Sunday Afternoon, June 22, 2025

Tutorial
Room Halla Hall - Session TS-SuA

Tutorial Session
Moderators: Heeyeop Chae, Sungkyunkwan University (SKKU), Han-Bo-
Ram Lee, Incheon National University

1:00pm TS-SuA-1 ALD for Hydrogen Technology, Jihwan An, POSTECH,
Republic of Korea INVITED
The production and utilization of hydrogen energy have become essential
components in the global energy transition to meet the energy demands of
future generations. Fuel cells (FCs), which generate electricity from
hydrogen, and electrolysis cells (ECs), which decompose steam into storable
hydrogen fuel, offer effective solutions for the conversion and storage of
renewable energy, with hydrogen serving as an energy carrier.
Consequently, they hold great potential for applications in the future
energy sector.

Recently, atomic layer deposition (ALD) has presented exciting research
opportunities for FCs and ECs due to its unique features, such as
conformality and precise thickness and doping controllability. Individual
components of FCs/ECs—the electrolyte, electrolyte—electrode interface,
and electrode—can be effectively engineered using ALD nanostructures to
address the issues raised during operation.

In this tutorial, we will first provide an overview of the operating principles
of FCs and ECs, followed by a discussion of the engineering challenges
generally associated with electrochemical performance and stability. Recent
examples of the application of ALD-processed nanostructures to FCs and
ECs are reviewed, and the quantitative relationship between the ALD
process, ALD nanostructures, and the performance and stability of FCs and
ECs is elucidated.

1:45pm TS-SuA-4 ALD Process Optimization Using Machine Learning: A
Practical Tutorial for Domain Experts, Pil Sung Jo, Gauss Labs Inc, Republic
of Korea INVITED
As the demand for precise process control in Atomic Layer Deposition (ALD)
continues to grow, machine learning (ML) has emerged as a powerful tool
to optimize processes, improve efficiency, and enhance quality. However,
for many professionals in the ALD field, the journey to incorporating ML
into their workflows can seem daunting. This tutorial aims to bridge that
gap by providing a practical and approachable introduction to ML, tailored
specifically for domain experts in ALD.

The session starts with a quick introduction about me, sharing my journey
from being a materials scientist and engineer with hands-on experience in
semiconductor fabrication to leading a team of data scientists. I’ll talk
about why | made this career change and how it happened, showing how
combining deep knowledge of a field with data science can create new
opportunities and drive innovation.

Next, the basics of ML and introduce a ML system will be covered. I’ll start
by explaining key concepts like the difference between data-driven and
physics-based models, regression vs. classification, and supervised vs.
unsupervised learning. Then, we’ll introduce a ML system (end-to-end ML
pipeline) to help participants understand how machine learning works in
real-world production settings—not just in experimental setups. This will
include the entire process, from collecting and preparing data to training
the model, deploying it, and monitoring its performance.

The core of the tutorial focuses on how domain experts can actively
contribute to and benefit from ML. By leveraging their deep process
knowledge, experts can play critical roles in feature engineering, validating
explainabilty of models, and refining use cases. Particularly, the
explainability of machine learning models is a crucial aspect since
understanding how models make predictions not only helps in identifying
potential biases but also ensures that the outputs align with established
physical principles and process knowledge. Practical examples include
virtual metrology (VM), such as VM-assisted APC, TTTM, and outlier
detection. These use cases will demonstrate how ML can address real-
world challenges.

Finally, | will introduce our company’s ML solution, showcasing its
capabilities through a live demonstration. This product is designed with
domain experts in mind, making ML tools accessible and impactful for their
research and development efforts.

Whether you are new to ML or looking to integrate it into your ALD
workflows, this session will equip you with the knowledge and confidence
to start your journey in combining domain expertise with machine learning.
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2:30pm TS-SuA-7 ALD-Enabled Synthesis of Metal-Organic Framework
Thin Films: Fundamentals to Applications, Junjie Zhao, Zhejiang University,
China INVITED
With flexible reticular chemistry and well-defined pore structures, metal-
organic frameworks (MOFs) have been widely explored as potential
adsorbents, catalysts, sensors, drug delivery carriers, dielectrics and
candidates for many other applications. Shaping MOFs into thin films
provides avenues for innovative devices and composite structures. There
are three major challenges for synthesizing MOF thin films: (i) common
solvothermal conditions are harsh for delicate substrates; (ii) achieving
long-range orders and high porosity is challenging for vapor-phase
deposition; (iii) these films are brittle and difficult to transfer between
substrates for facile integration. This tutorial briefly reviews the recent
advances about ALD-enabled synthesis of MOF thin films, including the
fundamental interfacial mechanism involved in the nucleation and growth
of MOF thin films seeded/tuned by ALD surfaces, conversion routes from
ALD oxides to MOFs, and confined reaction-diffusion systems involving a
hydrolyzable ALD surface for wrinkled MOF thin films. We will use
representative examples to show how MOF thin films are promising for
diverse applications. Finally, we will provide an outlook for the remaining
challenges in this field.

3:30pm TS-SuA-11 The Importance of Interconnect Technology of Si
Devices and The Extension of ALD Processes, Hoonjoo Na, Samsung
Electronics, Republic of Korea INVITED
As we scale down, the proportion and importance of interconnect have
been increasing for performance improvement, power savings, area scaling,
and cost reduction. To meet the demands of the product, an atomic layer
deposition (ALD) process has been developed to achieve lower resistance
and to fill narrow and deep structures, thanks to the improvement of
equipment and materials. Because of the reaction mechanism involving
reactants, oxides or nitrides have been widely used for stable ALD
processes, but pure metal ALD processes have also begun to be used in
products over the past decade by controlling byproducts originating from
halides or organic precursors. In the first part of this tutorial, the
contributions of ALD processes for advanced interconnects will be covered
with several examples from the front-end of line (FEOL), middle of line
(MOL), to the back-end of line (BEOL). Resistance alone is not the only
consideration for FEOL applications; the effects on transistor performance
must also be taken into account. For MOL and BEOL, resistance is the most
critical parameter, and there are both common and distinct approaches to
achieve breakthroughs. In the second part, the limitations and challenges of
ALD processes will be discussed, particularly as we move forward into the
era of 3D structures. To overcome future issues and risks, it is essential to
understand and adopt a more extensive process concept than what was
used for legacy products. To enable further scaling down of devices,
interconnect ALD processes must evolve along with advances in processing,
equipment, and materials.

