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I. INTRODUCTION

Semiconductors are the foundation of modern technology, used
in our personal, industrial, and military-grade devices. Every aspect of
U.S. society is closely tied to semiconductors, and our economy cannot
progress at the current pace with existing chip manufacturing methods
as chip features approach an atomistic scale.

While recent legislative efforts, such as the Chips and Science
Act1 and the European Chips Act,2 have sought to address some of
these challenges by providing funding for manufacturing plants, it is
clear that we must continue to invest heavily in semiconductor
research to develop the highly advanced chips necessary to maximize
the potential of these plants. This underscores the promise of basic
research science: It brings about advances that cannot be predicted
based on existing methods, paving the way for transformative break-
throughs that propel society forward. By investing in cutting-edge
plasma research, we can develop scientific foundations for future
plasma reactors and processing systems, ensuring continued market
competitiveness and economic prosperity. It is equally imperative that
the results of such research be shared openly so that it can benefit from
expert scrutiny, active discussion, and refinement. Publicly available
research is also necessary to train a new workforce for the highly com-
petitive new world of modern microelectronics.

A special issue on plasma sources for advanced semiconductors
responds to this mission, given that plasma sources are essential
tools for manufacturing semiconductors. Laser-produced plasma
(LPP) powers state-of-the-art nanolithography by generating the
required extreme ultraviolet (EUV) light. Reducing the size of fea-
tures in modern semiconductors is a major theme for semiconductor
manufacturing where feature sizes are approaching nanometers,
often as a part of complex, three-dimensional (3D) structures.
Predicting, modeling, and measuring the properties of plasma from
advanced sources with high resolution is at the forefront of research
for many advanced industrial applications.

This Joint Special Topic Collection in Applied Physics Letters and
Physics of Plasmas covers all of these areas, welcoming submissions
reporting recent research results and perspectives in the field of plasma
sources and their many important applications to semiconductor and
relevant computational technologies developed to model these plasma
sources. This collection includes 24 articles published in Applied
Physics Letters3 and 13 articles in Physics of Plasmas.4 The combined
37 papers cover topics related to Plasma Sources for Advanced
Semiconductor Applications, including modeling and experimental
studies related to the generation of EUV light (and beyond) via LPP. It
also includes papers devoted to experimental and modeling studies of
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plasma sources for plasma processing, and plasma etching and
deposition.

II. SUMMARY OF TOPICS COVERED

The submission to the special collections may be effectively cate-
gorized into two separate, but connected, research areas. In the follow-
ing, an introduction to each research area will be presented followed
by a summary of the contributions to the current special topic
collection.

A. Research area A: Enabling future EUV sources to
operate at ever higher power, reliability, and
sustainability

In the semiconductor industries, current state-of-the-art nanoli-
thography involves EUV light at just 13.5 nm wavelength. This short-
wavelength light enables the imprinting of the smallest semiconductor
features on chips given the well-known relation between limiting reso-
lution (R), wavelength (k), and the imaging numerical aperture (NA),
as R ¼ k=2NA. Micrometer-sized droplets of molten tin are irradiated
by high-energy CO2-gas laser pulses at 10-lmwavelength some 50 000
times per second, generating plasma and with it the required EUV
light. The plasma is produced in a two-step process. First, a low-energy
pre-pulse generates a plasma, deforming the spherical tin droplet into
a flat disk. Second, a high-energy main pulse creates a dense, rapidly
expanding plasma containing the highly charged tin ions that emit
EUV light. This EUV light is reflected out of the source vessel by a
narrow-band multilayer collector mirror through a buffer gas environ-
ment. Producing the required in-band (13.5 nm6 1%) EUV light has
been a daunting and multi-faceted scientific and industrial challenge.

To enable EUV sources to operate at ever higher power, reliabil-
ity, and sustainability, four objectives must be met, and the following
key scientific questions must be answered:

1. Understand and control laser-tin interaction for the
EUV source target formation

Key question: What physical processes determine morphology and
the state-of-matter of the tin “target” material, including its hydrody-
namic deformation, fragmentation, and vaporization?

