equation,?

T,
Venp = Vpl—vf=?e+Te1n (10)

2mme

where m; is the ion mass. Te in the calculation was derived using the CA-FHP method

(Eq. (3)) from [ie_10| and |ie_20|- Using the Venp + Vocoswt as V in Eq. (9), and assuming
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that Vqc is negligible, X and Terr are determined from lie 10|, |ie 20|, and [ie 30| We
compared Vrwp with Viv = Vpi — (V¢ + Vo) which results from by fitting the 1-V
characteristics for each measurement.

After determining X and Tes using the Vrwp and Eg. (9), ni can be calculated as

follows:

n;: = |ie_1w | |ie_0w |
' 2(0.61q0upA) |ig 10|

(1)

It should be noted that the above procedure for calculating Vene (Eqg. (10)), and ni (Eq.

(11)) are based on the Maxwellian EEDF. The feasibility of the Vrxp and ni calculation
in the multi-harmonic analysis is discussed in Section 4.2 comparing with the
parameters obtained from the 1-V characteristics. Through the multi-harmonic analysis
of the FHP data, called “MHA-FHP” in the following sections, we are able to

investigate the parameters in non-Maxwellian-EEDF plasmas.

3. Experimental setup

3.1 Low-temperature plasma sources

Schematic representations of the SWP and ICP sources measured in this study are
shown in Figs. 2(a) and 2(b), respectively. Two vacuum chambers with the same
dimensions and materials were used for each plasma source. The SWP source (Fig.
2(a)) had a microwave antenna mounted on a quartz plate at the top of the chamber. The

microwave frequency was approximately 1 GHz. The discharge was performed 10-Pa

Ar gas at a flow rate of 10 sccm. The ICP source (Fig. 2(b)) consisted of a 6-turn coil on

a quartz plate connected to a matching box. The RF frequency was 13.56 MHz. The Ar
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pressure and flow rate were 2.7 Pa and 10 sccm, respectively. The discharge gap
between the quartz plate and the substrate stage, which was electrically floated in this
study, was 130 mm.

As baseline data for the FHP measurements, we analyzed EEDF, Vp, and Vr in the
SWP and ICP sources using the 1-V characteristics of a tungsten (W) probe obtained by
the conventional LP method. The W probe tip had a cylindrical shape with a length of
1.0 mm and a diameter of 1.5 mm. The probe was placed on the central axis of the
chamber, 10 mm above the stage. The distance between the quartz plate to the probe
was long enough to measure the parameters without the influence of microwave and RF

fields.?8% Figure 3 shows EEDFs measured in the SWP (Fig. 3(a)) and ICP (Fig. 3(h)),

which were calculated from the measured 1-V characteristics using the Druyvesteyn

method.>3% We analyzed the EEDF shape in a range over 10 eVV"'m~2 in this study. In

general, under our discharge conditions, the SWP exhibited more Maxwellian-like
EEDFs and lower average electron energy than ICP. The EEDFs measured with ICP
showed Druyvesteyn-like shapes. The influence of the EEDF shape difference between
SWP and ICP on the FHP measurement is discussed in the following sections. We also

plotted Vp and Vs of each plasma source in Figs. 4(a) and 4(b). In addition to the

voltages obtained from the |-V characteristics (Vp v determined by a tangent method

and Vst 1v), the voltage Vpi pruy Where the second derivative of the 1-V curve becomes

zero is also plotted as a plasma potential calculated without assuming Maxwellian

EEDF.

1
[y
N
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3.2 FHP measurement

Figure 5 shows a diagram of the FHP measurement system used in this study. We
applied an AC sinusoidal voltage Vocoswt through a function generator. The amplitude
(Vo = 2.5 V) and frequency (f = w/2z = 15.5 kHz) of the AC voltage are fixed. The
current-sensing resistor Rs and the blocking capacitor Cp were Rs= 10 Q and Cp = 10 pF,
respectively. The lock-in amplifier measured the amplitudes (amp.) and phases (¢) of
le_» from the differential AC voltage between the two ends of Rs. A TTL signal from
the function generator is also input to the lock-in amplifier as a frequency reference.
The probe inserted into the chamber had a W tip with the same dimensions and
positions as in the LP measurement. An Al>Oz tube with inner and outer diameters of
2.1 and 4.1 mm covered the W rod to control the length of the probe tip. In this study, a
49 mm long Al>Oz tube was exposed to plasma, and the rest of the probe in the chamber
was covered with a grounded stainless-steel tube. From the Vo, Vi, and 1-V

characteristics, we calculated the DC self-bias voltages Vg v under the AC-voltage

applied to the probe. The |Vqc_1v| values for each discharge condition are plotted in Figs.