4:15pm TS-SuA-14 Atomic Layer Etching: Basics, Chemistries, and New
Developments, Jane P. Chang, UCLA INVITED
This tutorial discusses the basics of atomic layer etching, with an emphasis
on the surface reaction chemistry, followed by new developments.it
presents current advances in atomic layer etching of function accelerated
nanomaterials and related challenges and opportunities.Examples in both
thermal and plasma assisted processes are included, addressing etching
selectivity and specificity that are needed to fully integrate novel materials
in complex architectures in integrated circuits for commercial and defense
applications.

5:00pm TS-SuA-17 The Era of Atomic Scale Processing: When Area-
Selective Deposition Meets Atomic Layer Etching, Silvia Armini, IMEC,
Belgium INVITED
For future sub-5 nm technology nodes, as well as for the integration of high
aspect ratio 3D structures such as 3D NAND or 3D DRAM memory devices,
IC manufacturing will likely involve the use of area-selective atomic layer
deposition (AS-ALD), as other conventional approaches, such as deposition
and etch back, might not be viable anymore. While AS-ALD processes have
been reported for a variety of materials and processes, which will be
summarized in this tutorial, most approaches yield a limited selectivity, for
example, due to growth initiation at defects or impurities on the non-
growth area. Atomic layer etching (ALE) can be combined with AS-ALD as
one step or in supercycles of alternate deposition and etching steps, to
remove these defects, extending the process selectivity window.
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Thermal atomic layer etching (t-ALE) is based on sequential, self-limiting
reactions that yield controlled etching at the atomic level. Thermal ALE
utilizes gas phase precursors and accomplishes etching without the ion
bombardment employed in plasma ALE. Plasma ALE (p-ALE) is an
anisotropic etching process because it uses ion bombardment to form and
remove the modified layer. Because there are no line-of-sight restrictions, t-
ALE vyields isotropic etching and it has many applications in atomic scale
processing, such as etching three-dimensional structures, surface
smoothing or interface preparation and cleaning. When there are
nucleation delays in ALD, deposition-etch back methods will be able to
prepare ultrathin and conformal films.

A characteristic of ALE which does not have its direct counterpart in the
field of AS-ALD, is the use of simultaneous deposition on one material and
etching of another material. If compatible with the specific fabrication step,
a mirrored approach could be used to obtain high selectivity when the non-
growth area is etched, while material is deposited on the growth area. In
this respect, it is also believed that ALD and ALE can be combined in more
complex schemes to achieve high deposition selectivity and, vice versa,
high etch selectivity.

In this tutorial, a review of ASD and ALE applications will be provided with
special focus on their mutual synergy.
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Plenary Session
Room Tamna Hall A - Session PS-MoM

Plenary Session
Moderators: Heeyeop Chae, Sungkyunkwan University (SKKU), Han-Bo-
Ram Lee, Incheon National University

8:45am PS-MoM-1 ALD Welcome and Introductory Remarks,

9:00am PS-MoM-2 ALD Plenary Lecture: The Evolution of DRAM: Scaling
Challenges, ALD Innovations, and Future Architectures, Seiyon Kim, SK
hynix, Republic of Korea INVITED
For decades, Dynamic Random Access Memory (DRAM) has been the
cornerstone of main memory in computing, meeting the demands of an
ever-expanding workload. The need for greater capacity, higher bandwidth,
and lower power consumption has continually driven advancements in
DRAM technology. The recent surge in artificial intelligence (Al) applications
has further accelerated the demand for high-speed memory, catalyzing the
rise of High Bandwidth Memory (HBM). While the success of HBM
underscores the importance of packaging innovations, traditional scaling
continues to play a critical role in improving DRAM core die performance,
such as power efficiency, area, and cost, ensuring its competitiveness.

DRAM is primarily composed of three key components: the cell transistor,
storage node (SN) capacitor, and peripheral transistor. Each component
presents unique scaling challenges due to differences in structure and
functionality, yet they share similar material requirements. These include
the ability to accommodate nanometer-scale dimensions, achieve high
aspect ratios, and meet specific electrical property demands. Atomic Layer
Deposition (ALD) has been instrumental in enabling advanced DRAM
technology by providing atomically precise control over thickness,
composition, and conformality.

As 2D DRAM approaches its scaling limits at sub-10nm nodes, next-
generation architectures such as 4F? vertical gate DRAM (VG-DRAM) and
lateral 3D DRAM are emerging as potential solutions. VG-DRAM offers
significant  benefits in scalability and performance, though its
implementation has posed considerable challenges. However, recent
advancements in process technologies have revitalized its potential as a
strong contender for next-generation DRAM. Meanwhile, lateral 3D DRAM
presents unique advantages for future extensions by circumventing the
limitations of areal scaling.

Future opportunities for ALD materials are vast, particularly in addressing
the demands of these new architectures. For example, lateral 3D DRAM
relies heavily on lateral processes with exceptional conformality and
uniformity across hundreds of layers, which is challenging even for ALD
technique. Furthermore, new ALD materials may enable more disruptive
capacitor-less DRAM based on 2T gain cells or ferroelectric FET.

This presentation will provide an overview of DRAM applications and key
components, highlighting the primary challenges in scaling and the critical
role of ALD in overcoming these obstacles. Finally, the discussion will
explore the future evolution of DRAM architectures and the new
opportunities that lie ahead.

9:45am PS-MoM-5 ALD 2025 Innovator Awardee Talk: Atomic Layer
Deposition of Metal Phosphates and Metal Borates through Thermal and
Plasma Activated Approaches, Christophe Detavernier, Ghent University,
Belgium INVITED
Metal (boro)phosphate coatings are of interest for a wide range of
applications, in particular for lithium ion batteries, electrocatalytic water
splitting, and as biocompatible and protective coatings. In view of the need
for thickness control and conformality in these applications, there has been
a growing interest in developing ALD-based approaches for the deposition
of such coatings.