EUV lithography is powered by EUV light that is currently pro-
duced by the interaction of high-energy CO2-gas laser pulses with
microdroplet tin targets to generate EUV light emitting, laser produced
plasma. In the current collection of articles, Engels et al.5 explored
novel metrologies of tin target preparation schemes via high-resolution
spectroscopic absorption imaging of atoms and nanoparticles, as pro-
duced from laser vaporization of very thin tin films prepared by a prior
laser pre-pulse. Gonzalez and Sheil6 study the role of the available tin
target mass on the conversion efficiency (CE) of converting CO2 laser
light into useful in-band EUV photons in RALEF-2D radiation-hydro-
dynamics simulations.

2. Identify and extend the efficiency limits of converting
laser light into useful EUV light

Key questions:What sets the fundamental limit of converting laser
light into useful EUV photons? How can this limit best be achieved?
What is the actual origin of the emitted EUV light?

Alternative “drive” laser systems are under active investigation,
with the envisaged introduction of efficient, high-power solid-state
laser systems operating near 2-lm wavelength. Experiments on the
production of 13.5-nm light with particularly high conversion effi-
ciency from 2-lm-laser-driven plasma are presented by Mostafa et al.7

in a two-step scheme where the 2-lm laser light, generated from a
home-built master-oscillator power amplifier, interacts with a 1-lm
pre-pulse prepared thin film target. Independent simulations by Shi
et al.8 identify pathways for even higher efficiencies using further laser
pre-pulses. A joint measurement of electron density, temperature, and
emission spectrum of 1-lm (Nd:YAG) laser-produced tin plasma by
Pan et al.9 using collective Thomson scattering demonstrates the sig-
nificance of such measurements for the validation validating atomic
process models in radiation-hydrodynamics simulations, and the
importance of considering self-absorption effects that are critical for
future high-density, solid laser-driven EUV sources. The prominent
contribution of multiple excited states in highly charged tin ions pro-
duced in the plasma to the overall EUV emission is further emphasized
by calculations performed by Sasaki;10 such contributions need to be
taken into account in realistic atomic models.

Alternatives to the current scheme of producing EUV light are
also considered. Mazuz-Harpaz et al.11 reported on the enhancement
of EUV emission by double-sided laser illumination in a novel plasma-
generation geometry. Laser-assisted discharge plasma is an alternative
way to produce EUV light, and Sato et al.12 investigated the influence
of laser intensity on both EUV emission brightness and the ion debris
speeds from such plasma. Reismann et al.13 described the development
of an EUV light source using a discharge-produced plasma using
xenon plasma in a Z-pinch configuration employing an innovative
switching system to overcome prior limitations. Such EUV light sour-
ces find application in the semiconductor industry for metrology,
mask inspection, and resist development.

3. Understand and control the expansion of laser
produced plasma and develop mitigation strategies
against plasma damage to nearby light collection
optics

Key questions:What physics determines the plasma ion energy dis-
tribution and how can it be controlled? What impact does the plasma
expansion have on its surroundings, and how can it be mitigated?

Laser-produced tin plasmas are highly energetic, and in addition
to the required EUV emission, these plasmas produce fast (�keV)
ions that may negatively impact the lifetime of nearby light collection
optics if not suitably mitigated. Totorica et al.14 identified the key
acceleration mechanisms of such energetic ion debris using particle-in-
cell (PIC) modeling: the dominant acceleration mechanism is found to
be a large-scale electric field supported mainly by the electron pressure
gradient. Poirier et al.15 experimentally studied the dependence of
(highly anisotropic) ion charge-energy emission from tin-droplet LPP
on the applied laser intensity, finding a match with power-law scaling
derived from plasma radiation hydrodynamics theory, indirectly sup-
porting the findings of Totorica et al.14 pertaining to the importance of
the electron pressure gradient. Existing ion debris mitigation solutions
include the use of stopping gas, electric fields, and magnetic fields. A
novel mitigation scheme using magnetic nulls was introduced by
Israeli et al.,16 which prevents a fraction of the ions from reaching
nearby optics while avoiding issues of ion trapping. Effective cleaning
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of tin contamination on the EUV-light collecting mirrors using hydro-
gen radicals from hydrogen plasma improves throughput and cost per-
formance in industrial applications. Hernandez et al.17 experimentally
demonstrated the efficient production of hydrogen radicals using vac-
uum ultraviolet light emitted from laser-produced high-Z plasma.
Tanaka et al.18 clarified the value of the plasma density and cleaning
ability of EUV-produced hydrogen radicals through a laser-induced
fluorescence technique.