4(a) and 4(b).

To evaluate AC currents that do not flow through the ion sheath during the FHP
measurement, we analyzed the stray impedances of each component at a frequency of
15.5 kHz. The impedances of each component, such as coaxial cable and connector,
were measured using an LCR meter. The specification values of the input impedance of
the lock-in amplifier were also considered. Following this procedure, we simulated amp.
and @ at the lock-in amplifier at 15.5 kHz without plasma generation. The simulated
values considering the measurement system circuit shown in Fig. 6 are amp. = 71.9 pA

and 6 = 89.8°. The experimentally measured output of the lock-in amplifier without

10
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plasma generation was amp. = 70.5 pA and 6 = 89.1°, from which we conclude that the
impedance rating was appropriate. The generation of additional impedance components
must be considered in plasma diagnostics. These are the ion sheath, a parallel of Csh and
Rsh, and a capacitance between the W rod and the plasma separated by the Al>Os tube,
Cst pi, as shown in Fig. 6. Csh was negligible in our experimental setup, given the
probe-tip area and the estimated sheath thickness. Rsh is @ nonlinear resistance that was
investigated in this study. We calculated the additional capacitance Cst pi = 6.6 pF from
the dimensions and relative permittivity of the Al.Os material at & = 9.3 The calculated
plasma parameters with and without considering the stray impedances were compared

to investigate their influence on the FHP measurement in the following section.

4. Results and discussion

4.1 Surface-wave plasma (SWP) diagnostics

We diagnosed the SWP plasma in a range of microwave powers from 50 to 200 W
using the FHP method. The measurement results of ie ko (k =1, 2, 3) are summarised in
Table 1. For the first-harmonic frequency component (1) of the probe current, it must
be taken into account that the current flowing to the stray impedances is included in the
measured amplitude and phase (iwota 10 IN Table 1). Therefore, we subtracted the
first-harmonic component measured without plasma generation and the estimated
current flowing to Cst pi from the itwota 1, Mmeasured at each microwave power to deduce
the electron current flowing to the ion sheath (ie 10).

Before calculating the electron energy, we estimated a DC component in the voltage

V, i.e., <V> = <Vp — Vor> = Vo — (Vi + V), using the FHP method. The Vewp values

11

';IU
[y
(=)

7
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were calculated using Eq. (10) from lie 20|/]ie 10| (section 2.2). Viv = Vpi v — (Veav +

Vdc 1v) is derived from the data shown in Fig. 4(a). Figure 7 shows Vrnp and Viv
measured for each microwave power. It was confirmed that the Venp values similar to
those of Viv. This result indicates that when estimating the voltage V by the FHP
method, assuming the Maxwellian EEDF and ignoring Vg do not cause critical errors, at

least when measuring the SWP.

Then, using the ratios |ie_20|/|ie 10| and |ie_3.|/|ie_10| @and the procedures explained in Eq.
(9), we calculated X and Tes for each microwave power using the Venp. The calculated X
values, XmHa-rHp, are shown in Fig. 8. The X values estimated from the EEDFs derived
using the Druyvesteyn method Xpry are also plotted. The details of the Xpruy estimation
procedure can be found in the Appendix. The X values obtained by both methods were
close to one. Therefore, the SWP measured in this study can be categorized as a
Maxwellian-EEDF plasma, and the MHA-FHP method can adequately represent the
Maxwellian property of the SWP.