Identifying a suitable phosphate precursor has proven a major challenge. In
theory, phosphoric acid would be an ideal candidate, but its use in vapor
deposition is prohibited by its low vapor pressure at room temperature and
its tendency to decompose rather than evaporate upon heating. Trimethyl
phosphate (TMP) is an attractive alternative, offering a vapor pressure of 15
mbar at 70°C. Thermal ALD processes using TMP have been demonstrated
for a variety of metal sources, but it has proven difficult to incorporate a
sufficiently high atomic percentage of phosphorus in the growing film,
requiring an unpractically large number of phosphate sub-cycles for each
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metal pulse.

Dobbelaere et al. (Chem. Mater. 26, 6863 (2014)) explored the use of a TMP
plasma, where the TMP precursor vapor is introduced into an inductively
coupled plasma (ICP) discharge. At low substrate temperatures, exposure to
a TMP plasma results in CVD-type coating in a process akin to plasma
polymerisation. However, at sufficiently high substrate temperatures
(300°C), saturated growth could be achieved in a true ALD regime, resulting
in ALD growth of Al phosphate. Similar TMP-plasma based approaches
proved successful for ALD of Ti, V, Zn, Sn, Fe, Ni, Co phosphates, as
summarised in the review by Henderick et al. (J. Appl. Phys. Rev. 9, 011310
(2022)).

Inspired by the TMP-plasma based approach, Dhara et al. explored plasma
activation of trimethyl borate (TMB) towards ALD of Al borate. Using TMB
alone in the plasma form does not yield self-limiting ALD growth, as
polymerized species continuously accumulate on the substrate. By co-
dosing H20 in the TMB plasma, saturated growth of Al borate films could be
achieved at and above 250°C, with a high growth per cycle (~3.5 A).

10:45am PS-MoM-9 ALE Welcome and Introductory Remarks,

11:00am PS-MoM-10 ALE Plenary Lecture: Challenges and Future of ALE
Technology in Semiconductor Manufacturing, Chanmin Lee, Samsung
Electronics, Republic of Korea INVITED
Atomic Layer Etching (ALE) has rapidly emerged as a transformative
technology in semiconductor manufacturing, enabling atomic-scale
precision in material removal that is essential for the fabrication of
advanced semiconductor. Conventional etching techniques such as Reactive
lon Etching (RIE) face inherent limitations, including ion-induced damage
and aspect ratio-dependent etch (ARDE) effects, which hinder their
effectiveness in fabricating high-aspect-ratio and three-dimensional
structures. ALE, with its self-limiting, atomic-scale precision, offers a
effective alternative by minimizing plasma physical damage and supressing
loading effect, even in complex device architectures.

Currently, mass production in the semiconductor industry relies mainly on
RIE and Chemical Vapor Deposition (CVD) processes. However, the
integration of ALE with Atomic Layer Deposition (ALD) is increasingly being
adopted for the fabrication of advanced DRAM, 3D NAND and gate-all-
around (GAA) transistors. ALE’s selective etching capabilities are proving
indispensable for challenging applications such as wafer trench patterning
and precise interface engineering in advanced device, achieving levels of
precision unattainable by conventional methods.

Despite these advantages, several challenges remain for the widespread
adoption of ALE in high-volume manufacturing. These include limited
throughput due to the inherently sequential nature of ALE cycles,
difficulties in fine-tuning plasma parameters, and the lack of perfect and
ideal anisotropic etching with atomic-scale process control. Challenges such
as process throughput, scalability, and atomic-level precision will be
discussed, along with strategies for overcoming these barriers through
synergistic integration with conventional etching and ALE technology.

8:45 AM
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ALD Applications
Room Tamna Hall A - Session AA-MoA

Memory Applications |
Moderators: Hanmei Choi, Samsung Electronics, Robert Clark, TEL
Technology Center, America, LLC

4:00pm AA-MoA-11 Atomic Layer Technology for Ferroelectrics and
Resistive Switching Devices: Advances in Epitaxial Growth, Doping, and
Defect Control, Miin-Jang Chen, Yu-Sen Jiang, Ting-Yun Wang, Chen-Hsiang
Ling, Department of Materials Science and Engineering, National Taiwan
University, Taiwan INVITED
Atomic layer deposition (ALD), atomic layer epitaxy (ALE), and atomic layer
annealing (ALA) have emerged as critical techniques for precise material
engineering in advanced electronic devices, particularly for ultrathin
ferroelectric and resistive switching materials in memory and energy
storage applications. This presentation addresses two key areas: (1)
ferroelectric/antiferroelectric materials, and (2) resistive random access
memory (RRAM) devices. In the first area, novel ALD/ALE methods enable
precise control of doping, crystallographic orientation, and domain
dynamics in sub-10 nm ferroelectric films. The alternating multi-pulse ALD
technique achieves homogeneous Zr doping in HfO2, thereby enhancing
ferroelectricity even at high Zr/Hf ratios. Monolayer engineering via atomic
layer substitution in HfosZrosO2 (HZO) significantly enhances the
ferroelectricity at a thickness of only ~4 nm with nearly wake-up-free
behavior. Epitaxial HZO films grown by ALE demonstrate record high
ferroelectric polarization (2P, = 78.9 pC/cm?) and ferroelastic domain
switching correlated with time-resolved negative capacitance. Furthermore,
antiferroelectric ZrO,/TiN heterostructures achieve exceptional energy
storage density (~118.6 J/cm3) through orientation-controlled epitaxy. In
addition, hydrogen-mediated ALE allows for low-temperature (300°C)
epitaxial growth of twin-structured TiN electrodes. For RRAM devices, ALA
dramatically improves resistive switching properties by tailoring nitrogen
vacancies with monolayer precision in sub-4 nm AIN and SiNx layers. ALA
reduces operating voltages, improves switching uniformity, and enhances
endurance and retention. Spatial vacancy control via ALA stabilizes
conductive filament formation, which reduces cycle-to-cycle variation.
These results demonstrate ALD, ALE, and ALA as transformative techniques
for next-generation nanoscale electronics, offering pathways toward high-
performance memory and energy storage solutions.

4:30pm AA-MoA-13 Atomic-Scale Processing of Ruthenium Thin Films via
ALD and ALE for Advanced Interconnects, ChangHwan Choi, YoungSeo Na,
HyunlJin Lim, SangKuk Han, Hyolin Ahn, YehBeen Im, WonJae Choi, Hanyang
University, Korea

Ruthenium has been recognized as a next-generation interconnect material
capable of overcoming the scaling limitations of copper interconnects. To
effectively integrate ruthenium into complex three-dimensional
semiconductor structures, precise control of atomic layer deposition (ALD)
and atomic layer etching (ALE) processes is essential. In this study, we
investigated the electrical and chemical properties of ruthenium thin films
deposited at various temperatures via ALD to achieve low-resistivity
ruthenium films. The optimized ALD-grown films were subsequently
processed via ALE for precise thickness regulation.

