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Summary

This thesis presents studies in diagnostic methods and findings for plasma diagnostics based
on optical emission spectroscopic (OES) measurements. With backgrounds in both plasma sci-
ence and engineering, the need for positional distribution diagnostics is becoming increasingly
important. The objective of this thesis is to establish positional distribution diagnostics based
on tomographic OES measurements and collisional-radiative (CR) models. The core content of
this thesis consists of two published original papers. The first study focuses on the uncertainty
of OES measurement-based plasma diagnostics caused by spectral reflectance of chamber inner
wall. The second study finally established the objective of this thesis. In this thesis, 0.5-10
Pa argon (Ar) 13.56 MHz inductively coupled plasma (ICP) was employed as the experimental

measurement target.

The first study addresses the issue of multiple reflected light from the chamber inner wall
in OES-based plasma diagnostics. The multiple reflected light cases uncertainty in OES mea-
surement of plasmas. However, the multiple reflected light has not been compensated for in
previous studies. To resolve this problem, this study developed a simple method for measuring
the spectral reflectance of the chamber inner wall. The developed method has a high degree
of applicability to existing chambers. Additionally, a measurement method for the spectral
emission coefficient was developed with compensation of multiple reflected light. This method
reliably provides the radial distribution of the spectral emission coefficient under axial symme-
try assumptions. Furthermore, the radial distribution of electron temperature (7) and electron
density (Ne) was diagnosed based on the Ar CR model. This study employed 10 lines-of-sight
on each side of the horizontal plane of the chamber, with separate sets for each side. The results
showed that the uncertainty in 7. measurements increased by 0.6%, and the uncertainty in N
measurements increased by 3.1% without correcting for spectral reflectance. These findings
provide the first quantitative insight into the uncertainty of 7. and N, due to multiple reflected
light. The results suggest that accounting for chamber wall reflection improves the accuracy of

OES measurement-based diagnostics. T and N, were also measured with a Langmuir probe and
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compared with the proposed method. Electromagnetic simulations further revealed that 7. and
N, distributions are influenced by the shape of the antenna and the placement of the window.

The second study focused on positional distribution diagnostics without any positional as-
sumptions. Most tomographic OES measurement studies have remained focused on observ-
ing positional distributions of spectral emission coefficients or excited-level number densities.
Some studies of tomographic OES measurement diagnosed 7. or N, by analyzing based on
simplified excitation-kinetics. However, these oversimplify excitation kinetics, leading to sig-
nificant discrepancies with real structures and limitations in the plasma pressures and generation
principles to which they can be applied. This study established positional distribution diagnos-
tics based on tomographic OES measurements and CR models. A spectroradiometric system
was constructed to simultaneously measure spectral radiance dependence on 18 lines-of-sight.
Additionally, the computation program was developed for line-of-sight dependency spectral ra-
diance, including a wavelength interpolation algorithm to enable using multi-channel polychro-
mators, even with wide wavelength resolution. The spectral tomography calculation program
was developed by the constrained regularization algorithm. The positional dependence of spec-
tral emission coefficients was reconstructed. The positional distributions of 7 and N, were
diagnosed based on the Ar CR model. The dependence of power and pressure on the positional
distribution of 7; and N, was revealed. This study further assessed the repeatable uncertainty
of the spectral emission coefficient, 7;, and N.. This study also discussed the dependence of
reduced population density on the position.

In conclusion, this thesis presents innovative approaches to improving plasma diagnostics
through OES and spectral tomography. The findings demonstrate that the proposed tomographic
OES system is a valuable, non-invasive diagnostic tool for industrial plasma applications. This
research contributes to advancing non-invasive diagnostic methods of plasmas and lays the

groundwork for further innovation in diagnostics and related fundamental and applied fields.
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Chapter 1

Introduction

1.1 Research background

1.1.1 Plasmas and its applications

Plasmas

Plasmas are an ionized gas that consists of electrons, positive ions, atoms, and molecules
[6]. In nature, astronomical objects [7], and atmospheric electrical phenomena such as the
aurora and lightning are also examples of plasma. To generate plasma artificially, a gas is
discharged or heated. Plasma is used in a wide range of engineering fields [6]. For example,
plasma has long been used as a light source for various discharge lamps such as arc lamps.
Other examples include heat treatments such as arc welding and plasma cutting, nuclear fusion,
chemical reactions such as ozone generation and treatment of harmful substances, sterilization

[8], and growth control of living organisms.

Plasma processing

One of the most important fields of engineering applications of plasmas is in various ma-
terial processing. Plasma processing refers to material processing technologies using plas-
mas [9, 10]'. Plasma processing include surface modification, film deposition, etching, vapor
phase growth, sputtering, and ion implantation. Plasma processing is applied to various indus-
tries, for example, various inorganic and organic chemical products, metal products, electronic
components, and electronic devices. In particular, plasma processing is used in precision mate-
rials processing in semiconductor manufacturing i.e., integrated circuits, liquid crystal panels,
flat panels, and solar cell panels. Consequently, plasma processing serves as a cornerstone for

advancements in engineering applications.

'A plasma applied for plasma processing is called processing plasma.
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Reaction mechanisms in plasma processing: A case study of plasma etching

The reaction mechanism in processing plasmas depends on the gas species of plasmas, the
principle of generation, the pressure range, and the material to be processed.

Figure 1.1 is an overview of the reaction mechanism using plasma etching as an example of
the reaction mechanism. Free electrons (called initial electrons) exist in the reaction vessel even
before an electric field is applied. When an electric field is applied to the reaction vessel, the
free electrons are accelerated. As the accelerated electrons collide with the atoms and molecules
of the gas introduced into the reaction vessel, various reactions occur. This includes ionization
processes, which generate additional electrons and cause the plasma to become electrically
conductive, resulting in a sustained discharge. Various other elementary processes also take
place. Fluorine radicals and atoms are produced during this process. These fluorine species are

transported to the substrate, causing etching [9, 10].

1.1.2 Plasma diagnostics

Temperature and density as macroscopic parameters of plasmas

As mentioned in Section 1.1.1, plasmas contain atoms, molecules, electrons, and positive

ions. Therefore, by knowing their velocity distribution function (or the temperature as the
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average of velocity distribution function) and number density?, the macroscopic characteristics
of plasma can be expressed [9, 10]. Plasma diagnostics refers to methods used to measure and
analyze properties of plasmas, such as temperature, density, and composition.

In low-pressure’

weak ionization plasmas, the kinetic energy of electrons is often signifi-
cantly larger than that of ions and atomic molecules (low-temperature non-equilibrium plasma).
Therefore, in low-temperature non-equilibrium plasmas, elementary processes due to electron
collisions play an important role in describing the population kinetics [9, 10].

Plasma diagnosis of electron temperature* and density® directly provides the macroscopic
characteristics of bulk plasma. In addition, when applying electromagnetic field analysis and its
coupled analysis with particle methods or fluid methods simulations to experimental devices,
electron temperature and density can be used as parameters for comparison between the calcu-
lation and experimental results [11-13]. Furthermore, by performing coupled simulations with
the electron temperature and density obtained from plasma diagnostics as input parameters, re-
actions in the sheath, interface, surface, and solid phase can be understood. The simulation

result is expected to be used for understanding and predicting the physical properties of solid

phases after processing [14].

Significance and necessity of plasma diagnostics

In plasma processing, the required post-processing physical properties depend on the spe-
cific objectives. However, operators of plasma processing apparatus can directly control only
operating parameters such as pressure, discharge power, and gas flow rate, as shown in Fig. 1.2.
Therefore, processing design—that is, the act of determining operating parameters based on
the specific purpose of the process—is required. Present process design often relies on experi-
mental optimization. This involves assigning operating parameters, conducting trial processing,
and evaluating the resulting physical properties afterward. By repeating this process, optimal
operating parameters are determined. This design approach is costly and is not always capable
of achieving the desired device. Moreover, this issue becomes particularly pronounced when
dealing with new materials, shapes, and physical properties with limited prior processing ex-

perience. In particular, in semiconductor processing, rational and efficient processing design is

2In the plasma field, density often refers to number density, i.e., mass per unit volume, rather than mass density.

3Low-pressure means pressure lower than atmospheric pressure. In other words, low-pressure plasma means
plasma generated in a chamber where the pressure is maintained below atmospheric pressure.

“Electron temperature is the temperature corresponding to the average electron energy in a plasma.

SElectron density is defined as the number density of free electrons per unit volume of plasma.
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required due to high integration, miniaturization, and even larger wafer diameters [15-17].

To solve this problem, it is necessary to predict the macro parameters required to achieve
the desired post-processing physical properties and to design and optimize plasma processing
equipment and process conditions that achieve them. Furthermore, by diagnosing the desired
plasma state during the process and controlling the process, it is possible to overcome the limi-
tations of conventional experimental optimization [15,16]. In this way, plasma diagnostics play

an important role in advancing plasma processing.

In addition, although these goals include challenges from a long-term perspective, examples
of applications that can be applied in a relatively short time include the following: For exam-
ple, real-time monitoring [18] through anomaly detection and uncertainty detection during the
process can be used. Plasma diagnostics have the potential to improve the reliability and yield

of plasma processing [16].



1.2 Identification of issues

1.2.1 Positional distribution diagnosis based on tomographic optical emis-
sion spectroscopic measurement and collisional-radiative model

To obtain a more detailed understanding of plasma characteristics, it is necessary to perform
a positional distribution diagnosis [19]. This is because phenomena occurring in the central and
peripheral regions of the plasma are different. The phenomena in these regions influence each
other through transport and diffusion processes. Additionally, local inhomogeneities can arise
due to the generation principles or apparatus, such as standing waves in microwave plasmas
[20]. Furthermore, from an engineering standpoint, diagnosis as a positional distribution is
necessary. Because, it is necessary to optimize the design of plasma processing equipment
and workpiece based on the knowledge obtained from positional distribution diagnosis. For
example, in semiconductor processing plasmas, as the diameter of wafers becomes larger, the
diameter of the plasma is also becoming larger. It is necessary to improve the uniformity of the
physical properties in the surface direction after processing even for large-diameter wafers [21].
To achieve this, it is necessary to elucidate the phenomenon by positional distribution diagnosis
[22].

In optical emission spectroscopic (OES) measurement, tomography is a method for observ-
ing plasma as a positional distribution. However, there are almost no analyses using collisional-
radiative (CR) models in tomographic OES measurement. For this reason, the description re-
mains phenomenological, and the elucidation of the plasma reaction mechanism is currently
insufficient. As mentioned above, temperature and density diagnosis is necessary to understand
the physical properties of plasma. It is required to establish temperature and density diagnosis

using tomographic OES measurements and CR models.

1.2.2 Uncertainty in plasma diagnostics by optical emission spectroscopic
measurement due to multiple reflections on the chamber inner wall

Let’s consider an OES measurement of plasma generated in a situation where it is sur-
rounded by objects, such as in a chamber or discharge tube. In such cases, part of the light
emitted from the plasma is reflected by the inner walls of the chamber or discharge tube. Some
of this reflected light is further reflected by the walls, a phenomenon known as multiple reflec-
tion. Both the direct and the multiple-reflected light are incident on the lens installed on the

wall. Therefore, to accurately calculate the spectral emission coefficient of the plasma, it is

5



necessary to distinguish between these two types of light. Furthermore, it is important to un-
derstand how the presence or absence of multiple reflections affects both the spectral emission

coefficient and the diagnostic results.

In order to calculate this multiple reflection precisely, ray tracing must be used to calculate
the ratio of the spectral radiance® of the direct light and the multiple reflected light observed on
the wall surface. The input data for ray tracing requires the geometric structure of the chamber
and the bidirectional reflectance distribution function (BRDF)’ of its components. However, it
is difficult to apply ray tracing to plasma processing equipment, especially plasma processing
equipment used in actual processes. Because, for the geometric structure of the chamber, it is
possible to reuse 3D design data. However, BRDF strongly depends on the material, compo-
sition, filling rate, and surface roughness, which is a physical property value after processing.
In other words, many parameters determine the BRDF of a material. Therefore, it is difficult
to apply BRDF in general using existing databases. Therefore, BRDF must often be measured
individually. To actually measure BRDF, a dedicated measuring device (a device that can scan
the angle of incidence and reflection on the measurement target) is required. In addition, the
materials that make up the inner wall surface of semiconductor process plasma chambers are
often curved. It is considered that the BRDF of flat plates and curved processed materials will

be different. For these reasons, it is considered practically difficult to obtain the BRDF?.

1.3 Research objective of this thesis

The research objective of this thesis is to develop a positional distribution diagnosis of
plasma based on tomographic OES measurement and CR model. The diagnostic scheme of
this study works towards being applicable regardless of gas species or plasma source. How-
ever, in the experiments of this study, argon low-pressure inductively coupled plasma (ICP) is
employed an example of the measurement target. Argon gas is employed for basic verifica-
tion, in which the atomic and molecular processes are relatively simple. Low-pressure ICP is
widely used in etching processes, in which the in-plane distribution is important. Therefore, the

experiment with low-pressure ICP is ideal for discussing the possibility of application.

Spectral radiance is defined as “density of radiance, with respect to wavelength [23]”. Radiance is defined
as “density of radiant intensity with respect to projected area in a specified direction at a specified point on a real
or imaginary surface [23]”.

"BRDF is spectral reflectance for each angle of incidence and reflection.

8In addition, BRDF data of plasma devices is not generally provided by device manufacturers.

6



1.4 Structure of this thesis

This thesis consists of five chapters. Chapters 1 and 2 are the preliminary chapters. Chapters
3 and 4 constitute the core content of this thesis and are reprinted from the original papers
published in [4] and [5], respectively. Chapter 5 is the conclusion.

Chapter 1 is an introduction to this thesis. This chapter provides an overview of plasma
and the significance of plasma diagnostics by OES measurement. This chapter also reviews
previous research in this field and raises current issues. Based on that, this chapter sets the
objectives of this research and describes its significance.

Chapter 2 introduces the basic theory in preparation for the following discussion in Chap-
ters 3 and 4. This chapter will support the understanding of this research, especially for readers
who specialize outside of this research field or are new to this research field.

Chapter 3 covers the effect of multiple reflections on the chamber inner wall on plasma
diagnostic results. In this chapter, the spatial distribution of the plasma is assumed to be axially
symmetric. A simple method for measuring the spectral reflectance of the chamber inner wall
is proposed. A calculation method for a radial dependence of spectral emission coefficient
with multiple reflection compensation is also proposed. Furthermore, the radial distributions of
electron temperature and density are diagnosed based on the CR model. The uncertainty in the
diagnostic results caused by multiple reflected lights is revealed. Chapter 3 is also positioned as
a preliminary consideration for Chapter 4.

Chapter 4 covers tomographic OES measurement and plasma diagnosis based on tomo-
graphic OES. In contrast to Chapter 3, no assumption on the spatial distribution of the plasma
is imposed in this chapter. An optical system of simultaneous measurement of wavelength and
lines-of-sight is implemented. Furthermore, an algorithm for pixel-based spectral tomography
is proposed. From this, the positional distribution of the spectral emission coefficient is ob-
tained. The positional distributions of electron temperature and density are diagnosed based
on the CR model. The dependence of the diagnostic results on discharge power and pressure
dependence is experimentally revealed.

Chapter 5 presents the conclusion of this thesis. Furthermore, this chapter discusses and
proposes future prospects for both research and applications of plasma diagnostics based on

OES measurements.






Chapter 2

Theoretical background

This chapter introduces basic theories to provide the fundamental knowledge for under-

standing Chapters 3 and 4.

2.1 Spectroradiometry

In this section, spectroradiometry will first be introduced as the basic theory for measuring
light as a physical quantity. Next, the application of spectroradiometry to plasmas will be

presented as an extension of this theory.

2.1.1 Basic theory of spectroradiometry

Definitions of radiometric quantities and spectral radiometric quantities

A general term for the physical quantity that combines the time and space components of the
radiant energy of optical radiation is referred to as radiometric quantities [23]. Radiometry

[23,24] is measurement of radiometric quantitiesl.

Spectral radiometric quantities [23,25] are defined as radiometric quantities per unit
wavelength, i.e. expressed as the wavelength derivative of radiometric quantities. Especially in
radiometry, measurement of spectral radiometric quantities is called spectroradiometry [24,

25].
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Fig. 2.1: The conceptual diagram of the typical structure of spectroradiometric system.