The parameters Tetr and ni determined by the MHA-FHP method (Tett MHa-FHP and
Ni_mHA-FHP) are shown in Figs. 9(a) and 9(b). For comparison, in Fig. 9(a) also shows Te
values calculated using the CA-FHP method (analysis in section 2.1) with (Te ca-FHp)
and without (Te ca-FHp_si) consideration of the stray impedances. The influence of stray
impedances on the measurement results increases lower microwave powers. This is
because the ratio oOf |ie_10)/|itotal_ 1| decreases at low power due to the increase in the
ion-sheath impedance. This suggests that the proper consideration of stray impedances
extends the measurable lower limit of n; in the FHP method. The Teff mHa-FHP and
Te ca-rHp, Which take the stray impedances into account, are consistent with the Te v

measured from 70 to 200 W using the conventional LP method. The deviation of

12
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Tett MHA-FHP from Te ca-rHp and Te v was observed for the 50-W data. This probably due
to an error in the calculation caused by the low signal amplitude (low signal-to-noise
ratio) at the third-harmonic frequency (3w). In the n; calculation results shown in Fig.
9(b), it can be observed that the CA-FHP method which ignores the stray impedances
(ni_ca-rrp_s1) significantly overestimates ni since it is proportional to [ie 1.| in the

analysis of the FHP method based on Eq. (4).

4.2 Inductively coupled plasma (ICP) diagnostics

ICP generated with RF powers in the range of 50200 W was diagnosed by the FHP
method with procedures similar to those used for the diagnostics of SWP. The
measurement results of ittal 1 and e k» are summarized in Table I1.

Figure 10 shows the DC component of the voltage V estimated based on the results of
the FHP measurement Vrnp and the 1-V characteristic Vv. Although the ICP has a more
Druyvesteyn-like EEDF compared to the SWP, as explained in Section 3.1, the Venp
calculation assuming a Maxwellian EEDF shows good agreement with the V.
Therefore, we used the Vrnp, calculated using the same procedure as the SWP, to further
investigate the parameters of the ICP.

We have plotted the X values calculated from the ratios of |ie 2|/|ie_10| and |ie 3|/|ie_10|
(Eg. (9)) and the Vrwp in Fig. 11. The values of Xwna-rrp are approximately two and
agree with the Xpry obtained from the |-V characteristics. This confirms that the
assumption of a Maxwellian EEDF in the Vrnp calculation (Eqg. (10)) does not
significantly affect the EEDF-shape analysis and the subsequent calculation of the

plasma parameters. The measured X values in the ICP were larger than those in the

13



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

SWP, i.e., more Druyvesteyn-like EEDFs, as indicated in Fig. 3. This result suggests
that the MHA-FHP method can quantitatively distinguish the difference in plasma
properties between SWP and ICP in terms of EEDF shape.

The Test values calculated by the MHA-FHP method using the Vrnp and Xmna-rrp for
each RF power are shown in Fig. 12(a), along with the parameters calculated based on
the CA-FHP, LP, and Druyvesteyn methods. The Tett mHa-FHp Values were higher than
Te_ca-rHp Values under each discharge condition. For the values calculated based on the
|-V characteristics, Teff pruy Was higher than Te v. This suggests that the analyses
assuming the Maxwellian EEDF underestimate the average electron energy in the
plasmas that have a Druyvesteyn-like EEDF, as in our ICP case. The MHA-FHP
method is necessary to obtain accurate information about the electron energy in such
plasma sources. The n; calculation results obtained with Tefr or Te are shown in Fig.
12(b). All three analyses of n;j gave similar values for each RF power. This suggests that

the n; calculation based on Eq. (11) is suitable for diagnosing plasmas with a

Druyvesteyn-like EEDF. The n; values also suggested that the RF field does not have

significant influence on the probe measurement. The longest skin depth in the discharge

conditions calculated assuming ne = nj was 37 mm, which was significantly shorter than

the distance between the probe and the quartz plate (120 mm).

From the experimental results, we conclude that the multi-harmonic analysis of FHP
data (MHA-FHP method) has the potential to evaluate and monitor the EEDF shape and
electron energy in low temperature plasmas. The monitoring of the EEDF shape is a

feature of the MHA-FHP method that has potentials to contribute in further

investigation of reactive plasmas with modulation of input power and/or gas-flow

switching during the operation.