4. Develop source concepts to produce beyond extreme
ultraviolet (BEUV) light for producing superior
semiconductor features

Key question: How can laser produced plasma be used to produce
light for next-generation nanolithography, and what are the
limitations?

Beyond the above-mentioned questions related to the current
and alternative methods of producing EUV light at 13.5nm, the indus-
try is advancing toward even smaller semiconductor features.
Historically, every major reduction in wavelength is followed by
improvements in the numerical aperture until a new, shorter wave-
length is introduced. It is thus justified to consider lithography pow-
ered by wavelengths shorter than 13.5nm, beyond EUV (BEUV, or
blue-X). Such BEUV wavelengths may be efficiently generated from
laser produced plasma, and to enable powerful BEUV light sources,
the same three key scientific questions would need to be answered for
such systems.

Here, the works of Kume et al.19 and Niinuma et al.20 augment
existing works on gadolinium plasma (producing light at 6.76nm),
detailing approaches for controlling, and achieving, high spectral
purity of the radiative emission as well as the emission of energetic
plasma ions. Even shorter wavelengths can be produced from laser
produced plasmas and may also find application in water-window
microscopy, as highlighted in the work of Mongey et al.21 who pro-
duced small, micrometer-scale emission volumes in a 1.2- to 2.5-nm
wavelength band, and compared the results to simulations.

B. Research area B: Advancing plasma sources to
enable superior chip plasma processing

To advance plasma sources and enable superior chip processing,
the scientific community needs to further advance fundamental low-
temperature plasma research computationally and experimentally while
providing solutions in a timely manner. Several priority research oppor-
tunities need to be addressed.

1. Enhance fundamental understanding of low-pressure
plasma reactors for fast industrial cycle

Key question:How can fundamental low-pressure plasma research
advance computationally and experimentally while providing solutions
in a timely manner?

Many traditional plasma processing applications, such as plasma
etching and deposition in capacitively-coupled plasmas, are performed at
very low pressures (<5 mTorr) where kinetic phenomena are dominant.
Fluid models developed for higher-pressure applications do not ade-
quately capture the physics in these regimes. Kinetic models (particle-in-
cell, Boltzmann equation solvers) are being developed but can be too

computationally intensive for computer-aided design applications given
the very fast commercial cycle. Fundamental research is needed to com-
prehensively understand the discharge physics in this low-pressure regime
and to perform detailed experimental studies supplemented by rigorous
theoretical models and advanced computational methodologies that can
allow for fast modeling of these complex systems. Supercomputing hybrid
central processing unit (CPU) and graphics processing unit (GPU) infra-
structure for kinetic models (e.g., particle-in-cell codes) should be used to
speed up simulations so they meet industry needs.

Large scale (PIC) modeling.–Achieving large-scale kinetic model-
ing is crucial for developing and optimizing modern plasma devices, as
detailed in the paper by Sun et al.22 In that work, the applicability of
the direct implicit and explicit energy-conserving PIC methods to
achieve much faster simulation times as compared with the standard
momentum conserving method without loss of precision were studied.
Powis and Kaganovich23 report on the accuracy of the explicit energy-
conserving PIC method for simulations of capacitively coupled plasma
discharges where the Debye radius does not need to be resolved in the
plasma center. Jubin et al.24 studied the impact of numerical thermali-
zation in several low-temperature plasma applications, including
capacitively coupled plasma discharges, inductively coupled plasma
discharges, beam plasmas, and hollow cathode discharges. They dis-
cuss possible strategies for mitigating numerical relaxation effects in
two-dimensional (2D) PIC simulations.

Capacitively coupled discharge sources.—Voltage waveforms were
investigated by Kr€uger at al.,25 where the authors discuss the use of
non-sinusoidal waveforms in low-pressure capacitively coupled plas-
mas intended for microelectronics fabrication to customize ion and
electron energy and angular distributions to the wafer. The computa-
tional investigation was conducted by studying the relation between
ion energy and direct current (DC) self-bias when varying the funda-
mental frequency f0 for capacitively coupled plasmas sustained in Ar/
CF4/O2 and how those trends translate to a high aspect ratio etching of
trenches in SiO2.

Tian et al.26 combined experiments and PIC simulations to study
the dual-frequency capacitively coupled plasma (CCP) and the effect
of plasma uniformity on the ion angular and energy distribution func-
tion (IAEDF), especially near the outer edge of the electrodes, which is
a crucial issue for the latest etching processes in 3D NAND and fin
field effect transistor manufacturing.