Spectroradiometric system

Spectroradiometric system typically consists as shown in Fig. 2.1 and described be-
low [25,26]. Collection system is typically a lens or field aperture. The collection system
extracts the light emitted from the source being measured, depending on the aimed radiomet-
ric quantities and aimed measurement spatial range. Optical waveguide transmits light from
the focusing system to the spectrometer. The optical waveguide is typically an optical fiber or
free space, sometimes assembled with concave mirrors. In designing an optical waveguide, the
degrees of freedom required for the system layout and the tolerable optical loss must be consid-
ered as constraints. Spectrometer is a device that spatially separates (called dispersion) light
by wavelength. There are various types based on different principles [26]. In the ultra-violet—
visible—near-infrared wavelength range, diffraction grating-based spectrometers are often used.
Detector is a device that converts light into an electrical signal. Detectors are classified by
principle and include photomultiplier tubes and various photodiodes. Measurement wavelength
range and sensitivity of detectors depend on its principle. Detectors are structurally classified as
single-channel detectors and multi-channel detectors. Single-channel detectors have only one
detection element. On the other hand, Multichannel detectors, have multiple detector elements
and can measure multiple lights simultaneously.

The combination of a single-channel detector and a spectrometer is called a monochroma-
tor [25]. With monochromators, only a specific wavelength is measured in one measurement.
Therefore, when measuring a spectrum, the wavelength is scanned over time. On the other hand,
the combination of a multichannel detector and a spectrometer is called a polychromator [25].
The advantage of polychromators is that they enable the observation of the wavelength depen-

dence of spectral radiometric quantity in a single shot. Note that if the dispersion range of the

The psychological quantities of radiation perceived by the human eyes is known as a photometric quantities
[23, 25], and measurement of photometric quantities is called photometry [23, 25]. Photometric quantities are
primarily used in fields where human perception plays a role, such as lighting engineering. In this way, it is
important to note that radiometric quantities and photometric quantities are often confused, though their meanings
differ significantly.
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desired measurement wavelength exceeds the observation range of the detector, the diffraction
grating may be rotated in the polychromator to temporally scan the wavelength for measure-

ment.

Spectral radiance calibration of spectroradiometric system

The components of the spectroradiometric system have wavelength dependence. Therefore,
the spectrum, as the response value of the detector, is a count value specific to the spectro-
radiometric and wavelength, and cannot be directly compared with other systems. Therefore,
spectroradiometry is achieved by comparatively measuring with the measured light source and
standard light sources using the same spectroradiometric system [25].

This subsection introduces spectral radiance calibration” of the spectroradiometric system.
The spectral radiance of measured light sources is obtained by proportional measurement with
respect to a spectral radiance standard as detailed in Eq. (4.3). A generic example of the spec-
tral radiance standard is a method that combines a spectral irradiance® standard and a standard
diffuse reflector [25,27]. Details of this experimental system and calculation flow will be pre-
sented in Figs. 4.3 and 4.4 in Section 4.2.2, respectively. The spectral irradiance standard*
is a standard light source with a spectral irradiance calibration value Egq4(A) at a predetermined
distance and position.

The standard diffuse reflector’ is a reflector that is calibrated as a spectral reflectance
R4 (A ) under predetermined geometric conditions and has characteristics close to uniform dif-
fuse reflection.

The spectral radiance on the standard diffuse reflector surface Lyq(A) will be obtained as
shown in Eq.(4.1) [25,27]. The calibration results of Ryq(A) and Egq4(A ) are usually supplied by
the calibration service provider as wavelength discrete values. Therefore, Ryq(A) and Egq(A)
at any wavelength must be obtained by interpolation from the calibration wavelength point of
Ryd(A) and Egq(A ), respectively. The widely employed formula used for the interpolation is the

Lagrangian interpolation formula which uses four calibration wavelength points of, two before

2The choice of light standards and radiometric collection systems varies depending on which radiometric quan-
tities are being measured.

3Spectral irradiance is defined as“density of irradiance, with respect to wavelength [23]”. Irradiance is
defined as “density of incident radiant flux with respect to area at a point on a real or imaginary surface [23]".

“As of 2025 in Japan, spectral irradiance standards available include the halogen standard lamp
(JPD100V500WCS, USHIO LIGHTING, INC.) for 250-2500 nm [25,28-30] and the xenon calibrated light source
unit (L7810-03, Hamamatsu Photonics K.K.) for 200-800 nm.

> As of 2025, standard diffuse reflectors made of polytetrafluoroethylene (PTFE) [25]are widely used. Examples
of these reflector products include Spectralon from Labsphere, Inc., or Zenith Polymer from SphereOptics GmbH.
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and two after, as shown in Eq. (4.2) [31].

Wavelength calibration of spectroradiometric system

Wavelength calibration is also required for the spectroradiometric system [25]. Wavelength
calibration means the act of calibrating wavelength to the operation variable® of the wavelength
of spectroradiometry system.

A wavelength standard light source with a known wavelength is observed using a spec-
troradiometric system. The wavelength operation variable of the spectroradiometric system
are recorded for the desired wavelength range. The wavelength at any point is obtained by
polynomial approximation of the experimentally obtained relationship between the wavelength
operation variable and the wavelength. A line-spectrum light source with a line-spectrum width
sufficiently narrow compared to the slit width of the spectrometer, and with a known wave-
length, is used as the wavelength standard.

As dedicated wavelength standard light sources, low-pressure mercury lamps (such as a
pencil-type mercury lamp’) are widely used in the ultraviolet to visible range, and low-pressure
argon lamps are widely used in the visible to near-infrared range [25,31]. In the case of spec-
troscopic measurements of plasma, the plasma itself can sometimes be used as a wavelength

standard [26].

2.1.2 Spectroradiometry in plasma studies

In this subsection, the basic theory of applying spectroradiometry to plasmas is discussed.
Plasmas have three-dimensional volumes. Therefore, it is necessary to consider the spatial
extent when discussing radiometry for plasmas®°.

The spectral radiance of the plasma is observed using a focusing lens with a field diameter

sufficiently small compared to the apparent size of the plasma. Plasmas have thickness in the

line-of-sight direction. Therefore, spectral emission coefficient is introduced. The spectral

For example the angle of a diffraction grating in a moving grating spectrometer, or the pixels of a multichannel
detector in a polychromator.

"The uncertainty of the pencil-type mercury lamp is reported be 0.0001 nm [32]. Note that the uncertainty of
the irradiance of this lamp is reported in the literature [33]. However, the irradiance uncertainty of this lamp is
larger than that of the spectral irradiance standard light source introduced in Section 2.1.1. Therefore, the pencil-
type mercury lamp should not be used as an irradiance standard in situations where a spectral irradiance standard
source is available.

8This is probably one of the hardest concepts to master for someone new to this field, in the author’s opinion.

0n the other hand, in the analysis of general-purpose lighting fixtures and flat-panel displays, the depth in
the line-of-sight direction of the lamp or screen can often be ignored. This is because the distance between the
observer and those light sources is significantly larger compared to the length of the light source in the line-of-sight
direction.

12



emission coefficient is a physical quantity used in plasma spectroradiometry, defined as the
optical power emitted from a unit volume of plasma per unit solid angle and unit wavelength
[34]. The spectral radiance is equal to the line integral along the line-of-sight of the spectral

emission coefficient emitted from the plasma located along the line-of-sight.

2.2 Plasma spectroscopy

Plasma spectroscopy is a study to describe the physical properties of plasmas from its

optical emission or absorption spectrum.

2.2.1 Line- and continuum-spectra

Plasma spectra are divided into line- and continuum- spectra by their generation mecha-
nisms [26, 34].

Line-spectra are generated by transitions between energy levels. The initial and final states
of line-spectrum have specific energy values. The wavelengths of line spectra correspond to the
energy differences between the initial and final states and are observed as sharp lines. Therefore,
transitions of line-spectrum are called bound-bound transitions. Note that energy levels refer
to electronic states in atoms, and electronic, vibrational, and rotational states in molecules.

Continuum-spectra are spectra that are continuous with respect to wavelength. The ori-
gins of continuum-spectra include free-bound transitions, free-free transitions, and molecular
continuum-spectra. Free-bound transition occurs when free electrons are captured by ions
and recombine (radiative recombination). The energy, which is the sum of the kinetic energy
of the free electrons and the ionization energy of the excited levels, is emitted as photons. On
the other hand, free-free transition occurs when free electrons move close to ions and bend
their orbits, causing the ions to slow down. In other words, it is a process in which the elec-
tron transitions to a lower energy state. The energy difference during this process is emitted as
photons. The emitted light is called bremsstrahlung. When a molecule dissociates, it absorbs
the energy required for dissociation in the form of a photon. When atoms recombine to form
molecules, they emit light along a continuum. These are non-bonding transitions, specifically

called molecular continuum transitions.

2.2.2 Light absorption and emission in plasmas
In this section, absorption and emission of light in plasmas are introduced.
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The mechanism of light absorption in plasmas is as follows [34]. When an atom is ir-
radiated with light of a wavelength (resonant wavelength) that corresponds to the difference
between the low and high-energy levels, the atom absorbs a photon and transitions occur from
the lower energy level to the higher energy level. The absorption probability is expressed by
Einstein’s B coefficient.

Light emission in plasmas occurs through two mechanisms. The first is the stimulated
emission process. In the stimulated emission process, electrons are induced to move from a
high-energy level to a low-energy level when light is irradiated to atoms, and light is emitted
during this transition. The stimulated emission process is the reversal process of the absorption
process, and its emission probability is expressed by Einstein’s B coefficient. For the lasing
process to occur, the number density of the high-energy level must be greater than that of the
low-energy level .

The second is the spontaneous emission process. In the spontaneous emission process,
electrons spontaneously transition from a high-energy level to a low-energy level with light
emission, without any external influence. The transition probability for the spontaneous emis-
sion process is expressed by Einstein’s A coefficient. A coefficient is determined both the-
oretically and experimentally in atomic and molecular physics. Data on A coefficients can
also be accessed through online databases, such as the NIST Atomic Spectra Database [35] for
atomic spectra. Molecular spectra can be identified using data handbooks, such as Pearse et al.’

book [36].

2.3 Atomic and molecular processes in plasmas
2.3.1 Elementary processes of plasmas

The individual reactions in a plasma are called elementary processes. Excitation refers to
changes in the internal energy of atoms. Ionization and attachment are elementary processes
that generate charged particles. Recombination, dissociation, and diffusion are elementary
processes that annihilate charged particles [26,37].

Quantifying the rates of elementary processes is essential for understanding Atomic and
molecular processes. Rate coefficient is the rate of change in particle number density per
unit time in a unit volume of plasma, caused by the elementary process. Rate coefficients

for collisional processes can be obtained as a function of the macroscopic parameters of the

10This distribution of number density is called population inversion.
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plasma and the reaction cross-section as inputs. The reaction cross-section is an indicator of
the probability that a specific interaction, such as a collision or reaction, occurs between two
particles [26,37]. Reaction cross-sections are determined both theoretically and experimentally
in atomic and molecular physics. Data on reaction cross-sections can also be accessed through

online databases, such as the LXCat [38]'!.

2.3.2 Modeling of population Kinetics and collisional-radiative models

In plasmas, various elementary processes are simultaneously occurring at the microscopic
scale. To understand the atomic and molecular processes in the plasmas on a macroscopic scale,
it is necessary to introduce a model of population kinetics. The model of model of population
kinetics is expressed that take plasma parameters (such as energy distribution, temperature,
density, and pressure) as input and calculate elementary processes of the plasma, providing
population density as output!? [26,42].

A collisional-radiative (CR) model is a type of model of population kinetics. The CR
model is named for its focus on describing the main elementary processes through electron
collision and radiation processes [43] (although it often includes other elementary processes as
well). The population density of excited levels is obtained by solving the rate equations for each
excited level as simultaneous equations, using plasma macroscopic parameters (such as energy

distribution or temperature, density, and pressure) as input [26,42].

2.3.3 Ionization and recombination of plasmas

The excited level number density »; is expressed as a linear combination of the ground level
number density n; and the ion number density ny as explanatory variables as follows [42,44]:
N Zi) .
ni=2I)roli)nine+ —=<ri(i)n
(i) ro(i) nne Z(0) 1(f)m o
= No(i) + N1 (i) (i=2,3,-),

where Z(i) is a Saha-Boltzmann coefficient of level i as follows:

3/2
& (1 pa
Z(i) = e (Zﬂmekﬂ,) exp <kTe> , 2.2)

whereg; and ); are the statistical weight and ionization energy of level i, respectively; gp is the

partition function of the fully ionized ion; / is the Planck constant, k is Boltzmann constant,

"For a detailed description of the LXCat project, please refer to the following references [39—41].
2In the field of plasma science and engineering, population density means a number density on the levels.
Furthermore, population density distribution means the dependence of the number density on the levels.
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and m, is electron mass, respectively. ro(i) and ri (i) are population coefficients. The situation
in which n; depends only on 7 is called a (fully) ionized plasma, while the situation in which
n; depends only on ny is called a (fully) recombined plasma [42,44]. Fully ionized and fully
recombined plasmas are special cases; most plasmas exist in an intermediate situation.
Plasmas with a low degree of ionization are called weakly ionized plasmas. Note that the
low-pressure ICP employed in the experiments of this thesis is also classified as a weakly ion-

ized plasma.

2.3.4 Phases of ionizing- and recombining- plasmas

To conceptually understand the kinetics of the increase and decrease of excited states in
ionizing- and recombining- plasmas, Fujimoto classified plasma phases using the (effective)
principal quantum number p and the reduced electron density Ne/z, calculated by dividing
electron density N, by the seventh power of the nuclear charge z, as follows [44—49].

The ionizing-plasma phases are classified into the corona phase and the saturation phase,
with the boundary between them called Griem’s boundary as shown in Fig. 2.2. The satu-
ration phase is further classified into (thermal equilibrium and ladder-like excitation), with the
boundary between them called Byron’s boundary.

The recombining-plasma phases are classified into the capture-radiative-cascade phase
and the saturation phase, with the boundary between them called Griem’s boundary as shown
in Fig. 2.3. The saturation phase is further classified into (ladder-like excitation and local

thermodynamic equilibrium), with the boundary between them called Byron’s boundary.

16



=~ AN\
2 .
= " o saturation
= " (ladder-like)
= 2
S _
o

corona :
T‘& saturation
TE)
A

>

Reduced electron density
log(N., /z7)

Fig. 2.2: The conceptual diagram of phases of ionizing-plasma. TE stands for thermal equi-
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Fig. 2.3: The conceptual diagram of phases of recombining-plasma. CRC stands for capture-
radiative-cascade. LTE stands for local thermodynamic equilibrium.
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Chapter 3

Radial dependence diagnosis of inductively
coupled Ar plasma based upon optical
emission spectroscopic measurement with
spectral reflectance compensation [4]

This chapter is reproduced from Yuya Yamashita et al., Rev. Sci. Instrum., 94, 083503,
(2023) [4], with the permission of AIP Publishing; unless otherwise noted.

3.1 Introduction

Optical emission spectroscopy (OES) has been widely employed in a method of plasma
diagnostics as it allows for non-disturbing plasma measurements based on a relatively sim-
ple measurement setup. Macroscopic plasma parameters, such as electron temperature 7, and
density N., are of interest consistently because they govern the reactions in a plasma. The
collisional-radiative (CR) model [50] is an atomic-molecular process model that provides the
excited-level number density distribution from macroscopic plasma parameters. The excited-
level number density distribution of plasmas is experimentally obtained from the spectral emis-
sion coefficient, which is defined as the spectral radiant flux emitted per unit solid angle from a
unit volume of plasma. Thus, the macroscopic plasma parameters, 7. and N,, can be obtained
by fitting the experimental data with the theoretical value of the excited-level number density
distribution determined by the CR model [51,52]. Spatially resolved plasma diagnostics based
on OES have been achieved through Abel inversion of multi-position spectral data considering
the axial symmetry of the plasma [53-59]. However, the measured spectral radiance includes
the sum of both the direct light from the plasma volume and the reflected light at the chamber

inner wall.
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To calculate the excited-level number density distributions, it has been pointed out in a
previous study [60] that the light reflection from the chamber inner walls must be considered.
That is, the dependence of optical emission spectra on time was observed during the deposition
of thin films in an ICP setup with a two-type wall of different reflectivity. In the highly reflective
wall, the dependence of spectra varied periodically due to the thin-film interference on the wall.
The diagnostic results of the line-pair method based on the acquired spectra were reported
to be significantly different [60]. As for the report that compensates for light reflections on
the chamber walls, ray-tracing analysis of visible camera images based on the assumed wall
reflectance has been reported in the field of fusion reactor research [61, 62]. However, few
studies have reported on the spectral properties and influence of the reflected light on chamber
inner walls. Moreover, few studies have been conducted on reflectance-aware diagnosis in
the field of low-temperature weakly ionized plasmas, particularly semiconductor processing
apparatus. An experimental approach to evaluate the light reflection is required to achieve
practical diagnostic availability.

