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Abstract: As the importance of ion-assisted surface processing based on low-temperature plasma
increases, the monitoring of ion energy impinging into wafer surfaces becomes important. Monitoring
methods that are noninvasive, real-time, and comprise ion collision in the sheath have received much
research attention. However, in spite of this fact, most research was performed in invasive, not
real-time, and collisionless ion sheath conditions. In this paper, we develop a noninvasive real-time
IED monitoring system based on an ion trajectory simulation where the Monte Carlo collision method
and an electrical model are adopted to describe collisions in sheaths. We technically, theoretically,
and experimentally investigate the IED measurement with the proposed method, and compared
it with the result of IEDs measured via a quadrupole mass spectrometer under various conditions.
The comparison results show that there was no major change in the IEDs as radio-frequency power
increased or the IED gradually became broad as gas pressure increased, which was in a good
agreement with the results of the mass spectrometer.
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1. Introduction

Plasma processing in modern semiconductor manufacturing has attracted enormous
interest in fabricating fine structures on wafers. For nanoscale electronic devices, con-
ventional plasma technology is challenging to meet the demanded performance for the
device. Therefore, advanced low-temperature plasma technology is required for high-level
processes such as atomic-layer and high-aspect-ratio etching, which may satisfy zero-defect
etching results and deep-and-narrow contact hole profiles [1-7]. To attain high-level pro-
cesses, key process parameters such as etching and deposition rate, which determines the
surface treatment results, were investigated to find their correlations to plasma internal
parameters, namely, electron density, electron temperature, and ion energy [5,6,8-12]. Ion
energy and its bombardment are important parts of physical etching such as sputtering
and improving chemical surface reactions because they directly transfer energy to sur-
faces [13-16]. Ion energy thus needs be carefully optimized and controlled to meet the
desired conditions. However, to monitor and precisely control ion energy distributions
(IEDs) is very difficult; thus, this leads to the process drift or abnormalities causing low-
productivity fabrication [17-19]. Therefore, a reliable method of IED control is needed for
the next-generation process [20].

In academic areas such as universities, invasive diagnostics to measure the IED are retard-
ing field energy analyzers (RFEAs) [21,22] and quadrupole mass spectrometer (QMSs) [23-26].
An RFEA measures ion fluxes overcoming grid potentials that repel ions of lower energy
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than that of their potential. IEDs are inferred by the first derivative of ion fluxes as a
function of the grid potential [22]. A QMS comprises an energy analyzer, a quadrupole
mass filter, and an ion detector, and measures ion fluxes with a specific energy that can
pass through the analyzer. An IED is the measured ion fluxes by sweeping the potential of
the energy analyzer [24]. To measure IEDs, such diagnostics are mounted onto an electrode
surface or inserted into a reactor via a port. However, the semiconductor industry does not
prefer to use such a diagnostic tool for the following several reasons. First, reactors used in
the industry have few view ports because they can be a source of asymmetry in plasma
uniformity. Second, an invasive method such as a QMS can perturb the plasma. To avoid
this perturbation, a QMS can be placed onto the radio-frequency (RF) powered electrode,
but a proper measurement is not allowed due to huge RF voltage interference to the QMS.

To overcome such issues from invasive diagnostics, an alternative is an ion energy
monitoring system that measures and analyzes voltage waveforms on a powered electrode.
Normally, voltage and current (V-I) probes used for arcing signal, particles, and etch end
point detection are used by installing them behind a powered electrode [22,27-34]. The
first attempt of the V-I probe as a diagnostic method is to estimate the plasma density and
total ion current through simple analytical approaches from the measured electrode voltage
and current waveform [34,35]. With continuous development, various plasma parameters,
including an IED, can be obtained through a numerical sheath model that analyzes the
measured voltage signal.