The ALD-Ru process was performed in the temperature range of 225-375°C
using (ethylbenzene)(1-ethyl-1,4-cyclohexadiene)ruthenium(0) (EXO3Ru) as
the Ru precursor, with O as the reactant. At the ALD window (375°C), a
high-quality ruthenium thin film with a very low resistivity (~20.3 uQ-cm)
and a growth per cycle (GPC) of 0.61 A/cycle was achieved (Fig. S1). X-ray
photoelectron spectroscopy (XPS) analysis confirmed that the content of
non-conductive RuOx decreased from 12.9% at 225°C to 2.8% at 375°C,
leading to reduced resistivity (Fig. S2). In contrast, X-ray diffraction (XRD)
results revealed that the film exhibited the highest crystallinity at 275°C
(Fig. S3). Additionally, post-deposition forming gas annealing was
performed on the film deposited at 275°C at the back-end-of-line (BEOL)
thermal budget of 400°C for 1 hour, resulting in a 72% improvement in
resistivity, grain growth, and a reduction in surface roughness from an RMS
value of 1.54 nm to 1.18 nm. Furthermore, a plasma-enhanced ALE process
was developed to achieve uniform etching of the optimized Ru film. The
ALE process consisted of two primary sequential steps: (1) surface
modification via oxidation with Oz plasma or fluorination with CF4 plasma,
forming a self-limiting modified layer on the surface, and (2) selective
removal of the modified layer using low-energy Ar plasma. Through process
optimization, the self-limiting nature of ALE was maintained even in high-
aspect-ratio (12:1) structures, minimizing surface contamination and
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ensuring stable and uniform etching. These results confirm that ALD and
ALE support the fabrication of high-performance thin films while enabling
precise sub-nanometer thickness control and achieving reliable material
processing, underscoring the potential of an integrated atomic-scale
approach for next-generation interconnect technology.

4:45pm AA-MoA-14 ALD of ferroelectric TiN/HfosZrosO2/TiN stacks;
growth and interfacial oxidation studied by in situ spectroscopic
ellipsometry, Stijn van der Heijden, Eindhoven University of Technology,
Netherlands; Florian Wunderwald, Uwe Schroeder, Namlab, Germany;
Marcel Verheijen, Erwin Kessels, Bart Macco, Eindhoven University of
Technology, Netherlands

Ferroelectric devices, particularly those based on HfosZrosO, (HZO), are a
promising upcoming technology to enable high-speed, low-power
computation.*? However, for the successful implementation of these
ferroelectric devices, several obstacles must be overcome. One such
obstacle is the internal bias field, which — similarly to imprint — causes a
shift in the coercive field making it more difficult to switch to the opposing
polarization. The cause of this internal bias field is still subject to
investigation, yet it is suspected to come from a defective interface
between the metallic electrode and the ferroelectric material within the
metal-ferroelectric-metal (MFM) stack. To form functional ferroelectric
devices, the ability to accurately analyze the growth and interfacial
formation of these MFM stacks is thus essential.

In this work, full TIN/HZO/TiN stacks were grown by ALD without breaking
vacuum. For TiN, the used precursor was Ti(NMe2)s and the co-reactant was
a plasma containing a mixture of Ar and NHs. For HZO, the used precursors
were CpHf(NMe;)s and CpZr(NMe;)s, and the co-reactant was either Os or
an O; plasma. The growth of TiN and HZO in both nucleation and steady-
state phases was measured using in situ spectroscopic ellipsometry. The
film thicknesses for TiN and HZO were approximately 14 and 10 nm,
respectively. Crucially, the oxidation of the bottom TiN electrode caused by
plasma and ozone exposure when growing HZO — which is suspected to be
a significant source of the internal bias field — could be investigated using
ellipsometry. The TiN/HZO/TiN stacks were subsequently annealed and
ferroelectric measurements were performed, confirming the suspected
trend: increased interfacial oxidation leads to an increased internal bias
field. Our studies thus show the capability of in situ ellipsometry to
measure the growth and interfacial oxidation of TiN/HZO/TiN, aiding the
optimization of the growth process of ferroelectric devices.

1).P.B. Silva et al. APL Mater. 11, 089201 (2023)

2U. Schroeder, M.H. Park, T. Mikolajick, C.S. Hwang. Nat Rev Mater 7, 653~
669 (2022)

5:00pm AA-MoA-15 Stable Synaptic Function and Orientation Selectivity
Recognition Under Strain in Bilayer Stretchable Memristors via Atomic
Layer Deposition, Ying-Jie Ma, Ai-Dong Li, Nanjing University, China
Memristors trigger enormous potentials in neuromorphic computing and
advanced artificial intelligence due to their advantages in information
storage and cognitive computation. However, the integration of memristors
into flexible and stretchable devices, such as wearable health monitors,
non-biological prosthetics, and soft robotics, suffers a tough challenge.
Great efforts have been made on flexible memristors to meet the increasing
demands, however report on stretchable memristors remains scarce. It is
critical for ensuring the performance stability of stretchable devices under
strain.

In this work, stretchable memristor of PDMS/Au/HfO,/Al,0s/Ag was
developed based on a discrete structural design. The discrete structure was
achieved through sacrificial layer transfer and photolithography, with 10 nm
A0z and 10 nm HfO: functional layers deposited via atomic layer
deposition (ALD), providing stable retention(up to 10*s) and reproducibility
(100 cycles). Compared to conventional continuous designwithout
photolithography, it exhibits a higher flexibility up to 30%. Under dynamic
stretching and releasing, the device maintains stable resistive switching
behavior and accurate replication of synaptic functionality. Even at 30%
strain, the memristor's switching ratio remains at 10° and simulates a series
of synaptic functions, including paired-pulse facilitation (PPF), long-term
potentiation/depression (LTp/LTp), post-tetanic potentiation (PTP), short-
term potentiation to long-term potentiation transition (STP-LTP), spike
amplitude-dependent plasticity (SADP), spike width-dependent plasticity
(SWDP), spike frequency-dependent plasticity (SRDP), and spike-timing
dependent plasticity (STDP).