The previous reports that corrected for the effect of reflections required bidirectional re-
flectance distribution function (BRDF) data of the geometrical structures and components in
the chamber.

Therefore, although rigorous calculations can be performed, there are practical difficulties,
particularly when applying the method to existing plasma devices for the semiconductor indus-
try. This is because measuring the BRDF of each component requires time and effort, such as
removing the component and measuring it with a spectrometer.

This study proposed a simple in situ method for evaluating the spectral reflectance of the
chamber inner wall in this paper. Based on the spectral reflectance calculated using the proposed
method, the net spectral emission coefficient of the plasma is obtained. Eventually, 7. and N,

are evaluated based on line spectra fitting.

3.2 Experimental setup of ICP apparatus

Figure 3.1 shows an inductively coupled plasma (ICP)—generating apparatus employed in
this study. The inner wall of the chamber employed anodized aluminum. The chamber inner
diameter was @ = 354 mm. An RF antenna was placed at the top of the chamber over a synthetic
quartz window (¥ = 205 mm). The chamber height was 208 mm just below the top window

and 193 mm at the outside of the window. The view window (width 110 mm X height 5 mm)
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Fig. 3.1: The schematic diagram of ICP generating apparatus (non-scale). The measured
height of the OES and probe are the same, z = 0. (Dimensions are actual measurements.)
Reproduced from Yuya Yamashita et al., Rev. Sci. Instrum., 94, 083503, (2023) [4], with the
permission of AIP Publishing.

of a synthetic quartz (#y;i, = 6 mm thick) was installed on the side wall of the chamber.

3.3 Light reflection by chamber inner wall
3.3.1 Refraction of line-of-sights on the view window

In OES measurement experiments, the directly measurable quantity is the spectral radiance
of the air-side surface of the view window. In this study, the line-of-sight is set at an angle to
the window surface, which causes a shift in the line-of-sight due to refraction at the window.
Figure 3.2 denotes the concept of the path of the light emitted from the plasma in the chamber
to incident on the lens through the view window of the chamber. 8, is defined as the angle
between the line-of-sight and the window normal in air. Oy, is defined as the angle between
the line-of-sight and the window normal in air in the view window. The relationship can be

obtained from Snell’s law as follows:

sin 6y Nyin(A)

SiI’l Owin - I’lair(ﬂ,) ’ (31)

where A is the wavelength and n,;, (A1) and nyi, (A ) are the spectral refractive index of air and

the window, respectively. Therefore, the following relationship is obtained:

. et ((mair(A)
Bwin(A) = sin <nwm @) sin 9a1r) ) (3.2)

The spectral refractive index in vacuum ny,, is approximately equal to 7,3 (A ), 1ir (A) > nyac(A) =

1. Therefore, the incident angle between the line-of-sight and the window normal in vacuum,
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Fig. 3.2: The conceptual diagram of light propagation in the window. Here, the line-of-
sight is parallel to the paper surface and the window interface is vertical to the paper surface.
Reproduced from Yuya Yamashita et al., Rev. Sci. Instrum., 94, 083503, (2023) [4], with the
permission of AIP Publishing.
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Byac(A), can be assumed to be equal to Oy, Oair(A) =~ Byac(A). Therefore, AW (A) and AA(A)

as shown in Fig. 3.2 can be obtained as follows:

AW (L) = twin tan Byin, (3.3)
where ty;, 18 the thickness of the view window,

AA(L) = tyin tan Byy;. (3.4)

Therefore, the distance between the line-of-sight in the air and the line-of-sight in the vacuum

is obtained as follows:
Argis(A) = [AA(A) — AW (A)] cos B,ir(A) is
= fyin[tan Byic(A) — tan Byin (A)] s Byir(A). o)
On OES measurement of the plasma (Sec. 3.4.2), the positions of the line-of-sights, which were
employed in this study, were calculated, as shown in Table 3.1, which were calculated by using
the above equations. Note that nyi,(A) was employed as the literature values [63, 64] for the
calculation of this study.
Note that in the calculation to obtain radially resolved spectral inversion of this study, r is
the radius from the center (z axis) of the chamber in the vacuum, which was employed for the
calculation of this study (“mean” as shown in Table 3.1) regardless of wavelength because the

aberration was sufficiently small to the field of view diameter in the wavelength range, which

was employed for the plasma diagnosis in this study.

3.3.2 Fresnel on the view window

Due to Fresnel reflection, some of the light emitted from the plasma is reflected at the surface
of the window. Figure 3.3 shows the concept of the Fresnel reflection on the view window. To
calculate the spectral emission coefficient of the plasma, the spectral radiance just before the
plasma enters the window is required. On the other hand, the quantity that can be directly
observed in the experiment is the spectral radiance at the interface between the outside of the
window and the air. In this section, we discuss spectral radiance measurements that take these
effects into account. (The meanings of the symbols that appear in the following equations are
defined, as shown in Fig. 3.4.) In this section, the relationship n,; (1) = ny,c(A) = 1 is also
assumed.

The spectral energy transmittance 7 (1) and the spectral energy reflectance R;(A) are ex-

pressed for the s(TE)-wave on the first incidence from the plasma in vacuum to the vacuum side
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Table 3.1: The angle and nearest radius of line-of-sights of the OES measurement of the plasma.
Reproduced from Yuya Yamashita et al., Rev. Sci. Instrum., 94, 083503, (2023) [4], with the
permission of AIP Publishing.

Radius | Radius Incident Nearest radius for chamber center in vacuum [mm]
number | in air angle in air Mean ry Min. Max.
k [nm] G[Win] (deg) | (A =750.3-978.6 nm) | (A =750.3 nm) | (A =978.6nm)
0 0.0 0.000 0.000 0.000 0.000
1 17.7 0.000 17.700 17.700 17.700
2 354 0.000 35.400 35.400 35.400
3 53.1 23.893 52.081 52.078 52.083
4 70.8 23.893 69.781 69.778 69.783
5 88.5 23.893 87.481 87.478 87.483
6 106.2 23.893 105.181 105.178 105.183
7 123.9 45.000 121.008 121.003 121.013
8 141.6 45.000 138.708 138.703 138.713
9 159.3 50.894 155.427 155.421 155.433
10 177.000 e
Vacuum :
Hyae (M) (Fny)
o)
Quartz window
Nyin (M)
: (0]
iy T,

Lens tube i

Fig. 3.3: The spectral radiance observed by the lens is smaller than the spectral radiance
emitted by the plasma due to Fresnel reflection. Reproduced from Yuya Yamashita et al., Rev.
Sci. Instrum., 94, 083503, (2023) [4], with the permission of AIP Publishing.
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Fig. 3.4: Meaning of the symbols for transmittance and reflectance. Reproduced from Yuya
Yamashita et al., Rev. Sci. Instrum., 94, 083503, (2023) [4], with the permission of AIP

Publishing.
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of the window as follows [65]:

Sin20,;, sin2 6y,

/(L) = , (3.6)
: ( ) Sinz(eair + Owin)
. 2
Ry(A) = S%nz( s — Gvin) (3.7)
sm <9air + ewin)

Similarly, the spectral energy transmittance 7,(4) and the spectral energy reflectance R},(1) are

expressed for the p(TM)-wave as follows [65]:

Sin20,;, sin26y;y,

T/(A) = , 3.8
p( ) Si112(eair + 6win) Cosz(eair - 6Win) G5
tan? (O, — Owin

B tanz(eair + ewin) '
From Egs. (3.6) and (3.7), the spectral energy transmittance from the window to the air on the
window - the air boundary, 7;”(1), and the spectral energy reflectance from the window to the

window on the window - the air or vacuum boundary, R/ (1), are expressed as follows:

T'(A) =T{(A), (3.10)
R!(A)=R.(}). (3.11)

From Egs. (3.8) and (3.9), the spectral energy transmittance: Tp” (A) and the spectral energy

reflectance: Rg () are expressed for the p-wave as follows:

T/(A) = T,(A), (3.12)
RI(A) = RL(A). (3.13)

The spectral transmittance of the zeroth-order transmitted light, that is, the ratio of the in-
cident light power on the vacuum—window interface to the power of the light passing through
the vacuum-window interface and further right away passing through the window—vacuum in-

terface (as shown in Fig. 3.3), is given for s and p waves as follows, respectively:

To(A) =T{(A) T{"(2), (3.14)
Too(A) =T, (A) T,/ (A). (3.15)

Therefore, the spectral transmittance of the zeroth-order transmitted light is given for the natural

polarization wave as follows:

To(A) = 5 [To(2) + Too(A)]. (3.16)
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Fig. 3.5: The calculation result of spectral transmittance Typ(A ) of the zeroth-order transmitted
light on the 6 mm thick quartz window. The spectral transmittance is expressed as the power
ratio to incident light. Reproduced from Yuya Yamashita et al., Rev. Sci. Instrum., 94, 083503,
(2023) [4], with the permission of AIP Publishing.

Fig.3.5 denotes the calculation result of Eq. (3.16) for the experimental setup of this study.

Note that the spectral transmittance of the first-order transmitted light, that is, the light
passing through the vacuum—window interface, reflected on the window side of the window—air
boundary, reflected on the window side of the window—vacuum boundary, and transmitted on

the window—air boundary, is given for s and p-waves as follows, respectively:

Ta(A) =T, (A) {RI (M)} T (D), (3.17)
Toi(2) = Ty(A) {RL )Y 1) (2). (3.18)

For natural polarization light, the transmittance is expressed as follows:

T4 =5 [Ta(A) + Tu(A)]. (3.19)

The calculation result of 77 (A) for the experimental setup of this study is shown in Fig.3.6.

In this study, only the zeroth-order transmitted light was assumed to enter the lens. This is
because the higher-order transmitted light above the first order has less energy than zero-order
transmitted light (as shown in Fig.3.6) and higher-order transmitted light above the second order
has even lower intensity. Moreover, the first-order or higher-order transmitted light is incident
at a displaced position except at vertical incidence. In addition, the window is sufficiently thick

relative to the wavelength that thin-film interference phenomena are unlikely to be involved.
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Fig. 3.6: The calculation result of spectral transmittance 77 (A) of first-order transmitted light
on the 6 mm thick quartz window. The spectral transmittance is expressed as the power ratio
to incident light. Reproduced from Yuya Yamashita ef al., Rev. Sci. Instrum., 94, 083503,
(2023) [4], with the permission of AIP Publishing.

Therefore, the spectral radiance on the vacuum side surface of the window is calculated as

follows:

Li(2)

Li(A) = To(A)’

(3.20)

where Lj(A) is the spectral radiance on the air side surface of the window, which was experi-

mentally obtained by the OES measurement experiment!.

3.3.3 [Evaluation of spectral reflectance of inner wall

This section discusses the strategy of obtaining the average spectral reflectance of the cham-
ber inner wall. In this study, the chamber was regarded as an integrating sphere on the inner wall
to facilitate a simplified evaluation to measure the spectral reflectance of the chamber. How-
ever, an integrating sphere is generally spherical, and its inner surface is composed of a diffuse
reflective material according to the cosine law, and the area of the aperture port is designed to
be sufficiently small to the area of the diffuse reflective material. In contrast, the shape of this
chamber is cylindrical. The inner surface of the chamber consists of anodized aluminum (no
coloring; the thickness of the anodic oxide film was ~6-10 um; the fine hole was sealed by using

the nickel acetate method), which does not guarantee compliance with the cosine law. Further-

![This footnote has been supplemented in this thesis to deepen the reader’s understanding and was not included
in the original paper [4].] For the specific data of L{(4), see Figs. A.1 and A.2 in Appendix A.
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Fig. 3.7: The top view diagram of spectral-reflectance measurement. In (a), a reference
reflector was placed at one of the locations. To investigate how well the chamber acts as an
integrating sphere, the dependence of the spectral reflectance of the chamber inner wall on the
position of the reference reflector was measured. In (b), the reference reflector was not placed.
Reproduced from Yuya Yamashita et al., Rev. Sci. Instrum., 94, 083503, (2023) [4], with the
permission of AIP Publishing.

more, the chamber has windows, a gas inlet, and exhaust ports. Therefore, strictly speaking,
this chamber cannot be regarded as an integrating sphere, and differences will arise, but for the
sake of simplicity in optical modeling, such an assumption was made.

In this study, the following method for measuring the average spectral reflectance of the
chamber inner wall was applied. Note that this method is similar to the method used to eval-
uate the average spectral reflectance of the inner wall of the integrating sphere [25]. (1) A
graphite plate that has surface area S, was employed as the reference reflector. The spectral
total reflectance Ry(A) of the graphene reference reflector was calibrated with a UV-VIS-NIR
spectrophotometer (U-4100, Hitachi High-Tech Science) beforehand. Note that the spectral to-
tal reflectance is the sum of the specular and diffuse reflected spectral radiant flux relative to
the sum of the incident spectral radiant flux. (2) Figure 3.7 illustrates the conceptual setup of
the spectral-reflectance measurement. An incandescent lamp (G-1282H, Asahi Electric) was
placed inside the chamber. To prevent direct light from the lamp from entering directly the
reference graphene reflector and lens, the lamp was covered with a douser. The lamp works the
same as a self-absorption measurement lamp in a spherical light fluxmeter. In other words, the
reference reflector or the lens is indirectly illuminated by multiple reflected lights on the cham-
ber inner wall. Furthermore, a lens tube with a diffuse transmission plate was set on the quartz
view window of the chamber side wall to measure spectral-count value, which is proportional
to spectral irradiance at the inner wall surface. The lens tube was connected to the spectrometer
(MS3504i, SOL instruments) with the charge coupled device (CCD) detector (DU420A-OE,

Andor Technology). (3) The spectral-count value I,(A4) was measured without the reference
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reflector in the chamber [as shown in (b) of Fig. 3.7]. (4) The reference reflector was placed
on the chamber inner wall, as shown in (a) of Fig. 3.7. The spectral-count value I.(A) was
measured with the reference reflector in the chamber.

The derivation of the spectral reflectance of the chamber wall is as follows. The spectral
irradiance at the inner wall surface without and with the reference reflector in the chamber,

E;(A) and Ec(A), is as follows, respectively:

Eg(A) = Ki(X) Ig(4),
(3.21)
E.(A) =K (A) I.(A),
where K| (A) is a constant, which is determined by the system’s spectral response. The spectral
irradiance at the inner wall surface E¢(A), is calculated as follows [25]:
Rg(2)

Eq(2) :KZ(MTg(/I)’

(3.22)

where K;(A) is a constant, which is determined by the total spectral radiant flux of the incan-
descent lamp and the chamber inner size, and Ry(A) is the spectral reflectance of the inner
wall. When the reference reflector is installed in the chamber, the average spectral reflectance
is expressed as follows:

Sp

= Re(1) + 2Ry (A
S, e(%) S, b(%) (3.23)

= (1= @)Ry(A) + Ry (1),

Re(4)

where S, is the surface area of the chamber inner wall, ot = §,/S, (0 < o < 1). The spectral

irradiance at the inner wall surface with the reference reflector is as follows:

_ Re(4)
E.(A) = KZ(A)TC(M. (3.24)
When F(A) = E.(A)/E(A) is defined, the following relationship is obtained:
Ec(4)
F(A)=
M50
Re(d) 1—Ry(A) 6:25)
— ¢ g
“ToR(A) Re(h) (0<F(A)<1),
and from Eq. (3.21), we have
I(4)
F(A)= . 3.26

The following equation is obtained using Eqgs. (3.23) and (3.25) and eliminating R.(1):
ARZ(A)+ BRy(A)+C =0, (3.27)
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where
A=(1—-a)[l-F(1)] >0,
B=[l—aRy(A)]|[F(A)—1]4+ 0o >0, (3.28)
C= —OCRb(A) < 0.