Sobolewski studied V-I waveforms between a powered electrode and impedance
matching network, and developed models to estimate various plasma parameters with
waveforms for a few decades [34-38]. He reported an ion flux and energy monitoring
system with a collisionless sheath model [36,38]. Initially, the proposed technique was
demonstrated with a bare metallic electrode without a wafer. Then, for practical use in
plasma etching, the improved monitoring system with the high-speed data acquisition
method was validated in a wafer-loaded environment in extremely low pressure [37].
However, the collisionless sheath model is not applicable for film deposition processing
where the reactor pressure ranges several hundred mTorr. In this pressure range, the
ion mean free path is shorter than the sheath thickness; as a result, the collision effect is
included in the motion of ions in the sheath.

Recently, Bogdanova et al. have reported the feasibility of a virtual IED sensor based
on the fast calculation of the ion trajectory simulation coupled to the Monte Carlo collision
(MCC) method [39-41]. As the MCC increases the simulation time, to decrease the calcula-
tion time, the authors introduced a simple analytical model of a time-varying linear electric
field and measured sheath voltage waveform that was used in the input data and defined
as the subtraction of the powered-electrode voltage waveform from the plasma potential
waveform. In this work, for rapid calculations, the plasma potential was implemented, and
the following calculation time is investigated and optimized as a function of the number of
injection particles. The sheath voltage waveform, which is a significant parameter to deter-
mine the shape of IEDs, is calculated as the difference between the potentials of the plasma
and the powered electrode. Additionally, the simple analytical model of a time-varying
linear electric field equation was used. Since actual plasma processing chambers do not
allow for any invasive measurement, Bogdanova et al. investigated IEDs with a change in
the plasma potential and the powered electrode voltage type: (i) invasive measurement of
both voltage waveforms, (ii) assumption of plasma potential as sine, and (iii) assumption of
both voltage waveforms as sine. Results show that, as assumptions are added, the accuracy
decreases despite this being a noninvasive method.

In previous works, IED monitoring systems had the limitations of, for example, ne-
glecting collisions, measuring invasively, and assuming the plasma potential to be a sine
wave. To overcome these limitations, we propose a real-time IED monitoring system with
an MCC model and an electrical sheath model. Instead of plasma potential measurement,
the proposed system calculates it through the sheath model with a powered-electrode
voltage waveform. To take into account collisions and give real-time feedback, we used



Sensors 2022, 22, 6254

30f13

the standard null collision method and simplified cross-sectional method for various colli-
sions. We validated the resulting IEDs from our monitoring system by comparing them
to the IEDs obtained with a commercial QMS in argon plasma at various conditions (RF
powers, pressure). The result shows that the IED measured with the proposed monitoring
system was in a good agreement with the QMS results, which shows the possibility of
measuring accurate IEDs according to changes in various discharge conditions. The details
of the methods and experimental setup of our IED monitoring system are described in the
following section. The comparison results are shown and discussed.

2. Experiment
2.1. Vacuum and Plasma Conditions

To validate the concept of the monitoring system, experiments were conducted with an
asymmetric capacitively coupled plasma (CCP) source to which 13.56 MHz RF power was
applied. Figure 1 shows a schematic of the CCP source where the diagnosis and determina-
tion of the plasma parameters such as a voltage waveform and IEDs were performed. The
CCP chamber had a diameter of 200 mm and contained parallel-plate electrodes separated
by 120 mm. The bottom electrode was surrounded by a ceramic ring for electrical insula-
tion from the ground, and connected to a 13.56 MHz RF generator via an L-type matching
network. The top electrode, which had a shower head to uniformly inject gases into the pro-
cessing chamber, was grounded. A QMS (PSM, Hiden Analytic, Warrington, Cheshire, UK)
that could measure IEDs by collecting energetic ions escaping from plasma was mounted
to the chamber sidewall via a port. The vacuum system in this processing chamber con-
sisted of a rotary pump and turbo molecular pump that arweree equipped to produce base
pressure in the order of 10~ Torr. We injected 100 sccm Ar gas through the shower head,
and a variable-conductance valve between the processing chamber and the turbo molecular
pump controlled the pressure.