14



10

11

12

13

14

15

16

17

18

19

20

21

22

5. Conclusions

This paper presents our experimental studies on a method to accurately measure
electron energy and ion density in low-temperature plasmas using a floating harmonic
probe (FHP). An equivalent circuit analysis focusing on stray impedances in the FHP
system has shown that data analyses without considering the stray impedances have
overestimated the electron energy and ion density, especially under low-plasma-density
conditions. We also discuss the influence of the electron energy distribution function
(EEDF) on the FHP measurement when it deviates from the Maxwellian shape. For
parameter estimation in plasmas that have not only Maxwellian but also
Druyvesteyn-like EEDFs, we have proposed a new approach to multi-harmonic analysis
that uses the first, second, and third harmonic components in the measured probe
current, an MHA-FHP method. The MHA-FHP method provides the shape of the EEDF,
effective electron temperature, and ion density. The EEDF shapes and effective electron
temperatures obtained from the MHA-FHP measurement showed good agreement with
parameters obtained from EEDFs derived by the Druyvesteyn method, in both
surface-wave plasma (SWP, Maxwellian-like EEDFs) and inductively coupled plasma
(ICP, Druyvesteyn-like EEDFs) diagnostics. This is a clear advantage of the MHA-FHP
method compared to the conventional FHP and Langmuir probe methods, which require
Maxwellian EEDF. From these experimental results and discussion, we conclude that
the MHA-FHP method has the potential to be an important method for monitoring

fundamental plasma parameters in various reactive plasma processes.

15
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Appendix
Analysis of EEDF obtained by a Druyvesteyn method

In the following, we explain the procedure for estimating the coefficient X in the
electron energy distribution function (EEDF), written in Eq. (5), and the effective
electron temperature Tesr from the EEDF based on the Druyvesteyn method. First, we
calculated an EEDF from the 1-V characteristic of the probe, using the conventional
Druyvesteyn method.>*® The calculated EEDFs for the SWP and ICP (both at 150 W)
are shown as circles in Figs. Al(a) and Al(b). The calculated EEDFs are also plotted in
Fig. 3. Here, we analyzed Tesr from the EEDFs considering the range of probe voltage at
the FHP measurement for data comparison with the FHP. The ranges of the probe
voltage in the FHP measurement, determined by Vs, Vac, and Vo (see section 2.1), are
indicated as energy ranges where the data points are yellow in the figures. X and Tes for
the EEDFs were estimated by fitting the yellow-coloured data points using Eq. (5). The
fitting results are indicated by red lines in Figs. Al(a) and Al(b), which represent the
general characteristics of the EEDFs in each plasma source. The X and Tefr values
derived from the data analysis are shown in Figs. 8 and 11 as Xpry and Fig. 12(a) as
Teff Druy, respectively. For the references, we also show lines of data fitting with
Maxwellian (X = 1, blue dashed lines) and Druyvesteynian (X = 2, purple dashed-dotted

lines) EEDFs for each data point.

17
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Figure Captions

Figure 1: Schematic representations of (a) the basic components and their
arrangement for the FHP method and (b) the relationships between an applied AC
voltage, a current-voltage (I-V) characteristic of the ion sheath, and a measured probe

current used in the FHP measurement.

Figure 2 (Color online): Schematic representations of (a) surface-wave plasma (SWP)

and (b) inductively coupled plasma (ICP) sources diagnosed in this study.

Figure 3: Electron energy distribution functions (EEDFs) of (a) the SWP and (b) the

ICP calculated from the |-V characteristics using a Druyvesteyn method. The EEDFs

measured with microwave and RF power at 150 W are plotted in Figs. Al(a) and

Al(b).

Figure 4: Plasma potentials V} and floating potentials V' for (a) the SWP and (b) the
ICP measured at different discharge powers. The DC self-bias voltages Vic were
calculated from the |-V characteristics considering the Vr and the amplitude of the

applied AC voltage (Vo = 2.5 V).

Figure 5: Schematic diagram of the FHP measurement system used in this study. A
DC component in the probe current was blocked by a blocking capacitor Cy. The current
components at fundamental and harmonic frequencies were measured using a lock-in

amplifier operated in a differential mode.
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Figure 6: Electrical circuit of the FHP measurement system. The components
considered in the analysis were stray capacitances of cables/connectors (Cst 1, Cst 2, and
Cst 3), a sensing resistor (Rs), a blocking capacitor (Cb), and an impedance of the lock-in
amplifier’s input. When we generate a plasma, we need to consider the impedance of
the ion sheath (a parallel of Csn and Rgn) and the capacitance between the W rod and the

plasma separated by a Al,O3 tube (Cst pl) .

Figure 7: DC component in the voltage V' (= Vp1 — V) derived from the FHP method

with an assumption of Maxwellian EEDF Veup and from the |-V characteristic Viv

measured in the SWP operated with microwave powers from 50 to 200 W.