Rg(A) must be 0 < Rg(A) < 1. Therefore, Rg(A) is obtained as follows:

—B+ VB2 —4AC
Ry(A) = o ) (3.29)

Therefore, Rg(l) was obtained and based on Egs. (3.26) and (3.29) from the experimental
values Io(A) and I.(1).

3.3.4 Calculation of net spectral emission coefficient of plasma

In this section, we discuss the strategy for obtaining the radial distribution of the spectral
emission coefficients of the plasma from the OES measurement of plasmas. In this study, the
spatial distribution of the spectral emission coefficient of the plasma was assumed to be z axis
cylindrical symmetry. Let €(A,r) be the spectral emission coefficient of the microvolume ele-
ment dv at radius r on the x-y plane and z on the z axis; the total spectral emission flux from dv,

ddr(A,r), is expressed as follows:
dbr(A,r) =4me(A,r) dv. (3.30)

Therefore, the spectral total radiation flux of the plasma in the chamber, (1), is expressed as

follows:
Dr(A) = /dCIDT(ﬂt,r)
v

= /47r g(A,r)dv.

Applying the variable transformation from the rectangular coordinate system to the cylindrical

(3.31)

coordinate system (x,y,z) — (r,0,z), the following equation can be obtained because dv =

rdrd@ dz:
7 r2m (R
Dr(A) :/ / / dme(A,r) rdrdfdz
Z// O 0

R
= 8ﬂ2H/ e(A,r) rdr (3-32)
0

where R is the cylinder inner radius of the chamber; 7' and 7 are the upper and lower position
of the chamber along the z axis, respectively, and H = 7/ — 7" is the height along the z axis of

the chamber.
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The spectral irradiance by the multiple reflections illuminating the inner wall surface has
position dependence. Therefore, as mentioned in the Introduction, to rigorously calculate the
effect of multiple reflections by the inner wall, it is necessary to perform calculations using the
ray-tracing method. The method requires the geometry of the inner wall and BRDEF, which is
a complex calculation. However, in this study, we propose a calculation method by “average”
spectral irradiance for multiple reflections on the chamber inner wall surface. We were inspired
by the “luminous flux method” used in the field of lighting engineering to develop the proposed
method. The proposed method is undeniable that the calculation error increases compared to
the ray-tracing method. However, the proposed method is computationally simpler than the ray-
tracing method. Furthermore, the proposed method is especially useful for multiple reflection
correction in situations where it is not possible to measure the BRDF of all the components
of the inner wall, for example, in existing plasma devices. The proposed methodology is as
follows.

The average spectral irradiance on the chamber inner wall by the multiple reflected light of
®p(A) is as follows [25]:

Re(A) Pr(4)

Een() = 1Ry A)]S,

(3.33)

Assuming Lambertian reflection, the spectral radiance on the chamber inner wall by the multiple

reflected light of (1) is expressed as follows:

Ry (A
Lreﬂ(x) = LEreﬂOL)
_ RM)er(A) G349
m[l —Ry(A)]Sg
Inserting Eq. (3.32), we get
R2(1) R
— g 2
Lea(A) = 2k s, O H/O e(A,r) rdr (3.35)

The spectral radiance on the window vacuum side surface of the line-of-sight whose nearest
distance to origin x = x” on the x —y plane, Lj(A,x”,7), is the sum of the spectral radiance due
to direct light from the plasma in the line-of-sight and the multiple reflections of light emitted

from the entire plasma,
L[(A,X”,Z) = LD(A,X”,Z) + Ll‘eﬂ(l)7 (3.36)

where Lp(A,x”,z) is the spectral radiance at the window surface on x = x” due to direct light

caused by the micro-volume elements of the plasma on the line-of-sight, which through on the
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x —y plane and whose nearest point to the origin in the line-of-sight is (x,y,z) = (x”,0,0) as
follows:
A Z m )b Z (3 37)
L ,x,z:/ e(A,x",y, z)dy. .
o) = [ ey dy

As (A, X"y, z) is the even function of y, the following relationship can be obtained:

Lp(A,x",z) =

A /RZ_XNZ
/ 2e(1, X", y, 2) dy. (3.38)
0

By the variable transformation from the rectangular coordinate system to the cylindrical co-
ordinate system, (x,y,z) — (r,0,z), we get the following relationship as x> +y? = r?> and
dy = rdr/v/r? —x"2. Furthermore, assuming z axis symmetry in the x —y plane, we can get

¥ = x". Therefore, Eq. (3.38) can be expressed as follows:
Lp(A, 1", z) =Lp(A, X", 2)

R r
= 2¢(A, 1, z7) ——=dr, (3.39)
# 72—

From now, the chamber inner diameter R is divided into n segments, and r;, (k=0,1,--- ;n—
1) is defined as the kth radius. Note that ry = 0 and r,, = R are the center and the inner wall of

the chamber, respectively. Therefore, Eq. (3.39) can be expressed as follows:

/287er\/7k

Tk+1 r Tk+2 r
—/ e(A,rz7) ————=dr + 2¢e(A, 1 z) ——=dr
2

72— i Tkg1 72 2

-+ / (A, nz) T 4 (3.40)

n=l rry r
:Z/ 2e(A, 1, z) ——dr.

K=k Tk 2 — 2

p(A, 1%, 2) dr

Furthermore, €(A, r, z) is assumed to be the first-order polynomial on the assumption of

uniformity in the z axis direction, as in the following equation and in Fig. 3.8:

ar(A) +br(A)r, where r, <r<ryandk=0,1,....n—2
g(A,r)= (for0 <r<r,_1), (3.41)
an—2(A)+by—2(A)ru—1 (for r,—1 <r<R).
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Fig. 3.8: The conceptual diagram of Eq. (3.41). Reproduced from Yuya Yamashita et al., Rev.
Sci. Instrum., 94, 083503, (2023) [4], with the permission of AIP Publishing.

Equation (3.41) can be expressed for 0 < r < r;,,_ as follows:
ap(A) +br(A) 11 = a1 (A) + bie 1 (A) i1,
& ag1(A) = ap(A) + [be(A) = b1 (A)] i1, (3.42)

k—1
ak(l) = a()(/l) + Z [bk/(l) —bk/H(l)]rk/H.
kK'=0

Therefore, Equation (3.41) can be expressed as follows:

(

k-1
ao(A) +be(A)r+ Y [bpr(A) — by 1 (A)]re1,
=0

g(A,r)= where ry <r<rq and k=0,1,....n—2 (forO<r<r,_),

n—3

ao(A) +bu2(A)ra1+ Y [bw(A) =buy 1 (M)]rwyyr  (forr1 <r<R).
=0

) (3.43)

Inserting Eq. (3.43) into Eq.(3.40), we get
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Similarly, applying Eq.(3.43) to Eq.(3.35), we obtain
Rz(l) 8m’H [/ e(A,r rdr+/ e(A,r)rdr+-- —l—/ e(A,r rdr}
1 —Rg(1)]Sg ro
R3(2)
1= Ry(

Lreﬂ( ) [

) n—1 gt
7| )] Se 87 Hk;o/w e(A,r)rdr
_ Ré(l) ) n—2 Tl 41 A rdr n N rdr
m[1 —Rg(A)] S, 87°H [kgo/w g(A,r)rd +/rn_le(/l, ) d]
R2(A) C e .
[l —Ig?g(l)]Sg 81lH Z / [ak/(l)r—l—bk/(l)ﬂ] dr] + /rn_l[an_z(l)—|—bn_2(l)rn_1]rdr}

=0 L Iy

Rz(l) n=27r 72 /377w 277
71'[1 —gRg(A)]Sg 87‘(,'2H{ Z ak’(l)i‘i‘bk/(l)—] + {an_z(l)—f—bn_z(l)rn_]} |:—1 }

k=0 L 3 Y 2 Tn—1
Ré(l) n—2 2 2 b (1) k’+1 k3
7[l —Rg(A)] S, ¢ 3

o
2 _ 2 2 3
Ry(2) T2H [n ? = rk’+1 ki

2 r21
+ {an—2(A) +by_2(A)ry- 1} = } (3.45)

Iy —
ak’(l)%—i—
k=0 |
Iy — Iy
au l kK +1 k +
71— Re(A)]S L a5 ) be(A)

2

r2—r2
+ [an2(A) +bu2(A) 1] = 2nl}
Rém

)+ Z [ber(A) = by (M) | €
k//

+ Z b (L) Cs( k/

C4(I’l — 1)}
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2 2 3 3
T, — T ) — k3
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Assuming that the z axis direction is independent, Eq. (3.36) can be expressed as follows:
Li(A,ri) = Lp(A, i) + Leea(4). (3.46)

Therefore, Li(A, ;) can be expressed as the function of ag(A) and by (1), where Ly(A, ry) is the
kth line-of-sight of the spectral radiance on the vacuum side surface of the window, which is
equal to Lj(4) of Eq.(3.20).

In this study, ag(A ) and by (A) were obtained based on the numerical fitting of the calculated
and experimental of Lj(A,r;). Furthermore, €(A,r;) were calculated from the obtained ag(A)

and by (A).

3.4 Plasma diagnosis
3.4.1 Experimental condition of plasma diagnosis

Figure 3.1 shows that Argon (Ar) gas of 10 SCCM was supplied into the chamber via a
mass flow controller. Furthermore, the chamber was evacuated using turbomolecular and rotary
pumps. The base pressure of the vacuum chamber was 1.6 x 107> Pa. The 13.56 MHz RF
power of 300 W was applied to the RF antenna to generate the plasma, while the total discharge

pressure was set at p = 1.0 Pa.

3.4.2 OES measurement

The line-of-sight k& dependence of the spectral radiance on the air side surface of the view
window, L;C(l), along the line-of-sight was measured using a lens (CLA-SMA?2, B&W Tek),
an optical fiber (FPC-600-0.2-1.0-SRUV, B&W Tek; core diameter = 600 um, NA = 0.22), and
a spectrometer (MS3504i, SOL instruments) with the charge coupled device (CCD) detector
(DU420A-OE, Andor Technology). The angle of view (half angle) of the focusing optics is
1.909°, and the beam waist diameter is 4.059 mm. The line-of-sights were set oblique angles
to normal of the view window, as shown in Fig. 3.9 and Table 3.1 due to displaced Snell’s law,
as discussed in Sec. 3.3.1. L;(A) was measured by scanning the line-of-sight while maintain-
ing the discharge. Note that the spectral radiance of the spectrometer was calibrated using a
spectral radiance standard surface, which was realized using a spectral irradiance standard lamp
(JPD100V5S00WCS, Ushio Lighting) and a standard diffuse reflector (SG 3051, SphereOptics).

L;(A) was calculated by using Eq. (3.20). Furthermore, &(A) on the radial position was

calculated as shown in Sec. 3.3.4.
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Fig. 3.9: The schematic diagram of the line of sight of OES measurement. Here, “L [ and
“R [”” denote the /th lines of sight on left and right sides, respectively. Note that the line of sight

placement was set the same as in Ref [1]. Reproduced from Rev. Sci. Instrum., 94, 083503,
(2023) [4], with the permission of AIP Publishing.
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On the each position k, the dependence of the excited-level number density on the radius was
calculated from the optical emission lines based on the lines listed in Table 3.2. The excited-
level density n, of level j*, which is designated by the Racah notation, is expressed based on

the spontaneous emission from level jx* to level ix as follows:

c ..
47[ /j**)i* 8]*—)[*(2«) dk = h m A(_]*,l*) AJ*,I* nj*? (347)

where €, 1s the spectral emission coefficient of the transition from level j* to level ix, the
integral on the left-hand side is measured over the spectral profile for transition from level jx
to level ix, h is the Planck constant, ¢ is the speed of light, A (j*,i*) is the wavelength of the
transition from level jx to level ix, A(j*,ix) is Einstein’s A coefficient of the transition from
level jx to level ix, and Aj ;s 1s the optical escape factor of the transition of level jx to level
i*. In the Ar CR model, the excitation levels are grouped for excitation states with similar
excitation energies; A j, jx is considered only for transitions to the ground level and is assumed
to be optically thin for transitions to excited levels other than the ground level. The number
density n; of excited-level j, which is specified by the Ar CR model, can be expressed as

follows:

mi_ M (3.48)
8; 8jx
where g; is the statistical weight of level j, which is specified by the Ar CR model; g, is the
statistical weight of level j*, which is specified by the Racah notation; and level j* belong
to the same level j of the Ar CR model. In this study, the reduced population density n; was
calculated by optical emission line spectra.
The Ar CR model [50] was employed to calculate 7. and N, from the excited-level number
densities. The Ar CR model [50] is an excitation-kinetic model that provides a reduced popula-
tion density distribution »; / g; as a function of T; [electron energy distribution function (EEDF)

was assumed to be Maxwellian], N, atomic temperature 7, ion density Ny, and plasma radius

r. The rate equation is expressed as

dn; & . . . - -
d_ll = Zl [_ {C<17])Neni+K(la])nlni}+ {F(]7Z)Nenj+L(]7l)n1nj+A(]7l)Ajlnj}}
=it

i—1

+ 21 [{CU, D)Nenj+ K (j,iyning} — {F (i, j)Nenj +L(j, i)nini +A(i, j)Aijni}] (3.49)
=

— {S(i)Neni+V(i)n1n,-}

+ [{O(i)Ne + W (i)ny + R(i)A;}] NeNt — [D(@) + B(i)] (i=2,3,--+),
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Table 3.2: Optical emission lines for OES measurement. Reproduced from Yuya Yamashita et
al., Rev. Sci. Instrum., 94, 083503, (2023) [4], with the permission of AIP Publishing.

Ritz wavelength Upper level Lower level A coefficient

in Air Vicek [50] Racah [66] Vicek [50] Racah [66] A(j*,ix)

A(j*,ix) [nm] [66] | level j | g; | level jx | gjx | leveli | g | levelix | g | [s7'1[66]
750.38 11 1| 4p'[1/2)0 | 1 5 3 14s[1/2]5 | 3 4.50 x 107
763.51 7 20 | 4p[3/2), | 5 2 5] 4s[3/2]5 | 5 2.45 x 107
794.81 8 8 | 4p'[3/2) | 3 4 1| 4s[1/2]5 | 1 1.86 x 107
810.37 7 20 | 4p[3/2]; 3 3 3| 4s[3/2]5 | 3 2.50 x 107
811.53 7 20 | 4p[5/2]5 | 7 2 5| 4s3/2]5 | 5 3.30 x 107
826.45 9 3 | 4p'[1/2); | 3 5 31 4s'[1/2]5 | 3 1.53 x 107
840.82 8 4p'3/2, | 5 5 31 48[1/2]5 | 3 2.23 x 107
842.46 7 20 | 4p[5/2]2 | 5 3 3| 4s[3/2]5 | 3 2.15 x 107
852.14 8 8 | 4p'[3/2]1 | 3 5 3 48'[1/2]5 | 3 1.39 x 107
922.45 7 20 | 4p[3/2]> | 5 5 31 4s'[1/2]5 | 3 5.00 x 10°
978.45 7 20 | 4p[5/2), | 5 5 31 4s'[1/2]5 | 3 1.47 x 106

In Eq. (3.49), C and F are electron-collisional excitation and de-excitation rate coefficients,
respectively; K and L are atomic-collisional excitation and de-excitation rate coefficients, re-
spectively; A is the radiative transition probability; S and O are atomic-collisional ionization
and electron three-body recombination rate coefficients, respectively; V and W are atomic-
collisional ionization and atomic three-body recombination rate coefficients, respectively; R
is the radiative recombination rate coefficient; B is the rate of generation of metastable Ar;
molecules; and D is the diffusion loss of the metastable Ar atom. The rate coefficients were
calculated using the method of Vicek [50]. The quasi-stationary approximation (d/ds = 0) of
Eq.(3.49) yields a set of simultaneous equations with 7; and N, as input variables and n; as the
output variables. T, and N, were determined by fitting the n;/g; distributions based on OES
measurements with the value obtained from the Ar CR model. The objective function fj of the

fitting is as follows:

) ) 2
f1<Te,Ne) _ Z (nzmodel(TmNe)/gz . 1) ‘ (350)

icl nioEs/ &
where nimodel (Te, Ne ) /gi is the value of n;/g; from the Ar CR model, whereas n;ogs/g; is the
experimental value obtained by OES measurement. 7 and N, are obtained by fitting minimizing
fi-
In contrast to the previous studies [52] that aimed at diagnosis with a low-wavelength res-
olution spectrometer, this study aimed at accurate diagnosis based on multiple emission lines

obtained with a high-wavelength resolution spectrometer that had a wavelength resolution of
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0.22 nm (FWHM). The 11 emission lines listed in Table 3.2 were adopted for the diagnosis.
The parameters assumed were T, = 400 K and N; = N.. The plasma column radius for diffu-
sion calculations was assumed to be 96.5 mm, which corresponds to the half value of the inner

minimum height of the chamber. The EEDF was assumed to be Maxwellian in nature.