Furthermore, the threshold sliding effects, enhanced depressive effects
(EDE), and orientation selectivity recognitionin Bienenstock-Cooper-Munro
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(BCM) learning rule have been realized in our stretchable memristors by
leveraging the memristor’s history-dependent plasticity. This work provides
a new structural and material framework for stretchable memristors,
ensuring reliable performance in dynamic environments, which is vital for
the next generation of flexible electronics.

5:15pm AA-MoA-16 P-Type Tellurium Thin Film Transistor with Sacrificial
Atomic Layer Deposition, Wonho Choi, Byongwoo Park, Seungjae Yoon,
Jeong Woo Jeon, Gwangsik Jeon, Sangmin Jeon, Sungjin Kim, Seoul National
University, South Korea, Chanyoung Yoo, Hongik University, Republic of
Korea,; Cheol Seong Hwang, Seoul National University, South Korea

A complementary thin film transistor (CTFT) has long been a desired device
structure for monolithic three-dimensional integration architecture with
the complementary metal oxide semiconductor (CMOS) field-effect
transistors fabricated on a Si wafer surface!. They must also be compatible
with the back-end-of-line conditions with limited thermal budgets (< 400
°C)2. The n-type TFTs with reasonable performances are available using
amorphous oxide semiconductors. Still, the lack of p-type TFT (p-TFT) with
comparable performance hinders the advancement of CTFT technology?. P-
type two-dimensional transition metal dichalcogenides, such as WSe;, have
drawn attention for this application, but their flake-based process is
incompatible with the standard CMOS processes®. Elemental tellurium (Te)
is another candidate for p-type channel material due to its unique high hole
mobility>. However, the reported fabrication processes are incompatible
with the CMOS processes®. Another crucial issue is ensuring the channel
material's intimate contact with the source and drain electrodes’. While the
contact properties are fundamentally determined by the electron affinity of
the channel material and contact metal work function, the metal-induced
gap state adversely affects the Schottky barrier formation, pinning the
Fermi level at an undesired position within the band gap?. Therefore, no
CMOS-BEOL-compatible p-TFT devices have been reported regarding the
fabrication process (low growth temperature and non-flake type) and
electrical performance (comparable or even higher drive current density
than the n-type counterpart).

This study introduces an innovative sacrificial atomic layer deposition (s-
ALD) for crystalline Te film for p-TFT fabrication, which is required for
monolithic three-dimensional device integration. It selectively grows p-type
Te channel film on the gate insulator with its high hole mobility axis (c-axis)
aligned with the electric current flowing direction (substrate surface
direction) while forming a semimetal NiTe: interlayer on the Ni metal
contacts for low contact resistance. The p-TFT device outperforms the
previous works with 1.3 x 10> Apm™on-current density, 40 cm?V-s? hole
mobility, and 0.9 kQum contact resistance, which remained unaffected by
atmospheric exposure over 250 days. Furthermore, the low deposition
temperature of 80 °C and wafer-scale uniformity enhance its compatibility
with CMOS technology.

ALD Fundamentals
Room Halla Hall - Session AF1-MoA

ALD on 3D Structures
Moderators: Hao Van Bui, Phenikaa University, Arrelaine Dameron, Forge
Nano

4:00pm AF1-MoA-11 Continuous Production of Nanocoated Powders,
Sébastien Moitzheim, Powall, Netherlands INVITED
Powder-based processes are critical to a wide range of industries, from
battery materials to pharmaceuticals. Achieving the desired performance
often depends on precise surface modifications.Over the past decade,
Powall has been developing a scalable nanocoating technology that
combines the atomic-level precision of Atomic Layer Deposition (ALD) with
the speed and throughput of Chemical Vapor Deposition (CVD), enabling
continuous and cost-effective production.

In this presentation, Dr. Moitzheim (CTO) will share Powall’s key learnings
on transitioning gas-phase coating methods from lab to pilot-scale and
beyond. Specific attention will be paid to how the technology can be
adapted to accommodate powders of varying sizes, shapes, and porosities,
while still ensuring uniform and high-quality coatings. The talk will also
provide an update on the upcoming commercial pilot-scale equipment and
outline the path toward large-scale manufacturing. By illustrating the core
challenges and advancements in scaling powder nanocoatings, this talk will
offer a balanced perspective for researchandindustry.
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4:30pm AF1-MoA-13 Plasma-Enhanced Spatial ALD on 2D and 3D Surface
Topologies: The Case of Amorphous and Crystalline TiO2, Mike van de Poll,
Eindhoven University of Technology, Netherlands; Jie Shen, Holst Centre /
TNO, Netherlands; James Hilfiker, J.A. Woollam Co., Inc.; Marcel Verheijen,
Paul Poodt, Eindhoven University of Technology, Netherlands; Fieke van den
Bruele, Holst Centre / TNO, Netherlands; Erwin Kessels, Bart Macco,
Eindhoven University of Technology, Netherlands

As of late there were two key research questions regarding the conformality
of plasma-enhanced spatial ALD (PE-s-ALD): can the technique be used to
deposit highly conformal films, and how do the material properties — like
crystallinity and composition - of such films change throughout the coated
3D structures? We have recently answered the first question by showing
that exceptionally conformal films can be grown by PE-s-ALD with
subsecond plasma exposures, thanks to the high radical density in the
atmospheric plasma [1]. However, various crystallization and growth effects
can influence the film profile and crystallinity, and understanding these
effects and their interplay is key.

In this work, we demonstrate the complex growth mechanism of TiO using
PE-s-ALD, and study conformality not just in terms of films thickness, but
also in terms of film properties. TiO; films are deposited both on planar
substrates and inside lateral high-aspect-ratio (LHAR) test chips (PillarHall™
by Chipmetrics Ltd). These LHAR structures uniquely allow for spatial
material property mapping in trenches using spectroscopic ellipsometry,
Raman spectroscopy and X-ray photoelectron spectroscopy. Conditions that
result in the anatase phase on a planar surface only partially form this
phase inside LHAR structures, with the deepest part of the film being
amorphous. This partial crystallization is ascribed to the film thickness
inside the LHAR structure gradually dropping below the critical thickness for
crystallization. In turn, the partial crystallization is shown to have a
significant effect on the resulting thickness profile, due to an enhanced
growth per cycle on crystalline surfaces. A framework of the interplay
between effects is proposed, offering insights that enable better control of
the crystallinity and thickness throughout the entirety of coated surfaces of
3D structures by PE-s-ALD.