Figure 8: Coefficient X values indicating the EEDF shape in Eq. (5) calculated by the
multi-harmonic analysis of the FHP data Xmua-rup and by fitting the EEDF derived by
the Druyvesteyn method Xpry, measured in the SWP operated with the microwave

powers from 50 to 200 W.

Figure 9: (a) Electron energies (7efr, Tc) and (b) ion densities (ni) measured in the
SWP, operated with the microwave powers from 50 to 200 W, with the FHP method
using the multi-harmonic analysis (7efr mua-Fup and ni Mua-rHp) and conventional
analyses with (7c ca-rup and ni ca-rup) and without (7e ca-rup st and #ni ca-FHP SI)
consideration of the stray impedances. The 7. and n; derived from the |-V

characteristics using the conventional LP method (7 1v and ;i 1v) are also plotted.
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Figure 10: DC component in the voltage V (= Vp — Vpr) derived from the FHP

method with an assumption of Maxwellian EEDF Vryp and from the 1-V characteristic

Viv measured in the ICP operated with the RF powers from 50 to 200 W.

Figure 11: Coefficient X values indicating the EEDF shape in Eq. (5) calculated by
the multi-harmonic analysis of the FHP data Xuua-rup and by fitting of the EEDF
derived by the Druyvesteyn method Xpry, measured in the ICP operated at the RF

powers from 50 to 200 W.

Figure 12: (a) Electron energies (Zefr, 7c) and (b) ion densities (n;) measured in the
ICP, operated with the RF powers from 50 to 200 W, with the FHP method using the
multi-harmonic analysis (7efr Mua-rup and  n; mua-rup) and conventional analyses
considering the stray impedances (7 ca-rup and ni ca-rup). The Te and n; derived by the
LP method (7e 1v and ni 1v) and the Tesr derived from the EEDF as explained in the

Appendix (7efr pruy) are also plotted.

Figure A1 (Color online): Electron energy distribution functions (EEDFs) of (a) the
SWP and (b) the ICP calculated from the 1-V characteristics by the Druyvesteyn method.
The microwave and RF powers for both data were 150 W. Data points in a range of
probe voltage in the FHP method (yellow-coloured circles) were used for the fitting
with Eq. (5). The fitting results with Maxwellian (X = 1) and Druyvesteynian (X = 2)

EEDFs are also shown for reference.
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2
3
4
5 Table I: Measured data of the harmonic components in the probe (electron) current
6 le_ ko Used in the FHP method. The data were obtained in the SWP generated with the
7 microwave powers listed on the left. ie 1., IS an electron current component flowing to
8 the ion sheath derived by subtracting the component measured without the plasma
9 generation and the estimated current flowing to the Cst pi (amp. = 70.5 pA and 6 = 89.1°
10 in total) from the components measured in each microwave power (itotal_10)-
11
Microwave itotalilw ieﬁlw ieﬁZw ieja)
power (W) amp. (uA) 6 (deg.) amp. (uA) 6 (deg.) amp. (uA) 6 (deg.) amp. (uA) 6 (deg.)
50 86.9 55.0 48.7 0.9 21.8 359.3 7.3 358.9
70 95.7 48.2 62.7 0.8 28.8 359.3 9.6 358.9
100 109.7 40.6 82.3 0.6 38.4 359.3 12.5 359.1
150 133.7 32.1 112.2 0.3 52.7 359.3 17.1 359.0
200 160.6 26.2 143.1 0.2 66.9 359.2 21.8 358.8
12
13

24



2

3

4

5

6

7 Table 11:  Measured data of ie ., oObtained in the ICP with the RF powers listed on the

8 left. The ie 1, Is calculated in the same manner as the SWP case in Table I. A

9 summation of the first-harmonic component measured without the plasma generation

10 and the estimated current flowing to the Cst p was amp. = 70.3 pA and 6 = 88.8°.

11

RF power I 3 5 ie73(u

(W) amp. (LA) 6 (deg.) amp. (uA) 6 (deg.) amp. (nA) 6 (deg.) amp. (uA) 6 (deg.)
50 84.7 57.2 44.5 1.3 12.0 359.1 1.9 357.7
70 101.5 44.2 71.3 0.5 20.0 359.0 3.5 357.2
100 117.6 37.0 92.5 0.3 28.8 258.9 5.4 357.9
150 161.4 25.8 143.9 0.0 41.2 358.8 7.2 358.2
200 186.6 22.2 171.2 0.0 47.1 359.0 8.0 358.6
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