3.4.3 Probe measurement

A single Langmuir probe was employed to obtain 7; and N, for comparison with those ob-
tained from OES-based diagnosis. A tungsten wire tip (P1.55 x L0.50 mm) probe was equipped
with a push-pull linear shift mechanism, allowing for scanning of the measurement position in
the diameter direction of the chamber. 7. was determined from the slope of the current-voltage
characteristics, while N, was determined from the electron saturation current. Note that OES

measurements were performed without the probe inserted.

3.5 Results and discussion

Figure 3.10 shows the measurement results of the spectral reflectance of the inner wall of
the chamber (Sec. 3.3).

Above 400 nm, the spectral reflectance increased monotonically. The variation range of
spectral reflectance at the same wavelength was up to 19.6 % (A = 750.3-978.6 nm, wavelength
range used for diagnosis in this study). Note that the noise observed at the wavelengths below
400 nm is due to the small relative spectral distribution of the incandescent lamp. Note that
the reason for the small incremental changes in spectral reflectance on the same curve is con-
sidered for the signal-to-noise ratio of the radio-photometric system. Furthermore, the upper
part of the chamber of this ICP system had ® 205 mm quartz window, where the antenna was
placed outside the window. Therefore, the light transmitted outside the window was attenuated
by multiple reflections. It is assumed that this is a type of light trap behavior, which can be
attributed to the low reflectance.

Figures 3.11 and 3.12 show the dependence of the spectral emission coefficient, which is
the calculation result in Sec.3.3.4 based on the experiment. It is clear that by not considering
reflections at the wall in this system, the spectral emission coefficient results would result in
error, which would be up to 4.1 %. In particular, the effect of multiple reflections on the chamber
inner wall was found to be significant at locations where the spectral emission coefficient was

small. Note that in the spectral radiance calibration setup, which is the same type of this study,
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Fig. 3.10: The spectral reflectance of the inner wall of the chamber: “on side (exhaust)”, “on
side (middle)”, and “on bottom” denote the location of the reflector that was set at side or bot-
tom of the chamber, as shown in Fig. 3.7. "Average" denotes the averaged and Savitzky-Golay
smoothed data of the their spectral reflectance that were employed to calculate the spectral ra-
diance. [This figure was modified from Ref. 20. Reproduced with permission from the work of
Yamashita et al., in Proceedings of 43rd International Symposium on Dry Process (DPS2022)
(43rd International Symposium on Dry Process Organizing Committee, 2022), pp. 47-48 [67].
Copyright 2022 43rd International Symposium on Dry Process Organizing Committee.] Re-
produced from Yuya Yamashita ef al., Rev. Sci. Instrum., 94, 083503, (2023) [4], with the
permission of AIP Publishing.
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Fig. 3.11: The dependence of the spectral emission coefficient of 750.4 nm on the position.
“With” and “without compensations” denote considering or not the multiple reflectance on the
chamber inner wall, respectively. Reproduced from Yuya Yamashita ez al., Rev. Sci. Instrum.,
94, 083503, (2023) [4], with the permission of AIP Publishing.

the expanded uncertainty (coverage factor k = 2) of spectral radiance on the standard surface is
reported to be 3.9-7.4 % [68].

Figure 3.13 shows the reduced population density distribution, which was calculated from
the OES experiment based on Eq. (3.47).

Figures 3.14 shows the 7; diagnostic results by OES. The difference between the diagnostic
results of 7; with and without reflectance correction was up to 0.6 %. Figures 3.15 shows the N,
diagnostic results by OES. The difference between the diagnostic results of N, with and without
reflectance correction was up to 3.1 %.

Figure 3.16 shows the diagnostic results for the probe. T exhibits a convex distribution to
position x. The positions of these peaks approximately correspond to the position of the ICP
antenna. Meanwhile, N, exhibited a convex distribution centered at x = 17 mm. Both 7; and N,
exhibited asymmetric characteristics because the ends of the ICP antenna on the positive side of
the x axis are not perfect spiral-shaped. However, the diagnostic results of the OES and probe
measurement differences are ~1 eV for 7; and ten times for N, respectively. One of the causes
of the difference that is to be considered is the disturbances caused by the insertion of the probe.
That is, in this study, the probe was inserted from the port on the x axis positive side wall to the
x axis negative side direction. The most part of the probe, except for the tip, is covered by a
grounded stainless steel sleeve. Therefore, the probe insertion affects the electromagnetic field
distribution of the plasma. It is reported that the calculated electron temperatures of the probe
and OES in a 1 Pa argon inductively coupled plasma differ by about 0.7 eV [69]. Therefore, it

is possible that the disturbance was larger on the negative side of the x axis.
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94, 083503, (2023) [4], with the permission of AIP Publishing.
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Fig. 3.13: The dependence of the reduced population density distribution on the position. This
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(2023) [4], with the permission of AIP Publishing.
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Fig. 3.14: The diagnostic results of the electron temperature by OES measurement. “With”
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Fig. 3.15: The diagnostic results of the electron density by OES measurement. “With” and
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(2023) [4], with the permission of AIP Publishing.
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Fig. 3.16: The diagnostic results of the probe measurement. The error bars denote minimum
and maximum values of eight repeated measurements [67]. Reproduced with permission from
the work of Yamashita et al., in Proceedings of 43rd International Symposium on Dry Process
(DPS2022) (43rd International Symposium on Dry Process Organizing Committee, 2022), pp.
47-48 [67]. Copyright 2022 43rd International Symposium on Dry Process Organizing Com-
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The electromagnetic field distribution of the ICP apparatus was simulated with Femtet, Mu-
rata Software Co., Ltd. based on the geometric model, as shown in Fig. 3.17.In the simulation,
the electromagnetic field distribution radiated from the antenna was calculated when a high fre-
quency current with an applied frequency of 13.56 MHz and a power of 300 W (the same as in
the experiment) was applied to the antenna. For the calculation, the chamber, the antenna shield
box, and the quartz window were modeled, as shown in Fig. 3.17. Note that this simulation

assumes a vacuum in the chamber and does not consider space-charge effects.

Figures 3.18 and 3.19 show the electromagnetic field strength distributions on the x - z
planes at y = 0 mm. In the ICP apparatus structure, the quartz window was smaller than the
diameter of the discharge chamber, and the window flange, which was grounded, was placed on
the inside of the chamber along the diameter. It can be considered that the electromagnetic field
is distorted by the grounded flange that entered inward immediately below the quartz window.
This is the reason for the formation of the convex spatial electromagnetic field distribution.

Figure 3.20 shows the electromagnetic field strength distributions on the x - y planes at
z=99 mm (directly below the quartz window). Because of the asymmetric shape of the antenna,

the electromagnetic field is also asymmetric. This is the cause of the x-directional left-right
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Fig. 3.17: Geometric model for electromagnetic field simulation of the ICP apparatus. The
origin of the coordinate axis is the center of the chamber. Reproduced from Yuya Yamashita et
al., Rev. Sci. Instrum., 94, 083503, (2023) [4], with the permission of AIP Publishing.
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Fig. 3.18: Electric field strength distribution on the x - z plane at y = Omm of the ICP apparatus.
Reproduced from Yuya Yamashita et al., Rev. Sci. Instrum., 94, 083503, (2023) [4], with the
permission of AIP Publishing.
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Fig. 3.19: Magnetic field strength distribution on the x - z plane at y = Omm of the ICP
apparatus. Reproduced from Yuya Yamashita et al., Rev. Sci. Instrum., 94, 083503, (2023) [4],
with the permission of AIP Publishing.

asymmetry in 7; and Ng, as shown in Figs. 3.14 — 3.16.

Figure 3.21 shows the horizontal component of the magnetic field strength distributions
which is shown in Fig. 3.19. The horizontal component of the magnetic field showed an M-
shaped magnetic field at z = 0.

The study of the electromagnetic field of 13.56 MHz RF ICP in a rectangular chamber was
reported by Hopwood et al. [70]. In their study, a rectangular chamber (27 x 27 x 13 cm?) was
employed, and a quartz window smaller than the top of the chamber was used, similar to that
in the present study. A rectangular spiral antenna was placed outside the quartz window, and a
permanent magnet for confinement was placed inside the chamber. The result of electromag-
netic field calculations and magnetic probe measurements reported an M-shaped magnetic field
strength distribution in its horizontal component. It concluded that the magnetic field strength
decreased exponentially along the z direction from the antenna because the charged particles
absorb power owing to non-collisional heating.

The induced electric field is generated by a high-frequency magnetic field due to Faraday’s
law. It has been reported that the electromagnetic field caused by the induced electric and
magnetic fields induces a drift of v X B in the electrons [71], where v is the circumferential
component of the velocity of electron. Hence, an electron drift to downstream of the chamber
(the negative side of the z axis) will occur. The mean free path of electrons at the pressure

in this experiment was estimated to be 39.8 mm. This estimation suggests that fast electrons
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Fig. 3.20: Electromagnetic field strength distribution on the z = 99mm plane (just below the
window) of the ICP apparatus. Reproduced from Yuya Yamashita et al., Rev. Sci. Instrum., 94,
083503, (2023) [4], with the permission of AIP Publishing.
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Fig. 3.21: Horizontal component of the magnetic field strength distribution on the x - z plane

at y = Omm of the ICP apparatus. Reproduced from Yuya Yamashita ef al., Rev. Sci. Instrum.,
94, 083503, (2023) [4], with the permission of AIP Publishing.
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heated by induced electric field just below the upper quartz window reach the middle of the
chamber without much collisions with Ar atoms. Therefore, an convex distribution of electron
temperature was observed even at the middle region of the chamber (z = 0 mm), while the
electromagnetic simulation result shows that convex magnetic field strength distribution only
starts below the upper middle window. Therefore, the magnetic field distribution observed just
below the upper glass window (Fig. 3.19) is considered to be observed as an convex distribution
of electron temperature because the fast component of the electrons reached even at the center
of the chamber (z = 0), which is the diagnostic view position.

However, the electromagnetic field simulations in this study did not consider space charge. It
is conceivable that the electromagnetic field distribution may change due to space charge. Anal-
ysis of gas dynamics in the electromagnetic field, which was not considered in this study, is also
a future issue. Other issues are to verify the electron energy distribution function assumed as
Maxwell distribution and to elucidate the mechanism of spatial distribution by electromagnetic
field analysis considering space-charge effects and gas dynamics.

However, in the present study, both the assumption of uniformity in the z axis direction
and the analysis of emission spectroscopy measurements were performed. Therefore, the pos-
sibility of differences in diagnostic results due to the z axis position dependence of spectral
emission coefficients remains an issue. The diagnosis of three-dimensional spatial distribution

by tomographic measurement is a future issue.

3.6 Conclusion

A method for measuring the spectral reflectance of the inner walls of the chamber was pro-
posed, and its application to the ICP measurement was demonstrated. The effect of the reflected
light from the chamber inner wall on OES measurements is discussed. Furthermore, the spec-
tral emission coefficient calculation method was considered with the reflected light from the
chamber inner wall. The radial dependence of 7. and N. was diagnosed by OES measure-
ment based on the proposed method. The Langmuir probe results revealed the effect of the
antenna geometry on 7. and N.. Furthermore, the electromagnetic simulation result suggested
that the placement of the antenna and window affected 7. and N, distribution. The evaluation
of the effect of uncertainties in radiophotometry and in the reaction cross section and constants
in the collisional radiation model on the electron temperature and electron density is a future

issue. Another issue is to elucidate the mechanism of spatial distribution by electromagnetic
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field analysis considering space-charge effects and gas dynamics. In this study, we assumed
axis symmetry, but spectral reflectance correction in tomographic measurements is also a future

issue.
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Chapter 4

Spatial distribution diagnosis of electron
temperature and density of argon
inductively coupled plasma by
tomographic optical emission
spectroscopic measurement and
collisional-radiative model [5]

This chapter is reproduced from Yuya Yamashita et al., J. Vac. Sci. Technol. A, 42, 023003,

(2024) [5] with permission from the American Vacuum Society (AVS); unless otherwise noted.

4.1 Introduction

In recent years, the field of plasma processing has seen progress in the size of workpieces,
the miniaturization of processed structures, and high aspect ratios. As a result, there is a grow-
ing demand for diagnostics of the spatial distribution of plasma macroparameters. Indeed, there
has been an increasing number of reports on the diagnosis of the spatial distribution of plasma
by tomographic measurement. Optical emission spectroscopic (OES) measurement is a simple
noncontact diagnostic method that can be realized using an experimental system and is suit-
able for performing real-time measurements of processing plasmas. Diagnosis of the spatial
distribution of plasma using tomography and emission spectroscopy, specifically in the field of
fusion reactor plasmas [72], has been considered for a long time. Inverse integral calculations,
such as the Radon transform, have previously been utilized, and with improvements in computer
performance, some studies have also used discrete tomography [73].

In a prior study [74] on air plasma arc jet, simultaneous five-line-of-sight spectroscopy was
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performed by placing several mirrors inside the vessel and guiding the reflected light to a lens
placed in front of the entrance slit of the spectrometer. The study diagnosed the excitation
temperature distribution as well as the rotational and vibrational temperatures. In the prior
study, a diffraction grating movable polychromator was used. This facilitates measurement
over a wide wavelength range with high wavelength resolution. However, a fixed reflector and
mirror are used as the incident optical system to the spectrometer, which limits the number of
lines-of-sight. In addition, the complexity of the incident optics makes it difficult to apply this

method to process plasmas at a reduced pressure.

In Barni et al.’s study [75] of toroidal field confined plasmas, 19 lines-of-sight were po-
sitioned. Each of the lines-of-sight was taken sequentially at different times. The excitation
temperature of the hydrogen plasma was thus diagnosed. Tomographic measurements with a
single line-of-sight spectrometer were achieved by taking multiple random line-of-sight mea-
surements and averaging the results. However, the method did not acquire all the lines-of-sight
simultaneously. In that method, the uncertainty of the reconstructed image may increase due to

plasma time evolution.

An example of tomographic optical emission spectroscopy of an inductively coupled plasma
[76,77] has been reported. As the result of spectral tomography, the spatial distribution of the
excited-level number density distribution was obtained. In the prior study, a single fiber that had
a position-variable lens head with a four-axis robot was employed as the input optical system to
the monochromator. The system deserves special mention for its ability to change observation

positions quickly and freely. However, the system was mechanically complicated.

In low-temperature weakly ionized process plasmas, diagnostics of electron temperature
T. and density N, are important [9]. However, there are few reported cases of 7z and N, by
tomography measurements in weakly ionized plasmas. Moreover, most of them employ the

line-pair method, which is extremely undesired for non-equilibrium ionized plasmas.

Tomographic OES measurements were performed on arc plasmas by arranging a photomet-
ric system with a plasma source on the rotation stage and a movable one-line-of-sight lens [78].
The temperature, ionization coefficient, electron (ion) density, and atomic density were obtained

using the line-pair method.

Rathore et al. [79] entailed tomographic OES measurements on microwave-induced plasma
using eight pinhole cameras with wavelength filters. The spatial distributions of the 7; and N,

were obtained by assuming a coronal equilibrium.
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Gonzalez-Fernandez et al. performed tomographic optical emission spectroscopy in a lin-
early magnetized plasma system with 49 lensed fibers [80]. 7; and N, were obtained using the

line-pair method with the assumption of corona model.