Gas I I MFC I |

¥ Shower head

120 mm _|||

Vacuum load-lock
chamber
Orifice 100 pm
- 13.56 MHz
PC | Oscilloscope 1001 RF matcher RF generator I

high

voltage

GPIB cable probe

Figure 1. Schematic diagram of the experimental setup of the noninvasive IED monitoring system.

Since various internal and external parameters, electrode voltage, and pressure can
affect the profile of IEDs, the experiments were carried out by changing the applied RF
power from 100 to 500 W, and the pressure from 10 to 50 mTorr to validate our noninvasive
IED monitoring system. The ions were accelerated with a time-varying electric field
in the sheath near the powered and grounded electrode, and the chamber wall. IEDs
mostly strongly depend on the electric field in the sheath in several types of acceleration
and collisions.

2.2. Diagnostics

IEDs were measured with a QMS mounted on the processing chamber sidewall for a
comparative study [23,26]. This spectrometer comprised the inline energy analyzer Bessel
box, a triple-filter quadrupole analyzer, and an ion counting detector with a differential
pump housing composed of a rotary pump and turbo molecular pump that maintained the



Sensors 2022, 22, 6254

40f13

base pressure kn the order of 10~ Torr for ions to transit into the QMS without collisions
to the detector [24]. Ions accelerated in the sheath flowed into the chamber of the QMS
through a 100 um orifice located at the end of a grounded sampling probe, but since the
commercial sampling probe that contained the orifice could not sample ions in this system,
the sampling probe had to be extended and be exposed to plasma. Ions that flowed into the
chamber of the QMS through the grounded sampling probe were focused by the electrical
lens system to obtain high transmission before reaching the entrance hole of the energy
analyzer that was composed of a cylindrical vessel and two circular plates connected to
the different voltage sources. Sweeping the voltage sources that are fixing the potential
distribution in the analyzer, IEDs could be measured. Ions resolved from the energy
analyzer flowed into the quadrupole analyzer where four parallel rods equidistant from
the central axis were biased with RF and direct current (DC) voltages, with the opposite
rods being at the same potential. Since the RF and DC voltages determine which mass of
ions would pass through the quadrupole analyzer, they were set to measure the energy
distribution of argon ions in these experiments. Filtered ions need to be transformed from
the current into readable signals, which is carried out in the ion detector.

2.3. Validation

To test the validity of our proposed concept, the QMS result and our result were
compared by comparing both IEDs on the grounded electrode (or wall) rather than powered
electrode, because the commercial QMS of which the sampling probe was grounded could
only measure the IED on the grounded electrode. Our IED monitoring system, which can
obtain IEDs on a both powered and grounded electrodes, needs a voltage waveform on a
powered electrode as an input parameter provided by high-voltage probe measurement
with oscilloscopes.

3. Noninvasive Monitoring System

Since the concept of our IED monitoring system is noninvasive, it is combination of
hardware for the measurements of electrode voltage as an input parameter and model-
based software for analyzing voltage measured by the hardware and describing ion motion.
This system was based on a flow chart for input-parameter acquisition, electrical-model
calculation, ion-trajectory simulation, and IED data acquisition as shown in Figure 2.
Since another concept of this system is real-time monitoring, various methods, such as
simplifying the cross-section of ion-neutral collisions, were used for cost calculation. Details
on the hardware, software, and speed-up are outlined later.

3.1. Input Parameter

Since IEDs strongly depend on the sheath voltage waveform, it is important to take
exact waveforms of the sheath voltage, which can be obtained by subtracting the electrode
voltage from the plasma potential. In previous research, the plasma potential was measured
via an RF antenna inserted into plasma. Because this method is not applicable to our
noninvasive one, the powered electrode voltage was measured instead of it [40].

The electrode voltage waveform was measured with a commercial high-voltage probe
(P5100, Tektronix Inc., Beaverton, OR, USA) that was readily available, and mounted
between the electrode and the matching network as shown in Figure 1. The waveform was
digitized with an oscilloscope (TDS3054B, Tektronix Inc., Beaverton, OR, USA) that was
linked to the computer with lab-produced software (MATLAB2018, Natick, MA, USA) via
a general-purpose interface bus (GPIB) cable.
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Figure 2. Flowchart of the simulation algorithm in the noninvasive IED monitoring system.