Additionally, the recombination probability of O-radicals during this
atmospheric-pressure PE-s-ALD process at 200 °C is determined to be 3x10
5, which is similar to low-pressure PE-ALD [2]. This result indicates that
differences in conformality between the two types of ALD are not the result
of differences in recombination probability, but rather of differences in
initial radical density and diffusion behavior.

[1] van de Poll, M. L., Jain, H., Hilfiker, J. N., Utriainen, M., Poodt, P., Kessels,
W. M. M., & Macco, B. (2023). Applied Physics Letters, 123(18), 182902.

[2] Arts, K., Deijkers, S., Puurunen, R. L., Kessels, W. M. M., & Knoops, H. C.
M. (2021). Journal of Physical Chemistry C, 125(15), 8244-8252.

4:45pm AF1-MoA-14 Rapid Test for ALD in High Aspect Ratio Spaces
Utilizing Thermally Bonded Chips and Hydrazine with Titanium
Tetrachloride for TiN Deposition, Amy Ross, Dipayan Pal, Dohyun Go, Diego
Contreras Mora, Ping-Che Lee, UC San Diego, Danish Baig, Georgia Institute
of Technology; Adrian Alvarez, RASIRC, USA; Dan N. Le, Jeffery Spiegelman,
RASIRC,; Muhannad Bakir, Georgia Institute of Technology; Andrew Kummel,
UC San Diego; Walter Hernandez, RASIRC

The increasing demand for high-bandwidth memory necessitates the
development of devices with 3D structures, such as DRAM. These devices
rely on the deposition of conformal, particle-free films with complete
coverage in high-aspect-ratio (HAR) spaces. Transmission electron
microscopy (TEM) is the standard technique for verifying these parameters,
but it is costly, time-intensive, and only inspects a very small area of the
surface of interest. This study demonstrates a rapid and non-destructive
alternative involving thermally bonded chips that provide HAR spaces for
deposition. The chips can be debonded and analyzed using scanning
electron microscopy (SEM) and atomic force microscopy (AFM).ALD
titanium nitride (TiN), typically utilized as a 2 nm diffusion barrier between
tungsten (or copper) and SiOz (or SiCOH) in HAR spaces, was employed
using TiCl, and N,H, precursors, to deposit a 20 nm layer in a thermally
bonded chip with a 2000:1 aspect ratio (fig. 1). This is 10x the normal
thickness of diffusion barriers to increase sensitivity to particle formation.

A control test was conducted on a clean, thermally bonded sample with no
TiN deposition (fig 2). The debonded dies were analyzed as planar samples
using AFM, SEM, and energy-dispersive spectroscopy (EDS), confirming no
detectable titanium (0% atomic percent) in any region (edge, middle,
center). The AFM RMS was measured at 2.06 nm. For TiN deposition,
increasing precursor doses 1x, 2x, and 3x normal exposure (1x = 500 ms
TiCl,, 2750 ms N,H,, 30 sec purge, substrate temperature 475°C) were
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employed to evaluate penetration depth and particle formation. The RMS
roughness values for the top die remained low at 1.92 nm, 1.77 nm, and
1.64 nm, respectively. This indicates no particle formation. Atomic Ti
percentages from EDS decreased as the effective aspect ratio increased
from 475:1 to 2000:1 aligning with predictions from the Gordon Model [1].
Additionally, the 3x smaller %Ti decreases at the center between the 3x
and 2x dose sample further support the model’s estimation of precursor
penetration. Temperature variations across the sample may have prevented
complete surface saturation. The low RMS roughness and absence of large
features suggest that CVD particle formation did not occur in the HAR
space, consistent with the TiCl, + N,H, chemistry avoiding NH,CI(s)
formation [2].

AFM was used to analyze an area of over 111 pm?, revealing no defects or
CVD particles. In comparison, a typical TEM survey covers only 0.004 um?.
This means SEM/AFM in debonded chiplets examined a region ~30,000x
larger than TEM allowing large area determination of particles formation in
HAR.

5:00pm AF1-MoA-15 Enhancing Step Coverage in High-Temperature Ald
for Advanced Semiconductor Scaling, Seung Hyun Lee, Deok Hyun Kim, Kok
Chew Tan, Sung Gi Kim, Gyun Sang Lee, Jung Hun Lim, Jae Sun Jung,
Soulbrain Co., Ltd., Republic of Korea

As semiconductor technology advances, improvements in performance,
power efficiency, and area optimization continue to drive innovation.
However, increasing device complexity and higher integration levels have
exacerbated step coverage challenges during the deposition of high-k thin
films in DRAM capacitors, metal gate insulators, and block oxides in 3D
NAND. In particular, achieving uniform thin-film deposition on high-aspect-
ratio patterns has become increasingly difficult. Additionally, the application
of high-temperature processes to enhance film quality can lead to
precursor decomposition, further deteriorating step coverage. To address
this issue, this study proposes the use of inhibitor technology as an
effective approach to improving step coverage in high-temperature atomic
layer deposition (ALD) processes. Our experimental results demonstrate
that the inhibitor remains stably adsorbed on the substrate surface under
various ALD conditions, effectively mitigating step coverage issues. Notably,
this inhibition effect persists even at temperatures above 600°C during the
growth of Al, O, thin films. Furthermore, a newly developed hydrocarbon-
based inhibitor has been identified as optimal, as it fully decomposes into
water and carbon dioxide upon reacting with ALD precursors, leaving no
residual impurities in the film.