However, these reports assume simplified excitation kinetics. Introducing that assumption
has the advantage of facilitating a rough understanding of atomic-molecular processes and con-
tributes to reducing the computational complexity of excitation kinetic calculations. On the
other hand, it limits the applicable plasma macroparameters; therefore, there are limits to the
types of plasma (for ionized plasma or recombination plasma) where the applied excitation

kinetics is validated [42].

The collisional-radiative (CR) model is a type of excitation kinetic model that takes macropa-
rameters such as the temperature (of electrons, atoms, and ions), density (of electrons, atoms,
and ions), and pressure as inputs, calculates the rates of various elementary processes, and out-
puts an excited-level number density distribution by analyzing the rate equations. In principle,
the CR model can be applied to a wide range of macroparameters, making it a highly versa-
tile excitation kinetic model. Experimental data from tomographic OES measurements must
be analyzed by a CR model that can faithfully describe atomic and molecular processes. How-
ever, only one study using such a strategy has been reported [81], where in tomographic optical
emission spectroscopy was performed in the plume region of a Hall-thruster Ar plasma using
radon conversion. In the study, the Hall-thruster on a rotating and x — y (horizontal) stages was
installed in a vacuum chamber (diameter: 1.5 m, length: 3.0 m). A fiber with a lens on the
z (vertical) stage was also installed in the vacuum chamber. Spectra were took for every 10°
rotations of the stage. The imaging was repeated at 69 points by scanning the x stage; in total,
1242(= 69 x 10) line-of-sight of measurements sequentially. Through spectral tomographic
analysis and CR modeling, the x-y distributions of 7, and N, were diagnosed. It was noted that
the time difference between acquiring the spectra could be a source of increased uncertainty in

the reconstruction.

In the field of semiconductor processing, various plasmas with different temperatures, pres-
sures, and principles are in general use [82]. However, spatial in situ diagnoses applicable
to these plasmas have not been realized [83]. With the above background, plasma diagnostics
based on the combination of spectroscopic tomography measurements and CR modeling should

be applied to semiconductor process plasmas.

Our study aims to diagnose the spatial distribution of 7. and N, in plasmas by analyzing the
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spatial distribution of the spectral emission coefficients of plasmas obtained using tomographic
emission spectroscopy measurements, based on a CR model. An argon low-pressure discharge
plasma generated by an inductively coupled plasma system is used as the experimental target.
The basic characteristics of plasma are observed. The findings will serve as a basis for future
plasma experiments on other gas species. The present study aims to realize diagnosis that has
a more noninvasive experimental system and a more versatile atomic and molecular process
analysis.

The feature of the experimental system is that a radiometric system was constructed to
simultaneously acquire spectra of 18 lines-of-sight, including intersecting lines-of-sight. Un-
certainties of reconstructed image due to time fluctuations will prevent by acquiring all line-of-
sight lines at the same time. Spectral radiance is observed by lenses placed outside the chamber
through the windows. This eliminates the need to place the optical system in a vacuum and
reduces the observation window area of the device, making it more applicable to actual process
equipment.

The first feature of the analysis is that the CR model was employed for the atomic and molec-
ular process model to achieve an analysis. This enables the analysis with the possibility of hand
extension to plasma diagnostics with different generation principles. The second feature of the
analysis is that the constrained regularization algorithm, a type of (pixel-based) reconstruction,
is extended as a wavelength function for spectral. Furthermore, we will propose a method of
wavelength interpolation and extraction of emission lines for processing experimental data in

spectral tomography measurements using a multichannel spectrometer.

4.2 Experiments
4.2.1 Optical emission spectroscopic measurement of plasma

Figure 4.1 shows the experimental inductively coupled plasma (ICP)—generating apparatus
employed in this study. The inner wall of the chamber was anodized aluminum (pressurized
steam sealing, VACAL-SAL2V3010A, ULVAC TECHNO, Ltd.). A spiral-shaped radio fre-
quency (RF) antenna was placed at the top of the chamber over the top window (synthetic
quartz, diameter: 205 mm, thickness: 21.5 mm). The side-view window (synthetic quartz,
height 115 mm x width 10 mm, thickness 6 mm) was placed on the chamber sidewall. Argon
(Ar) gas was supplied to the chamber via a mass flow controller. The chamber was evacu-

ated using turbomolecular and rotary pumps. The base pressure of the vacuum chamber was
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Fig. 4.1: Schematic of ICP-generating apparatus. The sizes are denoted at the chamber
internal. Reproduced from Yuya Yamashita et al., J. Vac. Sci. Technol. A, 42, 023003, (2024)
[5] with permission from the American Vacuum Society (AVS).

1.5 % 107 Pa. A 13.56 MHz RF power was applied to the RF antenna to generate the plasma.
Eight and ten collimator lenses (#88-173, Edmond Optics) were placed on the outside win-
dow of the side (+y side) and top (+z side) of the chamber, respectively, as shown in Fig. 4.2.
The collimator lenses were connected to a multichannel spectrometer (M 116, Horiba, focal
length: 116 mm) with optical fibers (core diameter: 100 um). The line-of-sight dependence of
spiral radiance at the air-side surface on the window Lpjasma air(A) Was measured by the multi-

channel spectrometer as described in Sec.4.2.2.

4.2.2 Spectral radiance calibration and Fresnel reflection correction

The spectral radiometry system was calibrated using a setup as shown in Fig 4.3. A spectral
radiance surface [25] was realized using a spectral irradiance standard lamp (JPD100V500WCS,
Ushio Lighting) and a standard diffuse reflector (SG 3051, SphereOptics). The spectral irradi-
ance standard lamp was driven at a constant voltage of DC 95.0V (the specified voltage as the
standard lamp) by a DC power supply unit (PSW-720M 160, TEXIO TECHNOLOGY CORPO-
RATION). The voltage was measured using the four-terminal method to prevent measurement
errors due to voltage drop in electric wires. The light shields with hole [25] were placed be-
tween the spectral irradiance standard lamp and the standard diffuse reflector. The hole size of
the light shields is larger than the line connecting the outline of the bulb of the spectral irradi-

ance standard lamp and the outline of the standard diffuse reflector. Therefore, direct light is
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Fig. 4.2: Lines-of-sight of the spectral radiance measurements on the chamber windows.
Reproduced from Yuya Yamashita et al., J. Vac. Sci. Technol. A, 42, 023003, (2024) [5] with
permission from the American Vacuum Society (AVS).

not blocked, while stray light is blocked.
The spectral radiance on the standard diffuse reflector surface Lgq(A ) was obtained as shown

in Fig. 4.4 and as follows:

L(h) = Rl

Egq(A), 4.1)

where Rgq(A) is the calibration value of the spectral total reflectance of the standard diffuse
reflector and Eg4(A) is the calibration value of the spectral irradiance standard lamp at 500 mm
in front. It must be noted that Ryq(A) and Egq(A) were discretely calibrated at 1 and 5 nm
intervals, respectively. The interpolated values Sj,or(4) at any wavelength A in the middle
were calculated using the Lagrangian interpolation of the calibrated values of two front points:
S1(A1) and S»(A;), and two back points S3(A3) and S4(A4), which is shown in Eq. (5) of JIS Z
8724:2015 [31] as follows:

(A—=22)(A— 7L3)(7L 7L4) A—=M)(A—2A3) (A —A4)

S = O ) () (11— f*M”XM—MxM—MMM—Mf“M)(Am
(A’_Afl)()L )LZ)(A‘ )Ss()t) (A‘_ll)(l_zQ)()‘ )‘3) Ss(l4), .
() s — ) O~ )™ P 0 (= 20) (e )

where A} < b <A < A3 < A4.
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Fig. 4.3: Experiment setup of spectrometer spectral radiance calibration. Reproduced from
Yuya Yamashita et al., J. Vac. Sci. Technol. A, 42, 023003, (2024) [5] with permission from

the American Vacuum Society (AVS).
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Lagrangian interpolation Lagrangian interpolation
of two front points and of two front points and
two back points two back points
(Eq.(5) (Eq.(5)
in JIS Z 8724: 2015) in JIS Z 8724: 2015)

Spectral radiance
on the standard diffuse reflector
Lstd (A)

l

)

Fig. 4.4: Calculation flowchart of the spectral radiance on the standard diffuse reflector Lgq(A ).
Reproduced from Yuya Yamashita et al., J. Vac. Sci. Technol. A, 42, 023003, (2024) [5] with

permission from the American Vacuum Society (AVS).
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Fig. 4.5: Calculation flowchart of the spectral radiance of plasma. Reproduced from Yuya
Yamashita ef al., J. Vac. Sci. Technol. A, 42, 023003, (2024) [5] with permission from the
American Vacuum Society (AVS).

The count value when observing the spectral radiance standard plane: Isq gross(7L) was mea-
sured by the experimental setup as shown in Fig 4.3 for each channel (per fiber with lens).
Furthermore, the dark count value: Iiq gark (A) Was measured by the same system in turning off
the spectral irradiance standard lamp.

Therefore, the net value of the spectral radiance of the plasma at the air-side of the window
surface: Lyjsma air(A) was calculated for each channel as shown in Fig 4.5 and as expressed in

the following equation:

Iplasma gross (l) - Iplasma dark (l>
Istd gross()t) _Istd dark(l) ,

Lplsma air(l) — Lstd(/l) (43)

where Iyjasma gross(A) and Ipjasma dark () are the count values during the plasma discharge and
when the plasma was switched off, respectively; the numerator and denominator denote the net
count values of plasma and spectral radiance standard surface measurements, respectively.

Fresnel reflections occur at the window-air and window-vacuum interfaces. Therefore, the
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spectral radiance at the vacuum-side surface of the window Lplasma(/’t)1 was calculated from
Lplasma air(A) using the correction formula [4] of the function of the window thickness and the

refractive index of the window as shown in Fig. 4.5.

4.3 Spectroscopic tomography calculation

This section outlines the principles of spectral tomography calculations using the con-
strained regularization algorithm and then describes the data processing scheme of the spectral

tomography calculation implemented in this study.

4.3.1 Constrained regularization algorithm

The constrained regularization algorithm [73,84] is a type of algorithm for algebraic (pixel-
based) reconstruction in tomographic calculations. In this study, we developed a spectral to-
mography program by extending to wavelength function based on Ferreira et al.’s constrained
regularization source code [85, 86].

L;(A) is the measured projection [in this study, it corresponds to Lpjasma(4 )] of the ith lens
(i=1,2,---,ny+ ny, where ny, = 8 and ny = 10 are the number of line-of-sight of vertical
and horizontal directions, respectively.). n¢qs(for column) X nyows(for row) pixels reconstruc-
tion plane is considered, which were assumed 57 x 39 in this study. Note that the actual dimen-
sions per pixel of the reconstructed image plane for y and z directions: Ay and Az are derived

from the above definition as follows, respectively:

Ay = M’ (4.4)
Neols

Az — Zmax — Zmin, (4.5)
Nrows

where ymax and ypin are the y coordinates of the maximum and minimum values in the pixel
plane, respectively; zmax and zpi, are the z coordinates of the maximum and minimum values
in the pixel plane, respectively. In this study, Ymax, Ymins Zmax, and Zmin wWere assumed +19.0,

—19.0, +13.0, and —13.0 cm, receptively. Therefore, Ay and Az were also 0.6667 cm/pixel.

€;(A) is the reconstructed image (corresponding to the spectral emission coefficient) of the

![This footnote has been supplemented in this thesis to deepen the reader’s understanding and was not included
in the original paper [5].] For specific examples of the data of Lpjasma(A ), see Fig. B.1 in Appendix B.
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Jthpixel (j =1,2,--+ , Arows X eols)

Li(4) Py P P1 (o xrow) €1(4)
Ly (A) _ PZ.,I PZ',Z P27("col XNrow) & OL) , (4.6)
an +nh (A’) P(nv+nh)-,1 P(nv +np),2 T P(nv +1n), (eol X trow) 8(ncol X row) (A)

where P, ; is the projection (in this study, F; ; corresponds to the length of the ith line-of-sight
on the jth pixel). We designated the projection vector, projection matrix, and image vector as

L, P, and €, respectively. Equation (4.6) can be written as follows:
L =Pe. 4.7

In an ideal situation, where the image is completely reconstructed, the left and right sides of
Eqs.(4.6) and (4.7) are equal. However, the left and right sides did not match perfectly owing
to numerical calculation errors. To find € from L, we must find the inverse of P; however,
because P is irregular, we cannot define the inverse of P. Therefore, € cannot be obtained
analytically. Thus, the main objective of this reconstruction algorithm is to numerically find €,

which minimizes the residual difference ¢ between L and Pe.
¢ = |[L —Pe|* + o1 | Drel|* + 0| Dye||* + o3| Toe]|?, (4.8)

where o (> 0) is the regularization parameter that determines the calculation errors of L and

Pe, o was given as 1 X 107; o and a3 are defined as follows:

o0 = o, (49)

o3 = 10 . (4.10)
Dy, Dy, and I, are regularization matrices,
D, =E—A, “4.11)

where E is an nyowsncols-dimensional identity matrix and A= [a;, j] as follows:

1 [.:i+1(fori:1727---7(nrowsncols_1))]
aij =191 (i =nwowshcols, j=1) (4.12)
0 (else),
D, =E-B, (4.13)



where B= [b; ;] as follows:

1 [] =i+ Ngols (fOI' i=1,2,..., (nrowsncols - ncols))]
bw‘ =<1 [] = 1,2, ..oy leolsy (fOI‘ = (nrowsncols — Neols + 1)7 ER) nrowsncols)] (4.14)
0 (else)

and I, is a mask matrix, and the elements inside the ellipse (half axes are (nyows,cols) and
whose center is (0,0)) are 0, and the other elements are 1.

Here, the pseudoinverse matrix M of P is defined as
e=M-L. (4.15)
From the above discussion, M can be expressed as
M = (P"P+ o4DD}, + a,D'D, + o3171,) " PT. (4.16)

Therefore, the reconstructed image €, which corresponds to the dependence of the spectral

emission coefficient on the position £;(A ), can be obtained.

4.3.2 Spectral tomography calculation

This section describes the data processing algorithm to spectral tomography on tomography
calculation. The algorithm was developed in this study. Figure 4.6 shows the flow of data pro-
cessing for spectral tomography calculation. Generally, in multichannel spectrometers, even if
the pixels belong to the same row in the pixel plane of the image-receiving surface, the cor-
responding wavelengths are different for each row. However, to perform spectral tomography
calculations, the dependence of spectral emissions between channels on the same wavelength
has to be obtained. Therefore, in this study, linear interpolation of one front point and one back
point was used to obtain the spectral radiance at any wavelength from the experimental spectral
radiance data. The linear interpolated value Sjipear(4) at A was obtained with the experimental
data points of the front S (A;) and the back S»(A;) as follows:

A=A

Stinear(A) = + Ty

52(A2), (4.17)

where A; < A < A. The reasons for adopting this interpolation method are as follows: The
mean slit wavelength width (wavelength resolution, determined by pixel width) of the spec-
trometer employed in this study is 2.19 nm. The mean measurement wavelength interval (de-
termined by pixel interval) of the spectrometer employed in this study is 0.38 nm. Since the

natural width of the argon spectrum is sufficiently narrow, linear interpolation at one point,
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l

Spatial distribution of spectral emission coefficient £(1)

Fig. 4.6: Calculation flowchart of the spectral tomography. Reproduced from Yuya Yamashita
et al., J. Vac. Sci. Technol. A, 42, 023003, (2024) [5] with permission from the American
Vacuum Society (AVS).

before and after, was performed. In this study, the Lyjasma(A) of each channel (CH) was inter-
polated by 0.2 nm at wavelengths of 350.0-972.8 nm. These were substituted into Eq.(4.15),
and the spatial distribution of spectral emission coefficients was obtained from Lplasma(?L) in the

wavelength of 350.0-972.8 nm by spectral tomography calculation.

4.4 Diagnosis
4.4.1 Calculation of reduced population density distribution

This section describes the method for determining the spatial distribution of the number
density of excited levels from the spatial distribution of the spectral radiance. Table 4.1 shows

the optical emission lines employed in this study.

The relationship between the spectral emission coefficient and the number density of the

excited levels is expressed as follows:

= c .
Ax /_WSj*%i*(l)dl:th(] i) e, (4.18)
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Table 4.1: Optical emission lines for OES measurement. Reproduced from Yuya Yamashita
et al., J. Vac. Sci. Technol. A, 42, 023003, (2024) [5] with permission from the American
Vacuum Society (AVS).