The analysis of electrode voltage allows for obtaining the plasma potential via electrical
sheath model Metze, Erine, and Oskam (MEO) [42]. The details of this model are described
in Section 3.2.1. Thus, this model was used to obtain the plasma potential without any
invasive diagnostics in our system, which requires the electrode voltage waveform as an
input parameter. The sheath voltage waveform was obtained by subtracting the calculated
plasma potential from the measured electrode voltage.

3.2. Model
3.2.1. Electrical Sheath Model

The model of Metze et al. was applicable to calculating the plasma potential in a
fast feedback concept, although this model becomes more accurate as the applied field ap-
proaches the low-frequency regime where ions and electrons both respond instantaneously
to an imposed time variation of the sheath voltage [42]. In this section, the MEO model
adjusted in our system is explored. A schematic of the equivalent electric circuit model for
the plasma reactor is shown in Figure 3. Here, V, is the voltage of the applied RF signal
from the matched RF generator, V,; is the voltage applied on a powered electrode through
a blocking capacitor of which capacitance is represented as Cp, and V), is the plasma po-
tential. The sheath capacitance and conduction current adjacent to the powered electrode
are represented as leh and I,;, respectively, while the corresponding values adjacent to the
grounded wall are C3 and 1. Veslh and V3! represent the voltages across the grounded
wall-plasma sheath and the powered electrode-plasma sheath, respectively, but those are
not shown in Figure 3. Since the details of the derivation and analytic expressions for the
sheath capacitance and conduction current were clearly described in [42], they are omitted
in this work.
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Figure 3. Schematic diagram of the equivalent circuit for the RF sheath model.

The purpose of our system was to obtain a time-varying plasma potential from the
powered electrode voltage measured via a voltage probe through this electric circuit. From
this equivalent circuit and the current conservation law, as shown in Figure 3, it can be
expressed as follows:

v, o(V, -V,
e gy Vo)

If the analytic expressions for C*" and I of both sheaths from [42] are used in Equation (1),
time-varying plasma potential V), can be numerically obtained. To solve this partial dif-
ferential equation, the Runge-Kutta fourth-order method was used. Figure 4 shows the
calculated waveforms for electrode voltage V,;, plasma potential V), sheath voltage V:lh
adjacent to the powered electrode, and magnified plasma potential in Ar plasma at a
pressure of 20 mTorr and RF power of 300 W. The calculated plasma potential was similar
except for the phase when the electrode voltage was positive. The sheath voltage always
had negative potential with respect to the plasma, which was in a good agreement with
measurements by Bruce [43].
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Figure 4. Measurements of electrode voltage, sheath voltage adjacent to the powered electrode,
plasma potential, and magnified plasma potential.

Since plasma processing such as surface modification and etching is performed on
a powered electrode, it is greatly meaningful to obtain and analyze the sheath voltage
waveform adjacent to that electrode. Nevertheless, since the QMS can only measure IEDs
at the grounded sheath due to the grounded sampling probe, we obtained the sheath
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voltage waveform adjacent to the grounded electrode for the IED comparison between our
monitoring system and the commercial QMS, as mentioned in Section 2.3.

3.2.2. Ion Trajectory Simulation

In order to obtain the IED on the grounded or powered electrode, the sheath was
simulated on the basis of a simple matrix sheath model, with sheath voltage waveforms
obtained from the measured voltage adjacent to the powered electrode with the MCC
algorithm for ion-neutral collisions [44,45]. From the voltage adjacent to the grounded
electrode, which was equal to the plasma potential, shown in Figure 4, an electron sheath
edge s(t) was calculated as follows:

€0Vp(t)
2eng

s(t) =

2

where €) is permittivity in vacuum, V,(t) is the time-varying plasma potential, e is an
electron charge, and ny is a constant ion density. If the sheath adjacent to the powered
electrode is considered, Vp(t) should be replaced with the absolute value of the sheath
voltage on the side of powered electrode, which is always negative with respect to the
plasma. Spatially linear electric field E(x,t) in the sheath was derived from Poisson’s
equation as below.