5:15pm AF1-MoA-16 ALD as the Solution for Uniform Cu Electroplating in
High Aspect Ratio Vias, Matthew Weimer, Sara Harris, Forge Nano; Irina
Stateikina, Centre de Collaboration MiQro Innovation (C2Ml), Canada,; Dane
Lindblad, Forge Nano, Marc Guilmain, Xavier Gaudreau-Miron, Centre de
Collaboration MiQro Innovation (C2MI), Canada; Arrelaine Dameron, Forge
Nano

Scaling interconnects to increase device density is a critical bottleneck for a
range of applications in the 3D and advanced packaging field. Currently,
interconnect density is limited by, amongst other things, the ability to
produce reliable, low resistivity, Cu vias at high aspect ratios (AR). Some
microelectromechanical system (MEMS) applications, where the
interconnect in the device layer is defined by the size of the active
component, called the proof mass, are restricted in height due to
fabrication limitations of high AR interconnects. As a result, some device
architectures are inaccessible, limiting the utility of devices, such as high-
sensitivity inertial sensors. While some progress has been made, single-side
deposition used in blind vias is limited to 8:1 or less. The source of that
limitation is the physical vapor deposition (PVD) processes used to apply
adhesion and/or nucleation layers required for successful Cu
electrochemical deposition (ECD). PVD provides high-quality layers, but
those layers are applied in a non-conformal fashion, leading to device
failure in non-line-of-site or high AR features, as shown in Figure 1. We have
been working on a complete thermal ALD solution at <300 °C consisting of
a high-quality SiO; dielectric barrier, breakdown voltage >12 MV/cm, a
dense TiN Cu diffusion barrier, density ~5.0 g/cm?3, which also functions as a
Ru nucleation layer, and low resistivity Ru metal Cu seed layer, resistivity
<20 pQ-cm at 20 nm. In this work, we demonstrate successful Cu seed
application by depositing this ALD dielectric/diffusion barrier/Cu seed layer
stack on Si trenches, where the state-of-the-art PVD solution has multiple
failure modes. Successful conformal ECD has been demonstrated with 15-
20 nm of Ru in vias with AR from 4:1 to 25:1 and in through glass vias (TGV)
with AR from 6:1 to 30:1. Further tests are ongoing with collaborators at
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the National Institute of Standards and Technology (NIST) to refine Cu ECD
conditions and measure via resistivity of Cu ECD in the vias.

5:30pm AF1-MoA-17 Multi-Scale Model for Optimization of Low-
Temperature Al,O3 ALD Process Conformality Within High Aspect Ratio
Trench, Ivan Petras, Yury Shustrov, Andrey Smirnov, Semiconductor
Technology Research d.o.o. Beograd, Serbia

ALD is typically characterized by two main steps with self-limiting reactions
on the surface and purging. Each step requires a certain time to ensure
complete coverage of the surface by precursor and complete removal of
the precursor from the reactor volume during the purging steps. ALD
process optimization requires achieving the minimal ALD cycle duration
while preserving good conformality within the trench structures over the
wafer surface. Optimal process conditions are changed with respect of the
trenches pattern, trench surface density and aspect ratio. Therefore, the
process adjustment on the blanket wafers becomes inefficient, while the
adjustment cost with the patterned wafers is typically high. In this sense,
multi-scale models with the coupled reactor-scale and feature-scale
simulations can be applied for reducing of process development costs.
Focus of this work is aimed at the improvement of low-temperature Al203
ALD performance with consideration of patterned wafers through
adjustment steps duration and operating conditions. An integrated
modeling approach was developed with self-consistent coupling of
modeling tasks on different scales. The reactor-scale model of TMA
delivery, oxidation by H20 and purging includes unsteady mass transport
with surface chemical reactions. The trench-scale model includes tracing
TMA and H20 species as well as products of surface chemical reactions.lt is
demonstrated that increasing of trench aspect ratio leads to remarkably
longer time for achieving of ALD conformality on patterned wafer during
both TMA delivery and oxidation steps. The increase of precursor impulse
duration results in the reducing of time required for full coverage, but
simultaneously it increases the needed time for purge step before
introduction of the next precursor. As the result the increasing the
precursor pulse duration for better conformality within the trench may lead
to requirements of longer time for ALD cycle and thus decrease the
throughput of the process. Pressure effect on the trench coverage time
demonstrates different trends with the aspect ratio change during TMA and
H20 steps. At lower aspect ratio of 20 the pressure decrease leads to faster
trench coverage, while for high aspect ratio of about 100 there is the non-
monotonic behaviour of coverage speed with pressure change. It is
demonstrated that a detailed consideration of low temperature oxidation
mechanism is important to correctly describe the oxygen incorporation into
the film and resulting ALD conformality. Effect of temperature and H20
purge step duration on the resulting film stoichiometry are discussed.

ALD Fundamentals
Room Tamna Hall BC - Session AF2-MoA

Precursor Chemistry |
Moderators: Sean Barry, Carleton University, Haripin Chandra, The
Electronics business of Merck KGaA Darmstadt

4:00pm AF2-MoA-11 The Emergence of New Ligands for ALD Precursor
Development, Anjana Devi, Leibniz Institute for Solid State and Materials
Research, Germany INVITED
Advances in atomic layer processing of functional materials crucially
depend on the progress made in precursor development. Without
persistent research on precursors, atomic layer deposition (ALD) technology
would not be the fastest growing thin-film technology in microelectronics
industry or could not expand towards new emerging applications in
nanotechnology and energy sector. The beneficial properties of ALD namely
low temperature processing, conformal coverage, composition control can
be exploited if the precursors and the co-reactants are fine-tuned to
achieve the desired film properties. The understanding of precursor
chemistry and their design and synthesis concepts needs specific attention.
In this presentation, the recent research in ligand design and ALD precursor
chemistry that governs layer formation and thin film characteristics for
different material systems will be discussed. One representative example is
using dimethylamino-propyl (DMP) ligand for various metals (Al, Zn, Ru,
Mg). It not only serves as effective ligands for metalorganic precursor
synthesis, but DMP-based compounds can be used as intermediates as well
as reducing agents for metal deposition implying the broad applicability of
the DMP ligand. The chelating nature of the DMP ligand furthermore yields
sterically and electronically saturated metal centers, enabling the formation
of monomeric complexes with enhanced volatility. The emergence of the
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DMP ligand system has also resulted in developing non-pyrophoric metal
precursors that are suitable for temporal ALD, plasma ALD and spatial ALD
applications. These findings reveal the promising potential of ligand
engineering towards precursor development to meet the demands of
materials for advanced technological applications.