Ritz wavelength Upper level Lower level A coefficient [66]
in Air [66] Vlicek [66] Racah [66] Vicek [66] Racah [66] A(j*, i)
A(j*,i) [nm] | level j | g; | level j* | gp | leveli | g | leveli* | g s

708.6705 21 24 | 65'[1/2]7 | 3 10 1 | 4p[1/2]p | 1 1.50 x 103
794.8176 8 4p 3/2]; | 3 4 1| 4s[1/215 | 1 1.86 x 107
826.4521 9 4p'[1/2]y | 3 5 3 145[1/2]5 | 3 1.53 x 107
840.8209 8 8 | 4p'[3/2], | 5 5 3] 45(1/2]5 | 3 2.23 x 107
842.4647 7 20 | 4p[5/2), | 5 3 3| 4s3/2]5 | 3 2.15x 10’
852.1441 8 8 | 4p'3/2]y | 3 5 3] 45(1/2]5 | 3 1.39 x 107
866.7943 7 20 | 4p[3/2]; 3 4 1| 4s[1/215 | 1 2.43 % 10°
912.2967 6 3 | 4p[1/2] 3 2 5| 4s[3/2]5 | 5 1.89 x 107
922.4498 7 20 | 4p[3/2], | 5 5 3] 45(1/2]5 | 3 5.00 x 10°
935.4218 7 20 | 4p[3/2) 3 5 3] 45(1/2]5 | 3 1.06 x 10°
965.7786 6 3 | 4p[1/2]; 3 3 3] 4s[3/2]5 | 3 5.40 x 109

where €;:_,;+ is the spectral emission coefficient of the transition from level j* to level i*, that is,
the line spectral profile of the transition from level j* to level i*; A is the Planck constant, c is the
speed of light, A (j*,i*) is the wavelength of the transition from level j* to level i*, A(j*,i*) is
Einstein’s A coefficient of the transition from level j* to level i*, and 7 is the number density

of level j*.

When observing the line spectra nearby using a spectrometer with a large wavelength res-
olution, the hems of the line spectra overlap. Therefore, if the experimental data for spectral
emission coefficients are integrated over the wavelength range, the emission coefficients for
a given emission line cannot be determined correctly. To solve this problem, we separated
adjacent line spectra by fitting the calculated value obtained using the Voigt function to the
experimental data of the spectral emission coefficients. Then, the emission coefficients were
obtained by integrating the line spectrum profiles (spectral emission coefficients) obtained us-

ing the Voigt function in the wavelength direction for each transition alone.

Prior studies with Abel transformations used the same transitions for all positions to diag-
nose. On the other hand in this study, in each pixel, emission lines were mechanically extracted
from the experimentally obtained spectral emission coefficient data, and the extracted emission
lines were used to obtain the excited-level number density distribution. Because the wavelength
distribution and strength of the spectral emission coefficients differ greatly depending on the

spatial location, there were no transitions that appeared in common for all pixels.
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4.4.2 Argon CR model and diagnostics with the model

The Ar CR model [50] is an excitation kinetic model that provides a reduced population
density distribution n;/g; with T, electron energy distribution function (EEDF), N., atomic tem-
perature T,, ion density N, and plasma radius r as input parameters. The rate equation is as

follows:

n: 65
B = Y [ {0 Ners + K G i} + (F G iWNens LG D +AU)A 5]
Jj=i+1
i—1
+ X [{CU DNens +-K (G iy = {F G WNens +LG, Jymoi +AG DA jmi}] 4.19)
=
—AS@Neni +V (i)nini} + [{O@)Ne +W (i)n1 +R(i)Ai}] NNt — [D (i) + B(i)]

(i:2,3,"'),

where C and F are the electron-collisional excitation and de-excitation rate coefficients, respec-
tively; K and L are the atomic-collisional excitation and de-excitation rate coefficients, respec-
tively; A is the radiative transition probability; S and O are the atomic-collisional ionization
and electron three-body recombination rate coefficients, respectively; V and W are the atomic-
collisional ionization and atomic three-body recombination rate coefficients, respectively; R
is the radiative recombination rate coefficient; B is the rate of generation of metastable Ar;
molecules, D is the diffusion loss of the metastable Ar atom; A; ; and A; are the optical escape
factors of the transition from level i to level j and the transition from ion level to level i, re-
spectively. The rate coefficients were calculated based on reaction cross sections, which were
function of T¢, N, p, r, Ty, or Ny, as shown in the study by Vlcek [50]. The quasi-stationary
approximation (d/d¢ = 0) in Eq.(4.19) yields a set of simultaneous equations with 7. and N, as
input variables and n; as the output variable. A; ; and A; were calculated as shown in the study
by Vlcek [50]. Optical thickness for transitions to the ground level A;; was considered and to
non-ground levels were assumed to be optically thin [A; ; = 1 (for j # 1)].

In this study, 7. and N, were determined by fitting the n;/g; distributions of the experimental
values by OES measurements and the values calculated from the Ar CR model. The objective

function f for the fitting [4,51,52] was assumed as follows:

2
fl(TeaNe> _ Z (”imodel(Te7Ne)/gi _ 1) , (4.20)

icl nioEs/ &

where njmodel (e, Ne )/ gi is the value of n;/g; from the Ar CR model and n;ogs/g; is the exper-

imental value obtained from OES measurements; / is a set of optical emission lines which are
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employed for the fitting. In this study, nine, ten, or 11 optical emission lines shown in Table 4.1

for diagnosis were employed. 7; and N, were obtained by fitting the minimization fj.

4.5 Results and discussion
4.5.1 Spectral tomography

Figures 4.7 — 4.14 show the dependence of the spectral emission coefficient on the spatial
position, pressure, and power. The spectral emission coefficient increased with increasing pres-
sure and power. The spectral emission coefficient was generally higher in the center and lower
in the periphery in the y-direction. For the z-direction, it was higher on the upper side, just
below the antenna and window, and decreased downstream. The spatial distribution of spectral
emission coefficient was different for each wavelength even at the same pressure and power. It
denotes that each excited level had a different dependence on the spatial distribution.

In the central region where the lines-of-sight intersect, the spatial distribution could be ob-
served at a high resolution; however, the resolution of the reconstructed images was inferior
in the peripheral areas where the lines-of-sight did not intersect. In the peripheral area, there
were areas that the spectral emission coefficients as a reconstructed value were negative values.
In this experiment, the line-of-sight placement was concentrated in the center of the chamber,
and thus, the spatial distribution of spectral emission coefficients at the periphery could not be
adequately obtained. Therefore, uncertainty in image reconstruction may have been greater at
the same area. In this study, subsequent analyses for diagnostics of 7z and N, are discussed

focusing only on the central region (—10 < y[cm] < 10,—4 < z[cm] < 4).

4.5.2 Diagnosis of electron temperature and density

Figures 4.15 shows the 7; diagnostic result as a dependence on pressure and spatial position.
T decreased with increasing pressure. A possible mechanism behind this observation is that
the increase in pressure increased the electron-atom collision frequency and reduced the high-
energy component of the electrons.

Figure 4.16 shows the T diagnostic result as a dependence on power and spatial position. 7
increased monotonically with power from 200 W to 400 W. It decreased once, from 400 W to
600 W, and increased again from 600 W to 800 W. The mechanism for the roughly monotonic
increase in power and 7¢ is thought to be the increase in electromagnetic field strength that

accompanied by the increase in power, which contributed to the acceleration of electrons. The
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Fig. 4.7: Dependence of 708.6 nm of the spectral emission coefficient on the position and
power at p = 1 Pa. (a), (b), (c), and (d) are the results at P = 200, 400, 600, and 800 W,
respectively. Reproduced from Yuya Yamashita er al., J. Vac. Sci. Technol. A, 42, 023003,
(2024) [5] with permission from the American Vacuum Society (AVS).
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Fig. 4.8: Dependence of 708.6 nm of the spectral emission coefficient on the position and
pressure at P =300 W. (a), (b), (c), and (d) are the results at p = 0.5, 1, 5, and 10 Pa, respectively.
Reproduced from Yuya Yamashita et al., J. Vac. Sci. Technol. A, 42, 023003, (2024) [5] with

permission from the American Vacuum Society (AVS).
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Fig. 4.9: Dependence of 750.4 nm of the spectral emission coefficient on the position and
power at p = 1 Pa. (a), (b), (c), and (d) are the results at P = 200, 400, 600, and 800 W,
respectively. Reproduced from Yuya Yamashita er al., J. Vac. Sci. Technol. A, 42, 023003,
(2024) [5] with permission from the American Vacuum Society (AVS).
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Fig. 4.10: Dependence of 750.4 nm of the spectral emission coefficient on the position and
pressure at P =300 W. (a), (b), (c), and (d) are the results at p = 0.5, 1, 5, and 10 Pa, respectively.
Reproduced from Yuya Yamashita et al., J. Vac. Sci. Technol. A, 42, 023003, (2024) [5] with
permission from the American Vacuum Society (AVS).
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Fig. 4.11: Dependence of 811.8 nm of the spectral emission coefficient on the position and
power at p = 1 Pa. (a), (b), (¢), and (d) are the results at P = 200, 400, 600, and 800 W,
respectively. Reproduced from Yuya Yamashita er al., J. Vac. Sci. Technol. A, 42, 023003,
(2024) [5] with permission from the American Vacuum Society (AVS).
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Fig. 4.12: Dependence of 811.8 nm of the spectral emission coefficient on the position and
pressure at P =300 W. (a), (b), (c), and (d) are the results at p = 0.5, 1, 5, and 10 Pa, respectively.
Reproduced from Yuya Yamashita et al., J. Vac. Sci. Technol. A, 42, 023003, (2024) [5] with
permission from the American Vacuum Society (AVS).
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Fig. 4.13: Dependence of 965.8 nm of the spectral emission coefficient on the position and
power at p = 1 Pa. (a), (b), (c), and (d) are the results at P = 200, 400, 600, and 800 W,
respectively. Reproduced from Yuya Yamashita et al., J. Vac. Sci. Technol. A, 42, 023003,
(2024) [5] with permission from the American Vacuum Society (AVS).
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Fig. 4.14: Dependence of 965.8 nm of the spectral emission coefficient on the position and
pressure at P =300 W. (a), (b), (c), and (d) are the results at p = 0.5, 1, 5, and 10 Pa, respectively.
Reproduced from Yuya Yamashita et al., J. Vac. Sci. Technol. A, 42, 023003, (2024) [5] with
permission from the American Vacuum Society (AVS).
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cause of the decrease in 7; once at 400 W to 600 W may have been a transition from the E-mode
(capacitive discharge mode) to the H-mode (inductive discharge mode). The phenomenon that
the 7; drops once at the transition from the E-mode to the H-mode even with increasing power
is reported in a simulation of an argon ICP plasma at 6.7 Pa by Zhao et al. [87].

The y-direction dependence on T, shows asymmetry higher in the center and lower in the
periphery. The z-direction dependence on 7; shows higher in the upper side and lower in the
lower side. This is because of the grounded window flange and the nonuniform-induced elec-
tromagnetic field distribution on the y-x plane and the asymmetry of the geometrical structure
of the device, particularly the spiral antenna ends [4].

Figure 4.17 shows the N. diagnostic result as the dependence on pressure and spatial po-
sition. N, decreased with increasing pressure. This may be due to the increase in ioniza-
tion/desorption reactions caused by the increase in electron-atom collision frequency due to
increased pressure. Figure 4.18 shows the N, diagnostic result as a dependence on power and
spatial position. N, were generally constant regardless of the electric power. N, exhibited a
gradual change in the spatial distribution, regardless of the geometric structure of the device.
This is attributed to the significant influence of the diffusion effect on the wall and other factors.
In addition, the spatial distribution was asymmetrical.

There is a previous literature [4] reporting electromagnetic field simulations for the exper-
imental apparatus used in this study. In that simulation, the electromagnetic field distribution
was asymmetric. The asymmetry of the electromagnetic field distribution was considered to
be caused by the axially asymmetric shape of the spiral antenna. Note that in this study spon-
taneous emission transitions between excited levels were assumed to be optically thin. This
assumption may be a cause of increased uncertainty of the diagnosis result of 7; and N, in

high-density plasmas.

4.5.3 Discussion of uncertainty of spectral tomography and diagnosis

At the beginning, middle, and end in a series of experimental sequences with varying pres-
sure and power, the spectral radiance was also measured at p = 10Pa, P = 800 W three times
in total. Figure 4.19 shows the average and range of the emission coefficient as the result of
spectral tomography calculation at 708.6 nm on the three times measurements. 7. and N, were
diagnosed from the three times measurements independently, and their average and range were
also obtained as shown in Figs. 4.20 and 4.21, respectively.

The range of the emission coefficient was largest in the area around y = Ocm, z = 8cm. It
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Fig. 4.15: Dependence of electron temperature on spatial position and pressure at P = 300 W.
(a), (b), (c), and (d) are the results at p = 0.5, 1, 5, and 10 Pa, respectively. Reproduced from
Yuya Yamashita et al., J. Vac. Sci. Technol. A, 42, 023003, (2024) [5] with permission from
the American Vacuum Society (AVS).
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corresponds to the area near the quartz window just below the antenna, and it is possible that the
repeated uncertainty in the impedance matching may have affected the changed electromagnetic
field generated by the antenna. In each of the three measurements, the variable capacitor con-
stant of the auto-matcher changed in each trial. This suggests that the impedance of the plasma
as the object of observation as well as the spectral emission coefficient distribution of the plasma
itself changed from trial to trial. Hence, the range of spectral emission in the area located just
below the antenna would have been larger. This result suggests that the uncertainty in plasma
diagnostics performed by combining tomographic optical emission spectroscopy measurements
and CR modeling will increase if all lines-of-sight are not acquired simultaneously. In partic-
ular, the simultaneous acquisition of all lines-of-sight is important for plasma diagnostics that

combine tomographic optical emission spectroscopy and CR modeling.

This result suggests that in order to reduce the uncertainty of the spectral emission coef-
ficient as a reconstructed image in tomographic optical emission spectroscopy, it is necessary
to simultaneously acquire the spectral radiance of the entire line-of-sight of the cross section
under observation. The position of the 7. maximum is just below the antenna, near y = O cm
and z = 4 cm, the same position where the spectral emission coefficient reached its maximum

value.

In other words, time evolution of the T; of the plasma could be observed. The results further
support the importance of the simultaneous acquisition of all lines-of-sight in plasma diagnos-
tics based upon tomographic optical emission spectroscopy combined with the CR modeling,

as mentioned above.

The areas around y = 12 to 16cm, z = —6to4cmand y = —16to —12cm, z = —6 to 4cm
also showed characteristic distributions. They correspond to the positions where the spectral
emission coefficient as a reconstructed image exhibits a negative value and where there is no
line-of-sight intersection. Furthermore, spectral emission coefficients in those areas are smaller
than in other areas. Therefore, in those areas, it was considered that the signal-to-noise ratio
on OES measurements was smaller. Therefore, the iterative uncertainty is considered to have

increased.

The method was employed by this study, which simultaneously measures all the lines-of-
sight of the measured cross section. As mentioned above, the method has the advantage that
there is no uncertainty in the reconstructed image due to the time evolution of the plasma.

However, in the same method, the number of lines-of-sight is generally lower than that of the
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Fig. 4.20: Spacial dependence of electron temperature on p = 10Pa, P = 800W. (a) and (b)
show the average and range of three times measurement, respectively. Reproduced from Yuya
Yamashita et al., J. Vac. Sci. Technol. A, 42, 023003, (2024) [5] with permission from the
American Vacuum Society (AVS).

line-of-sight scanning method due to objective overlap of lenses and equipment cost. In partic-
ular, the system in which plasma is observed from outside the observation window, as in this
study, has the advantage of not disturbing the plasma in the depressurization process. However,
the method has the disadvantage of the limitation of the number or placement of lines-of-sight.
Future work is to improve the spectral tomography algorithm.

On the other hand, the range of N. was spatially nearly uniform. This is thought to be
because the absolute value of N, was nearly uniform spatially, and the effect on repeatability
was small.