E(xf) = {‘Z?(x —s(t)), x<s(t) -

0, x > s(t).

To solve the ion trajectory simulation, boundary conditions such as injected ion veloci-
ties into the sheath and the initial plasma phase for each ion at t = 0 for consideration on
one RF period should be defined. Here, ion incident velocities at the ion sheath edge where
quasineutrality is always satisfied during discharge are given by

leT,
MB = #/ (4)
i

where T, is the electron temperature, and m; is ion mass. This velocity is technically termed
as Bohm velocity, and up is a criterion to keep the quasineutrality of plasma [46]. Because
the motion of ions can vary according to the plasma phase as they pass through the ion
sheath edge, in this simulation, ions were launched from all phases in one RF period.

The model consisted of three coupled modules, namely, the field solver, particle mover,
and MCC model. First, the electric field was calculated by the field solver for two cases: (i) if
ions in the plasma phase, and the electric field being zero; and (ii) if ions in the sheath phase,
and the electric field following the equation specified above. The second is the particle
mover modulus in which the motion of the ions is determined by the force equation with
the electric field calculated in the field solver. Third, in order to take collisions into account,
we used the MCC method from which the probability of the elastic and charge exchange
collisions is calculated. Electron impact collisions such as ionization and dissociation
were assumed to be negligible in this monitoring system. In thermal equilibrium, the
density of electrons satisfies the Boltzmann relation because electrons are highly mobile.
Therefore, electron-neutral collisions can be neglected because the electron density was
small in the sheath, of which the voltage was much higher than the electron temperature.
The distance was calculated from the particle mover in the sheath during the time interval.
A comparison between the probability for each collision and a random number between 0
and 1 determinded whether the electrons collide with neutral gas or not. These steps were
repeated until the ion reached the electrode.
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3.3. Speed Up

One of the key properties of our monitoring system is real-time measurement. The
calculation time of a conventional IED monitoring system is a few minutes, however, which
suggests that it is not likely that the industry would adopt the monitoring system in their
processing. Therefore, the calculation time of our monitoring system had to be shorter to
meet the industrial demand while the data quality should not deteriorate. We introduce
the three methods to reduce the calculation time for one IED. The IED calculation times
were investigated through a simple ion trajectory simulation where arbitrary sinusoidal
sheath voltage waveforms were entered with amplitude of 300 V and pressure of 20 mTorr.

First, the number of calculated particles was optimized to minimize the calculation
time without the loss of information on the IED profiles. As shown in Figure 5, in the
case of an IED with 2 x 103 particles, there was noise that blurred which signals were
reasonable over the entire energy range. On the other hand, the noise was greatly reduced
in the case of 5 x 10° (B) and 8 x 10® (A) particles, especially at the lowest energy and
near 50 eV. Figure 5a shows that the calculation time of 8 x 10% particles was longer than
that of the 5 x 103 particle case, even though the IED profiles were similar to each other,
as seen in Figure 5c. Thus, we used the particle number of 5 x 10° that guaranteed good
IED quality and the shortest calculation time. Second, the cross-section of collisions was
simplified to be constant. The function of fitting curves is well-known for the experimental
cross-sectional data of argon ion-neutral collisions [47]. Conventionally, the fitting function
of the cross-section was calculated as a function of the energy of the ions in the sheath.An
investigation of the calculation time for each code provided by MATLAB confirmed that
the cross-sectional calculation takes a long time. Therefore, the cross-section was simplified
to a constant with the following steps. Before calculating one IED, we (1) acquired the
maximal sheath voltage measured at the target electrode (powered or grounded), and
(2) averaged the cross-section from zero to the maximal sheath voltage. The collision
cross-sections obtained in the following steps were employed for all collisions in the ion
trajectory simulation. Third, we used the well-known null collision method [48] calculates
the number of ions involved in a collision using the maximal probability involved in a
collision at single time step and randomly selects ions from among all ions. Figure 5b
shows the calculated IEDs according to additional speed-up methods such as the constant
cross-section of collisions (C) and null collision (D), including the optimization of calculated
particles (B). The profiles of the IEDs according to the additional methods were almost
the same, but the calculation time was shorter than 10 s, as shown in Figure 5c. However,
since 10 s is also a long time to give fast feedback in current industrial process systems, we
improved this simulation by using the vectorization of the code and loading a time-varying
electron sheath edge from a database instead of calculation; we achieved a calculation time
of a few seconds.