The effect of driving frequency in the range of 13.56–73MHz on
electron energy distribution and electron heating modes in a 50 mTorr
capacitively coupled argon plasma discharge was studied using 1D-3V
particle-in-cell simulations by Simha et al.27

Wen et al.28 explored the transition behavior of the formation of
field reversal as a function of driving voltage amplitude and showed
that the energy distribution function of electrons incident on the elec-
trode exhibit peaks from around 3 to 10 eV, showing potentially bene-
ficial effects in plasma material processing where relatively directional
electrons are preferred.

The low-frequency dependence of the plasma density and IAEDF
in a low-pressure (2Pa), dual-frequency (DF) capacitively coupled
argon plasma was studied by a combination of experiments and kinetic
particle simulations by Zhou et al.29 The observed enhanced ion flux
and ion energy in DF discharges operated at low frequencies in the
range of hundreds of kHz are beneficial for the high-aspect-ratio
plasma etching extensively used in the semiconductor industry.

Applied Physics Letters EDITORIAL pubs.aip.org/aip/apl

Appl. Phys. Lett. 125, 230401 (2024); doi: 10.1063/5.0247819 125, 230401-3

Published under an exclusive license by AIP Publishing

 17 February 2025 12:27:31

pubs.aip.org/aip/apl


Breakdown.—Unintended gas breakdown in the narrow gaps of
plasma processing chambers is one of the critical challenges in devel-
oping advanced plasma sources. Son et al.30 presented a combined
experimental and theoretical study of unintended discharges in the
narrow gaps of plasma processing chambers and reported a significant
drop of the gas breakdown voltage in the presence of a background
plasma facing the gap. Hysteresis between gas breakdown and plasma
discharge was modeled in Yamashita et al.31

Inductively coupled discharge sources.—The coupling effects
between the RF bias and the inductive power in the RF-biased induc-
tively coupled plasma with synchronous control were investigated by
He et al.32 by measuring electron energy distribution function using a
compensated Langmuir probe. The effect of the bias power on the E
and H mode transition was studied.

An example of complex hysteresis of plasma density in the spatial
afterglow of inductively coupled plasmas (ICPs) was studied by Zhang
et al.33 A two-dimensional fluid/electron Monte Carlo hybrid model
was employed to simulate nitrogen inductively coupled plasmas, and
the spatial distributions of electron energy probability distributions
(EEPFs) by Huang et al.34 It is found that the EEPF exhibits a bi-
Maxwellian distribution at 3 mTorr, but as pressure increases, the high
energy tail declines due to the more frequent collisions. Moreover, a
hole appears at around 3 eV in the EEPF due to the vibrational reso-
nant excitations. Pulse modulation in inductively coupled plasmas
(ICPs) has been often used to control the charging effect in etching
trenches and the plasma uniformity. Lu et al.35 utilized a two-
dimensional fluid model to study the modulation of the radial unifor-
mity in pulsed dual-antenna ICPs.

2. Develop diagnostics and modeling capabilities for
moderate-pressure plasmas

Key question: How should diagnostics and modeling capabilities
be developed to address moderate-pressure plasma phenomena?

Processing plasmas are regularly used in the moderate pressure
range (1–30Torr).36 These plasmas exhibit phenomena that can be
quite different from low-pressure (<200 mTorr) or atmosphere-
pressure plasmas, which are much better studied. Striations, plasmoids,
rotating structures, and spatial constrictions are commonly observed.
However, there is a dearth of plasma diagnostics work in this
moderate-pressure regime. The development of better plasma diagnos-
tics techniques suitable for collisional plasma physics studies in the
1–30Torr range is needed. Similarly, adequate 3D modeling tools that
can capture this complexity are still lacking.

Srinivasan et al.37 studied a radio frequency sputtering plasma
reactor used for GaN deposition and applied nanosecond-two-photon
absorption laser-induced fluorescence (TALIF) to determine the abso-
lute density of N-atoms as a function of the pressure (tens of Pa range).
These measurements, together with electron density measurements
performed in the same pressure range using microwave interferome-
try, provide quantitative data on both electron and N-atom densities
that can be used for fundamental understanding, process optimization,
and modeling of magnetron discharge intended for nitride semicon-
ductor deposition.