To discuss the fitting uncertainty of Eq.(4.20), the reduced population density: nimode1/gi
was recursively calculated by Ar CR model to substitute 7; and N, which were diagnosed by the
fitting of the Ar CR model as shown in Figs. 4.20 and 4.21. Figure 4.22 shows the result. The
difference between n;ops/g; and nimoede1/gi Was larger in Vicek level number i = 21 compared
toi=6,7,8,and 9. It is due to the absolute value of the spectral radiance of the transition that
was small, so the uncertainty of n,ogs becomes large.

Figure 4.23 shows the dependence of the optical escape factor from ion level on excitation

state levels. The levels except for the Vlcek level numbers 3, 5, 12, 15, 16, 17, 20, 21, 26,
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27, and 33 were optically thin, i.e., their optical escape factors were equal to one. Vlcek level
21 was the only nonone in the levels that were employed for fitting in this study as shown in
Tab.4.1. This may have affected the convergence of same-level fitting. In this study, the results
are presented using the CR model that considers optical thickness for some transitions, as shown
in Eq. (4.19).

To discuss optical escape factor, we attempted to fit 7; and N, under assuming optically thin
for all transitions, but the results did not converge within the search range. This result suggests
the validity of the model employed in this study. However, the model does not take into account

the optical thickness between the excited levels, which is an issue for future work.

4.6 Conclusion

An optical system was constructed to simultaneously acquire the spectral radiance of 18
lines-of-sight for tomographic OES measurement of low-pressure inductively coupled plasma.

The optical system is located outside of the plasma system, which means that it is an undis-
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turbing plasma diagnostic technique and highly applicable to process equipment. The position
dependence of the spectral emission coefficients was obtained from the spectral radiance by
spectral tomography calculations. The spatial distribution of the number density of excited lev-
els was obtained based on the emission line spectra. The spatial distribution of the excited level
number density was analyzed based on a CR model to diagnose the spatial distribution of 7
and Ne.

The effects of antenna power and total pressure on 7; and N, are revealed. The effect of the
placement of line-of-sight and plasma time evolution on 7; and N, from spectral tomography

measurements and CR modeling is discussed.
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Chapter 5

Conclusion

5.1 Conclusion of this study

This study aimed to realize positional distribution diagnostics of plasmas by OES measure-
ment. To achieve this goal, a diagnostic method based on tomographic OES measurement and
CR model was proposed and established in this thesis. The core content of this thesis consists
of the two original papers [4,5]. The first part of the core content—Chapter 3—established a
method for compensating multiple reflections from the chamber inner wall and for radial dis-
tribution diagnosis with the multiple reflection compensation. This chapter was positioned as
preliminary research to achieve the objective. The second part of the core content—Chapter
4—has achieved the objective of this thesis. The overall conclusions of this study are summa-
rized below. Note that the differences in the experiments and analysis between Chapters 3 and
4 are shown in Table 5.1.

In Chapter 3, a simple method for measuring the spectral reflectance of the chamber inner
wall was developed, since multiple reflections on the chamber inner wall cause uncertainty in
the measurement of the spectral emission coefficient. Under the assumption of axial symmetry
in the spatial distribution of the low-pressure ICP plasma, an analysis method for calculating the
net spectral emission coefficient with the multiple reflection compensation was developed. Fur-
thermore, by analyzing based on an argon CR model, the measurement of the radial dependence
of 7. and N, was realized. This quantitatively clarified the effect of multiple reflections on the
diagnostic results. In addition, by using Langmuir probe measurements and electromagnetic
simulations, the effect of the antenna shape and window arrangement on the plasma character-
istics was discussed. Furthermore, the need for analysis that does not assume axial symmetry,
that is, tomographic OES measurement, was also experimentally highlighted.

In Chapter 4, the development of positional distribution diagnosis based on tomographic
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Table 5.1: Overview of main differences on experiments and analysis in Chapters 3 and 4

Chapter Chapter 3 Chapter 4
Spectrometer MS35041 Ml116

Detector DU420A-OE (integrated)
Wavelength resolution [nm] 0.22 (FWHM) 2.19 (FWHM)
Number of line-of-sights 10 (per side) 18

Line-of-sight scanning sequentially simultaneously
M Pt P
Compensation of . .

multiple reflected light with without

Assumptions on reconstruction Z-axis symmetry none

Resolution of reconstructed plane | 17.7 mm/segmented radius | 6.667 mm/pixel

Number of optical emission

lines employed in diagnosis 1 9,10, or 11

OES measurement and CR model was established. In the experimental verification, an optical
system capable of simultaneously acquiring the spectral radiance of 18 lines-of-sight for low-
pressure ICP was constructed. The positional distribution of excited level number density was
obtained by spectral tomography calculation. The positional distribution of 7. and N, was
diagnosed by the CR model. From these results, the effects of antenna power and total pressure
on the plasma positional distribution were clarified.

These results provide a new methodology for understanding the positional characteristics of
plasma. This method also represents an important step toward understanding plasma kinetics
and developing plasma control technology. The knowledge gained through this research will
contribute greatly to the advancement of spectroscopic measurement technology and is expected
to become a fundamental technology for achieving advanced control of plasma processes in the
future. However, this research also revealed several directions for future research approaches,

which will be discussed in the next section.

5.2 Future prospects and challenges of plasma diagnostics
based on optical emission spectroscopic measurements

In this section, the prospects and challenges of plasma diagnostics based on OES measure-
ments are discussed. The potential for advancements in plasma diagnostics is proposed by ex-

amining different diagnostic purposes, measurement accuracy, and a systematic approach. Ad-
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ditionally, the significance of interdisciplinary collaboration for future advancements in plasma

science and engineering is reiterated.

5.2.1 Dependence of plasma diagnostics requirements on their purpose

The purposes of plasma diagnosis are diverse [88, 89], and the requirements of plasma di-
agnostics differ accordingly. This thesis classifies the purposes of plasma diagnostics into the
following two categories. The first type is diagnosis to understand phenomena. The second
type is diagnostics for sensing methods. The challenges for each purpose will be discussed as
follows.

First, the discussion focuses on plasma diagnostics to clarify phenomena. In other words,
the purpose is to clarify and understand phenomena in plasma science and engineering, either
in plasma alone or in the interaction of plasma with other solids or liquids. Specific examples
of diagnostic applications for this purpose include clarifying the mechanisms of the generation
and annihilation of various atomic species in plasma and clarifying the effects of electromag-
netic field distribution on plasma and workpieces by coupled analysis with electromagnetic field
simulation. For this purpose, trueness' should be prioritized in requirements for diagnostics.

Next, the discussion focuses on plasma diagnostics for sensing methods. Sensing here
can refer to feedback in control systems or sensing to obtain data for monitoring or sampling
in industrial engineering. Specific applications of diagnostics for this purpose include feedback
control of the plasma, in situ sensing of a workpiece to ensure that the desired post-processing
properties are achieved, and anomaly detection and rejection in production control. For this

purpose, precision> should be prioritized in requirements for diagnostics.

5.2.2 Accuracy on plasma diagnosis by optical emission spectroscopic mea-
surement

In this section, the accuracy’ of plasma diagnostics based on OES measurements and CR
models will be discussed. In this context, the proposed method of this thesis —namely, po-
sitional diagnosis based on tomographic OES measurement and CR model—is employed as a

case in point for discussion. The experimental and analytical stages can be roughly divided

I'Trueness is defined as “closeness of agreement between the average of an infinite number of replicate mea-
sured quantity values and a reference quantity value [90]”.

ZPrecision is defined as “closeness of agreement between indications or measured quantity values obtained by
replicate measurements on the same or similar objects under specified conditions [90]”.

3Accuracy is defined as “closeness of agreement between a measured quantity value and a true quantity value
of a measurand [90]”. Accuracy is a concept that encompasses both trueness and precision.
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into four stages: Stepl) OES measurement experiment, Step2) Analysis based on spectral
tomography, Step3) Analysis of excited-level density, and Step4) Analysis based on CR
model.

The sources involved in each step are as follows. The underlined sources in the following

list denote the sources which were revealed in this study.

Step 1) OES measurement experiment—Aberration of each equipment constitut-
ing the spectroradiometric system, Measurement position, Quantization of wave-
length and spectral radiance, Wavelength calibration and spectral radiance calibra-

tion, Light reflection on view windows and chamber inner wall surface [4]%, Optical

resolution, In-plane inhomogeneity in the field-of-view cross-section, and Changes

in the system over time (repeatable reproducibility)

Step 2) Analysis based on spectral tomography’—Reconstruction algorithms,

Device dimensions, Reconstruction resolution

Step 3) Analysis of excited-level density—Separation of continuum spectrum and

line spectrum, Function fitting to obtain emission coefficient, Identification of line,

A coefficient [91]

Step 4) Analysis based on CR model—Input parameters of the CR model (includ-
ing due to assumed or measured parameters); Inherent in the CR model (includ-
ing Omission of elementary processes in modeling [92], Reaction cross sections,
Grouping of excited levels, and Optical escape factors [91]); and Diagnostic analy-
sis based on CR models (including Mathematical uncertainties due to the solution
search algorithm or objective function, Choosing of excision levels, and Excitation

levels density not measured by OES measurement)

The sources of uncertainty described above are just a few examples, and there are many more
[93-95]. From acquiring spectral radiation to diagnosis, various analytical theories and exper-
imental techniques are involved in a complex manner [96]. As such, it is clear that plasma

diagnostics is a complex system.

“4This includes resulting from the geometric shape of the structures within the chamber. In addition, for plasma
processes such as film formation and etching, changes in the reflectance of chamber inner wall surfaces [60] and
the transmittance of observation windows as the processes progress can be sources of uncertainty.

50n the other hand, when position-resolved measurements are not carried out, or when measurements assume
a positional distribution of the plasma (such as in Abel inversion), there is inherent uncertainty in the positional
distribution.
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5.2.3 Necessity of systematic approach on plasma diagnosis

Plasma diagnostics by OES measurements can be considered a kind of system, with plasma
light emission as input and plasma parameters as output. The author emphasizes that the ele-
ments of the system proposed in this thesis include not only experimental data analyzers, but
also hardware such as radiometric systems.

However, there have been no reports of the systematic approach (or operations research
approach) in the research and practice of plasma diagnostics. One of the reasons why the
systematic approach has not been put into practice is considered to be that plasma diagnostics is
extremely complex to understand as a system. One reason for this is that analyzing systems has
been difficult due to computational resource limitations, especially before today’s high-speed
computing became available at low cost.

However, this thesis proposes that the systematic approach is also necessary in the research
and practice of plasma diagnostics. Because, as mentioned above, there are a huge number of
parameters or methodologies for realizing or designing plasma diagnostics systems. Optimiza-
tion of parameters or methodologies of plasma diagnostic systems is essential to realistically
achieve accurate diagnostics. However, the optimal solution varies depending on the individ-
ual diagnostic purpose, measurement target, and even constraints®. The systematic approach is
essential to find the optimal solution. Furthermore, bottlenecks exist in systems. The system-
atic approach is essential in plasma diagnostics systems to investigate and resolve bottlenecks.
There is one more reason why a systematic approach is necessary. A systematic approach has
a high affinity with information engineering. This compatibility enables the integration of sys-
tematic methodologies with advanced information science and engineering, such as machine
learning and data mining. As a result, a hybrid approach of systematic and information technol-
ogy can facilitate advanced and diverse plasma diagnostics. As machine learning approaches
are increasingly being reported in plasma diagnostic analysis [97-100], plasma chemical reac-
tion analysis [101, 102] and post-processing propertiy prediction [103, 104], the need for such a
hybrid approach is growing rapidly.

The systematic approach is important not only for the application of plasma diagnostics
in engineering, but also for research into plasma diagnostics itself, and in plasma physics and
chemistry as fundamental science. For example, diagnostics with explicitly stated uncertainties,

which would be possible with a systematic approach, would increase the reliability of popula-

The constraints here can encompass not only scientific and technological limitations but also socio-economic
or engineering factors, such as resource and cost limitations.
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tion kinetic considerations based on diagnostic results.
However, the systematic approach is just one of many research philosophies or strategies,
and other approach are equally important and should be respected. This will be discussed in the

next section.

5.2.4 Towards advancements in plasma science and engineering: the im-
portance of interdisciplinary collaboration

In recent years, plasma engineering and industrial applications have advanced, with sur-
prising expansions into multiple fields. For example, through advancements in semiconductor
devices, society is benefiting from these developments in everyday life. In some perspectives,
research that is directly connected to products and solutions is often regarded as the sole valu-
able pursuit.

However, the author strongly emphasizes that basic research holds immense value and
serves as a platform, being a cornerstone of plasma science and engineering. As mentioned
in Chapter 1, research and development that rely solely on engineering approaches—such as
the trial-and-error approach—have limitations. The importance of promoting basic plasma sci-
ence research, including plasma diagnostics, lies not only in its value as pure science but also
in its contribution to breakthroughs in engineering fields and applications. For example, atomic
and molecular physics provide the understanding and modeling of atomic and molecular pro-
cesses, which are the fundamental principles of plasma diagnostics through OES measurement
—something that goes without saying. Furthermore, atomic and molecular physics can be re-
garded as the fundamental source of innovative advancements in plasma processes and semicon-
ductor devices.Furthermore, atomic and molecular physics serves as the foundation for many
innovative advancements in plasma processes and semiconductor devices.

Both the fundamental and applied approaches should be regarded as indispensable and com-
plementary, each with its own multifaceted and diverse contributions, based on mutual respect,
rather than opposing. It is well known that the field of plasma science and engineering is an
interdisciplinary field. Plasma diagnostics is also an interdisciplinary field.

The author believes that further mutual exchange and solidarity, respecting the individuality,
interests, and diversity of researchers within the research communities of plasma basic science,
plasma diagnostics, plasma applications, as well as information engineering, applied mathemat-
ics, and other related fields, and so on, are essential for the academic development of this field

and beyond. Furthermore, such efforts will contribute to solving societal problems.
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Just as the theory of relativity, which was purely fundamental physics a century ago, is now
applied to satellite positioning, navigation, and timing systems as engineering, supporting our
lives... Or, just as the progress of computer engineering is the source of development in basic
science today...

The author would like to conclude this thesis with a hope for continued progress in plasma
science and engineering, along with a strong determination to continue contributing to this field,

however modestly.
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Appendix A

Supplementary data for Chapter 3

[This appendix has been supplemented in this thesis to deepen the reader’s understanding
and was not included in the original paper [4].] Figures A.1 and A.2 show the spectral radiance

on the air-side of the window surface: Lj(A) which is defined in Eq (3.20) in Section 3.3.2.
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Fig. A.l: Lines-of-sight (LO - L9) dependence of the spectral radiance on the air-side of
the window surface: Li(A) at pressure p = 1 Pa and power P = 300 W. The arrangement and
numbering of the lines-of-sight are as shown in Fig. 3.9. [This figure has been supplemented in
this thesis to deepen the reader’s understanding and was not included in the original paper [4].]
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Fig. A.2: Lines-of-sight (RO - R9) dependence of the spectral radiance on the air-side of the
window surface at pressure p = 1 Pa and power P = 300 W. The arrangement and numbering of
the lines-of-sight are as shown in Fig. 3.9. [This figure has been supplemented in this thesis to
deepen the reader’s understanding and was not included in the original paper [4].]
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Appendix B

Supplementary data for Chapter 4

[This appendix has been supplemented in this thesis to deepen the reader’s understanding
and was not included in the original paper [5].] Figure B.1 shows an example of the spectral
radiance on the vacuum-side of the window surface: Lplasma(l), obtained as an output of Fig.

4.5 in Section 4.2.2.
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(b) Channels (CH) 7 and 8 are horizontal lines-of-sight, positioned at z = 3.5 and 4.9 cm, respectively.
CH 9 to 12 are vertical lines-of-sight, positioned at y = -10.0, -8.0, -5.8, and -3.6 cm, respectively.
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(c) Channels (CH) 13 to 18 are vertical lines-of-sight, positioned at y =-1.2, 1.2, 3.6, 5.8, 8.0, and 10.0
cm, respectively.

Fig. B.1: Lines-of-sight dependence of spectral radiance on the vacuum-side of the window
surface at pressure p = 10 Pa and power P = 800 W. [This figure has been supplemented in this
thesis to deepen the reader’s understanding and was not included in the original paper [5].]
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