(a) (b) (c)
0.030 — . T x . 0.035 — ' T T T 25 v
3 3 ——Opt. Particle (B) Hl (A) Il (B)
0.025 2X10° ——5X107(B) ] 0.030 | —— opt. Particle (B) + Const. o (C) 1 20l I (B) + (C) [ (B) +(C) + (D) |
& 0020 —8Xx103 (A) a 0.025 [ ——oOpt. Particle (B) + Const. 54 (C) + Null (D) ]
- [ ] ¢ 0.020
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b P
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Figure 5. (a) Calculated IEDs according to the number of ions; (b) calculated IEDs; (c) corresponding
calculation times with additional speed-up methods. (A) Nonoptimized particles 8 x 103 without speed-
up methods; (B) optimized particles of 5 x 10® without speed-up methods; (C) constant cross-section
method; (D) null collision method.
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4. Results and Discussion

The accuracy of our noninvasive IED monitoring system was determined by how
the system could produce the IED profile and the IED measured via commercial QMS
depending on the RF powers and pressures. The y-axis unit of the IED in the commercial
system and our system was different before data processing. In the case of our system, the
y axis was the number of ions for that energy; in the case of QMS, it was the number of ions
counted per second. Therefore, since the integration of an IED is a parameter representing
the total number of ions, we normalized the IED to the integration value of each IED for
the comparison.

Figure 6 shows the comparison between the IEDs measured via our noninvasive
monitoring system and the commercial QMS with increasing RF power at a fixed pressure
of 20 mTorr in Ar plasma. Figure 6 shows that the measured IEDs via the commercial
QMS had a single energy peak because, at the frequency of this input RF power higher
than the ion frequency, the ions could respond to a time-averaged sheath potential that
was equal to a time-averaged plasma potential at the grounded electrode. As the input RF
power increased, the energy peak also slightly changed from 12 to 13 eV because it did
not significantly affect the plasma potential, but RF and DC self-bias voltages applied on
the powered electrode increased [49-51]. The IED calculated with our monitoring system
showed similar changes according to the power variation measured via the commercial
QMS, which implies that IEDs of both our and commercial diagnostics were in good
agreement with each other.

Figure 7 plots the IEDs of both diagnostics as a function of pressure ranging from 10 to
50 mTorr at a fixed input RF power of 300 W. The IEDs obtained from the commercial QMS
with increasing pressure had similar trends of a single energy peak, and that changed with
power variation. From the aspect of a single energy peak, there was a slight change because
as chamber pressure changed from 10 to 50 mTorr, the electron temperature barely changed,
which implied that the plasma potential remained almost unchanged. With increasing
pressure, the ion energy distribution caused by the collision is broadened [45,52,53]. Figure 7
shows that the IED measured via the commercial QMS became broader as chamber pressure
increased, which also appeared in the IED calculated with our monitoring system.

N 100 W 200 W 300 W 400 W 500 W

——Our work
0.4} ——Commercial

03p

0.2

Normalized IED

01p

0.0
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Figure 6. Normalized IEDs measured via our noninvasive monitoring system and by a commercial