An example of using a laser-induced fluorescence diagnostic to
study complex plasma phenomena is given by paper by Chopra et al.38

They performed measurements of atom and ion velocity distribution
functions in an e-beam E�B plasma at sub-mTorr argon pressures

using a laser-induced fluorescence diagnostic and revealed the pres-
ence of a warm population of ions with temperatures of�1 eV that are
sufficient to drive the ion flux by cross field diffusion in the direction
opposite to the applied electric field, toward the plasma-bounded walls
or substrate. Similar laser-induced fluorescence (LIF) measurements
can be performed for moderate-pressure plasmas.

Brooks and Paliwoda39 studied a plasma impedance probe (PIP)
with efforts to streamline and simplify its design. A PIP is a radio fre-
quency probe that is traditionally used to measure plasma properties
(e.g., density) in low-density environments such as the Earth’s iono-
sphere but can be used in laboratory settings if optimized for signal-to-
noise ratio (SNR).

As the semiconductor manufacturing process becomes more
complicated, measurement of the actual ion energies at the bottom
surface of high aspect ratio (HAR) structures being etch become
increasingly important. Lee et al.40 developed a measurement method
using a capillary plate with a high-aspect-ratio that was proposed to
measure ion energy distribution during etching.

3. Develop capability to generate fundamental data for
semiconductor industry relevant plasma simulation

Key question: How should the dearth of fundamental data for spe-
cies interactions, transport and surface processes in semiconductor
industry relevant plasma simulation be addressed?

Modeling and simulation play a major role in the development of
plasma sources and processes that rely on plasma science and funda-
mental data. For plasma processing equipment design, the fidelity of
plasma models critically depends on the fundamental data regarding
species interactions (e.g., cross sections for electron–neutral collisions,
ion-neutral collisions, and multibody collisions), transport (e.g., ion
mobility), and surface processes (e.g., secondary electron emission).
Plasma models have greatly benefited from past research, both experi-
mental and theoretical, on atomic and molecular physics pertinent to
plasmas.41 However, there is little research being conducted on funda-
mental collision processes in plasmas, the development of improved
measurement techniques, and advancement in relevant computational
methods. Fundamental data are especially lacking for more complex
molecules that have been used recently in industry-relevant develop-
ment. Quantum chemistry-based computational models for examining
the rates of atomic and molecular chemical interactions in plasmas
need to be more widely used to produce such data with sufficient accu-
racy and validated by precise experimental measurements. The cross
sections calculated by quantum-mechanical scattering-theory codes
need to be also validated using past and specially measured experimen-
tal data. Similarly, secondary electrons emitted from the substrate’s
surface due to the bombardment of ions, electrons, photons, and fast
neutrals (see, for example, Derzsi et al.42) as well as reactions on the
surfaces, can strongly affect plasma behavior in low-temperature plas-
mas. These processes depend on the material and condition of surfa-
ces. Experimental data and theoretical models for the secondary
electron emission and surface reactions are needed to improve the
accuracy of plasma models for the plasma processing system.

Kropotkin et al.43 developed a set of electronic and chemical reac-
tions for a plasma discharge in octafluoropropane (C3F8), which is
used in etching and cleaning processes. The resulting complete set of
reactions was tested against published experimental data on the con-
centration of electrons, negative ions, and electronegativity in a
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capacitive plasma discharge at different gas pressures and discharge
input powers.

4. Improve fundamental understanding of complex
plasma phenomena for novel plasma source design

Key question: How can computational modeling and diagnostics
capabilities be improved for novel plasma source design for advanced
microelectronics?

In order to process novel materials and devices for advanced
microelectronics, novel plasma sources should be developed and inves-
tigated. This might include exploiting electron beams, magnetized
plasma, microwave power, or laser produced plasmas, among others.
Plasma-generated photons should be further exploited, both for
plasma processing and lithography, building on plasma-based EUV
lithography and other laser plasma developments. A fundamental
understanding of plasma phenomena (e.g., electron beam plasma
interactions, resonance microwave power absorption, anomalous
transport in magnetic field, and striations) using computational
modeling and diagnostics is needed for novel plasma source design.

Flat-cutoff sensors.—Various plasma diagnostic sensors embed-
ded into a chamber wall and on-wafer sensors need to be developed
for plasma measurements. Such devices have to measure the plasma
density on the wafer surface in real time when processing plasma with
bias power, such as in the semiconductor etching process. Yeom
et al.44 measured the transmission spectrum of the flat-cutoff sensor
when the bias was applied, and plasma-density profiles near the wafer
were analyzed using an electrode-embedded flat-cutoff sensor via elec-
tromagnetic simulations and experiments under applied bias power.