QMS with an increase in RF power from 100 to 500 W at a fixed pressure of 20 mTorr.
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Figure 7. Normalized IEDs measured via our noninvasive monitoring system and by a commercial
QMS with an increase in pressure from 10 to 50 mTorr at a fixed RF power of 300 W.
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Nevertheless, while the amplitude of the peak in the IED measured with the com-
mercial QMS did not change with the change in external conditions, the amplitude of our
system tended to change, which may be attributed to two limitations of our system. First,
the error of the voltage measurement at the powered electrode could have caused the differ-
ence between both spectra in Figures 6 and 7. In the case of our monitoring system, the IED
greatly depended on the sheath voltage at a ground electrode, which was obtained from
the measured voltage applied to the powered electrode through the model. This obtained
sheath voltage was small compared with the measured voltage. and was easily affected by
the noise of the measured voltage. For this reason, the variation in their amplitude may
have been caused as a function of RF input power due to the error of the measured voltage
or the limitation of the measuring equipment. Second, since the electrical sheath model of
our system was mainly used for low-frequency analysis, there was a limit to the application
of the high-frequency regime. The displacement current, defined as % (Cepi () Vei(£)), where
Cs(t) and Vg (t) are time-varying sheath capacitance and voltage, respectively, created
the harmonics of the sheath oscillation, which resulted in the plasma potential oscillation.
The displacement current rarely influences the total discharge current in a low-frequency
regime, and the plasma potential waveform becomes not sinusoidal but highly nonlinear,
as depicted in Figure 4. This potential waveform resulted in a narrow IED, as most ions
were accelerated in the flat potential region. On the other hand, since the displacement
current dominates in a high-frequency regime, the plasma potential became sinusoidal.
However, since the time-varying sheath capacitance is ignored in the MEO model, this
high-frequency effect worked weakly on calculating the waveform of the plasma potential
in our monitoring system. If a model is used that considers the time-varying sheath capaci-
tance, the sheath voltage becomes a more sinusoidal waveform. In other words, the IED
became broader than the IED provided by our monitoring system, and the amplitude of
their peak decreases because ions were energized by sinusoidally oscillating waveform of
the sheath voltage. An improvement in the electrical sheath model is our next challenge for
high accuracy in high-frequency sheaths.

Figure 8 shows the calculation time of one IED as a function of pressure and power.
This monitoring system includes the methods presented in the Section 3.3, and the vector-
ization of the code and loading method from the database of electron sheath edge motion,
taking a calculation time of under 2 s overall RF power and pressure.
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Figure 8. Calculation time for one IED with different pressure and RF power levels.

Unfortunately, it was impossible to compare the IEDs of both diagnostics adjacent
to the powered electrode, and the IEDs under the condition that there was a dramatic
change in sheath voltage waveforms because the commercial QMS could measure the
IED adjacent to the grounded electrode due to the grounded sampling probe of the QMS,
while our system had no constraint, whether powered or grounded. It is necessary to
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investigate further whether the IED was measured even under various changes in plasma
conditions. As shown in Figures 6 and 7, the IEDs calculated with our system were higher
than those of the commercial QMS under all conditions. In order to find out the cause of this
difference, it was necessary to measure the voltage waveform at the electrode and compare
the difference with the voltage waveform at the point outside the cell where the probes
were located. However, it was difficult to accurately measure the voltage waveform at the
powered electrode due to plasma perturbation. Accordingly, although this difference was
not clearly identified, it may have been caused by a stray impedance between the electrode
and location of the probe [34]. Additionally, in actual plasma processing, fluorocarbon gas
can produce numerous ion and neutral species in plasma, so improving this monitoring
system that works even in this type of gas is our next work. Nevertheless, the results of this
section show that this monitoring system is capable of noninvasively real-time monitoring
the IED.

5. Conclusions

The invasive diagnostics of IEDs adjacent to a grounded or powered electrode during
plasma processing are difficult for several reasons. Therefore, numerous studies have
been conducted for noninvasive and real-time monitoring systems. Nevertheless, there are
imperfect factors such as collision or noninvasive measurements.

In this paper, a noninvasive and real-time IED monitoring system was proposed and
validated in an asymmetric RF CCP discharge in Ar plasma. Results show that changes in
the IED measured via our system according to the input RF power and pressure variation
were in good agreement with the results from a commercial QMS. This proposed monitoring
system is capable of the noninvasive and real-time monitoring of IEDs in actual processing.
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