Effects of magnetic field on discharges.—Magnetized discharges
have been a cornerstone of many applications for more than half a
century, including thin-film deposition and electric propulsion, garner-
ing extensive study of their fundamental discharge mechanisms to
their industrial applications. Zheng et al.45 performed a theoretical
study of breathing oscillations and the electron energization mecha-
nism in magnetized discharges. Rotating structures are commonly
observed in magnetized CCP.46,47 The thorough study of conditions
where and how external magnetic field affects CCP discharge was per-
formed by Ganta et al.47 Experimental investigations of a cylindrical
capacitively coupled geometrically asymmetric plasma discharge with
an axisymmetric magnetic field were performed by Dahiya et al.48,49

Zhao et al.50 studied the effect of improving plasma uniformity in the
inductively coupled plasma by the application of an external magnetic
field. The effect of collisions on the motion of magnetized ions in
sheath and presheath plasma regions was investigated by Lee et al.51

The experiment was conducted in hydrogen and deuterium plasmas
for varying magnetic field angle to the target surface and measure-
ments of ion incident angle of a hydrogen ion at a graphite surface
were performed. Yang et al.52 developed scaling laws of magnetized
capacitive radio frequency plasmas.

Electron beam (e-beam) generated plasmas with applied crossed
electric and magnetic (E�B) fields can be used for low-damage proc-
essing of 2D materials, such as graphene and single-crystal diamond
due to the low energy of ions incident to the substrate surface.53 As dis-
cussed above, the authors of Ref. 38 performed measurements of atom
and ion velocity distribution functions in an e-beam E�B plasma at
sub-mTorr argon pressures using a laser-induced fluorescence diag-
nostic and revealed the presence of a warm population of ions with

temperatures of� 1 eV that are sufficient to drive the ion flux by cross
field diffusion in the direction opposite to the applied electric field,
toward the plasma-bounded walls or substrate. Cao et al.54 performed
numerical studies of beam–plasma interaction. The excitation of
obliquely growing waves is observed, which is found to have a signifi-
cant impact on the transport of beam electrons, thereby leading to the
non-uniformities of plasma density and electron temperature.
Specifically, the obliquely growing waves increase the local plasma den-
sity while reducing the electron temperature. Experimental study of
the optical properties of plasma generated by electron beams in nitro-
gen and argon was investigated by Yan et al.55

5. Enable integration of physics-based machine
learning model to plasma processing tools

Key question: How can a predictive plasma model using physics-
based machine learning be developed to integrate into plasma processing
tools?

High-fidelity plasma simulation models necessitate spatiotempo-
ral resolution, coupled multiphysics, etc., leading to a higher computa-
tional cost. This precludes the integration of such models in plasma
processing tools where the models are required to be simulated very
rapidly, several times. To overcome these challenges, a deep, learning-
based, non-linear model order reduction method needs to be devel-
oped to generate surrogate models for low-temperature plasmas. The
surrogate model needs to predict spatiotemporal plasma phenomena
in a timescale suitable for use in plasma process development. The use
of physics-based machine learning models for plasma processing tools
is rapidly exploding.56,57

An example of developing a practical reference index to model
the data-driven plasma control logic and collaboration with artificial
intelligence for plasma processes is proposed by Park et al.58 for use in
the mass production of the OLED display panels: optimization of the
mass production etching process recipe and understanding of the
capacitive coupling in the inductive discharge.

6. Improve understanding of energy transport from
plasma

Key question: How can an understanding of overall energy bal-
ance, especially energy transport from plasma, be improved?

There has been considerable research on how low-pressure plas-
mas absorb power from external electric fields (e.g., Refs. 59 and 60).
Mechanisms, such as stochastic and Ohmic heating, are reasonably
well studied. However, limited attention has been paid to how energy
leaves the technological plasmas. While the energy output processes
for electrons and ions are somewhat understood, many other energy
exit channels have not been adequately investigated. Given that consid-
erable energy comes out through chemical species and photons, these
two channels seem particularly ripe for investigation. There are also
virtually no studies on energy balance in technologically relevant plas-
mas. It is important to understand the relative importance of the dif-
ferent energy-output mechanisms in different plasma sources (e.g.,
inductively and capacitively coupled plasmas, magnetized plasmas) in
different operating regimes. This is especially important as processing
increasingly involves very high RF power conditions, which put high
thermal stress on systems interfacing with the plasma. In a recent
paper by Villafana et al.,61 hollow cathode-produced plasma was
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studied. Electrons are emitted from the cathode surface and are accel-
erated by the sheath electric field and form a beam of electrons. The
energetic electrons from the cathode can produce ionization before
thermalizing in Coulomb collisions. In this case, the system has to be
described using kinetic simulations. In the opposite case—when the
energetic electrons from the cathode thermalize in Coulomb collisions
faster than they produce ionization—fluid models can be used. A crite-
rion for two different cases was derived.

Global models of inductively coupled discharge sources. The HBr/
Cl2 mixed gas discharge is often used in semiconductor etching pro-
cesses, and there have been a few reports of high etching selectivity for
silicon oxide mask structure in the HBr/Cl2 mixed gas discharges.
However, experimental and theoretical studies on plasma parameters
caused by mixing HBr gas and Cl2 were extremely rare. Chung et al.62

proposed a model that extends the previous global model of the HBr/
Cl2 plasma, and it was compared with experimentally measured
plasma parameters in HBr/Cl2 mixture gas inductively coupled
plasmas.

7. Improve understanding of surface chemistry for
etching and deposition in plasma processing

Etching.—Atomic layer etching (ALE) with extremely low ion
energies and a complete absence of ions has emerged as a promising
technique for the precise and controlled removal of materials in nano-
scale devices. ALE processes have gained significant attention due to
their ability to achieve high material selectivity, etch uniformity, and
atomic-scale resolution. Fischer and Lill63 provide a perspective of the
important role of plasma in ALE including thermal ALE for
nanometer-scale device manufacturing. A tally-up of known plasma-
based ALE processes is listed, and novel thermal ALE processes are
described that are based on the so-called ligand addition mechanism.
The benefits and challenges of different plasma sources in ALE are dis-
cussed, and an outlook for future development is provided. Important
productivity issues, such as particle avoidance and process stability, are
also discussed.

In contrast to low ion energy ALE, high aspect ratio etching of
SiO2 and SiN for advanced 3D memory devices is characterized by
escalating ion energies. A larger normal ion energy component nar-
rows ion angular distributions (IAD) and provides a brute force
method to overcome surface charging. Avoidance of surface charging
would address the root cause but solutions for tailoring the sidewall
composition to meet profile requirements while also conducting cur-
rent remain elusive. A significant increase (three and six orders of
magnitude) in the surface electric conductivity of SiO2 films was
observed when exposed to down-flow plasmas containing hydrogen
fluoride (HF) at cryogenic temperature (�60 �C) in Hsiao et al.64 This
phenomenon was attributed to the absorption of HF and/or its com-
pounds and the presence of H2O, which is likely originating from the
etching by-product of SiO2 and/or within the reactor. These results
strongly suggest that the cryogenic plasma etching with HF-contained
gases can be used to alleviate the charge build-up issues.

A method was proposed in J€ungling et al.65 to achieve 3D direc-
tionality during etching and deposition by using masks in front of the
substrate surface in a plasma etch reactor in combination with local
magnetic fields to steer the incident ions in the plasma sheath region
toward the surface to reach 3D directionality during etching and
deposition.

Dusty plasma.—Dusty plasmas were extensively used for sponta-
neous growth of nanoparticles from reactive gases, primarily growing
hydrocarbon and silicate particles. In Ramkorun et al.,66 the authors
have grown titanium dioxide, a wide bandgap semiconductor, as dusty
plasma nanoparticles. The successful synthesis of these particles opens
avenues for rapid and controlled growth of titanium dioxide via dusty
plasma.

III. CONCLUSIONS

Ongoing investment in plasma processing research that will lay
the scientific groundwork for future plasma reactors and processing
technologies is critical for maintaining market competitiveness and
promoting economic growth. This research must be open access,
allowing for expert review, discussion, and improvement. Making such
research publicly available is also essential for educating the next gen-
eration so they are prepared for the rapidly evolving landscape of
microelectronics.

This special topic collection has provided a small snapshot of cur-
rent research in the field of industrial applications of plasma sources as
well as a glimpse of future research areas in this fast-moving, impactful
field.
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