4:30pm AF2-MoA-13 A Novel Liquid Cocktail Precursor for Atomic Layer
Deposition of Hafnium-Zirconium-Oxide Films for Ferroelectric Devices,
Akihiro Nishida, Tsukasa Katayama, Takashi Endo, Yasutaka Matsuo,
Hokkaido University, Japan

Hf«Zr1-«02 (HZO) thin film is a promising material for next-generation
ferroelectric memory devices. Ferroelectric HZO films are industrially
produced using atomic layer deposition (ALD) technique. However,
conventional ALD precursors for ZrO, exhibit lower thermal stability than
those for HfO; thus, the deposition temperature is limited by the Zr
precursor processing temperature (320 °C), limiting the quality of HZO.! In
this study, we developed a novel ALD precursor for HZO: a liquid
homoleptic cocktail precursor referred to as FER-1, which is composed of
tetrakis(1-(N,N-dimethylamino)-2-propoxy)hafnium [Hf(dmap)4] and
tetrakis(1-(N,N-dimethylamino)-2-propoxy)zirconium [Zr(dmap)s] in a 1:1
mol% mixture.(Fig. 1) Both Hf(dmap)s and Zr(dmap)s are stable at
temperatures as high as 371 °C. In addition, these compounds have a
similar vapor pressure (Fig. 2), similar ALD window, and excellent mixture
stability. Furthermore, FER-1 is a volatile compound that shows a very clean
thermogravimetry curve without decomposition or residue formation at 10
Torr. (Fig. 3) The ALD window was estimated to range from 300 to 360 °C.
(Fig. 4) This is the first report of ALD of HZO film using cocktail precursor
greater than 320 °C. Interestingly, the Hf/Zr concentration ratio of the HZO
film prepared using FER-1 was the same as the Hf/Zr concentration ratio in
the precursor mixture, demonstrating that the Hf/Zr composition can be
easily controlled.MIM TiN/HZO/TiN devices were fabricated to evaluate the
ferroelectric properties of the HZO films. The remanent polarization 2P,
reached 36.9 pC/cm2.(Fig. 5) The C-V curve of the HZO film exhibits
butterfly-shaped hysteresis loop, indicating the ferroelectric nature of the
film. The dielectric constant of HZO film was varied in the range of 35.5—
40.8 by voltage sweep. (Fig. 6) Our findings show that FER-1 is a highly
useful ALD precursor for industrial HZO production.

References
1. H. B. Kim et al., Nanoscale 2021 Vol. 13 Issue 18 Pages 8524-8530

4:45pm AF2-MoA-14 Anhydrous Hydrogen lodide Source for ALD of Csl
and Other Metal Halides, Georgi Popov, Alexander WeiB, Anton
Vihervaara, Kenichiro Mizohata, Mikko Ritala, Marianna Kemell, University
of Helsinki, Finland

Metal halides are an emerging group of compounds with a steadily
increasing number of ALD processes published each year.! Most metal
halide ALD processes employ volatile metal halides, such as TiXs or SnXs, as
halide (X = F, Cl, Br, I) precursors. ALD processes were first developed for
metal fluorides using HF, with a later transition towards volatile metal
fluorides (for example, TiF4 and TaFs) as safer and less corrosive alternatives
to HF. The main applications of metal fluoride films are in optics and
batteries.

Among metal halides other than fluorides, the main interest is in iodides,
motivated by the desire to deposit halide perovskites with ALD. Halide
perovskites are primarily iodides that exhibit outstanding performance in
solar cells and several other applications. Existing ALD processes for iodides
use volatile metal iodides as iodine precursors. For instance, Snls acts as an
iodine source in the ALD process for CsPbls perovskite.? Snls as an iodine
source contaminates the film with Sn, which is detrimental for halide
perovskite applications. Furthermore, Sn compounds are not relevant for
photovoltaic industry due to their high costs and supply chain risks.3

Anhydrous hydrogen iodide (HI) gas is the least expensive, simplest, and
most straightforward iodine precursor to deliver and use. HI does not suffer
from issues related to metal halides, such as Snls. However, HI is not
commercially available, likely due to a lack of industrial demand. We
contacted many gas and chemical suppliers during 2015 - 2019, but none
were willing to supply HI.

In this work we demonstrate a source design that produces anhydrous HI
gas on-site. The source is constructed from catalogue vacuum parts with a
total cost of less than 1000 USD and uses inexpensive common bulk
chemicals (ca. 20 USD to fully fill the source). To demonstrate the feasibility
of this source, we developed a new ALD process for Csl using Cs(btsa)
(cesium(l)bis(trimethylsilyl)Jamide) and HI. Using this chemistry, Csl can be
deposited over a wide temperature range of 150 - 325 °C. GPC is
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independent of the deposition temperature within 150 — 200 °C and 250 -
300 °C. The deposited Csl films are uniform, crystalline, and pure.
Furthermore, cost analysis showed a 40% decrease in the Csl ALD process
cost with our HI source compared to Snla.

1. Leskela et al., AVS 70t International Symposium, Nov. 2024, Tampa, FL.
2. WeiB et al., Chem. Mater. 2022, 34, 13, 6087.
3. Schileo and Grancini, J. Mater. Chem. C, 2021, 9 (1), 67-76.

5:00pm AF2-MoA-15 Evaluating Trisilylamine and Diiodosilane as Silicon
Precursors for PEALD of Silicon Nitride in Front-End-of-Line Applications,
Keerthi Dorai Swamy Reddy, Marco Lisker, IHP - Leibniz Institut fuer
innovative Mikroelektronik, Germany

The ubiquitous use of Silicon Nitride (SiN) in front-end-of-line (FEOL)
applications such as spacers, etch stop layers, optical waveguide materials,
and trench liners has made it essential to develop deposition methods
meeting its stringent requirements. Well-established techniques like low-
pressure chemical vapor deposition (LPCVD) and plasma-enhanced
chemical vapor deposition (PECVD) have successfully addressed many of
the film property constraints for specific applications. However, the rapid
miniaturization of devices has shifted the focus towards achieving
conformality and uniformity at lower deposition temperatures, making
Plasma-enhanced atomic layer deposition (PEALD) the most suitable
method.

Following the choice of deposition method, the selection of precursors
plays a critical role in determining key film properties, such as the impurity
content, stoichiometry, density, and etch rate. These layer properties, in
turn, significantly influence the electrical characteristics of devices. In
addition to meeting the requirements for film properties, the chosen
precursors must also enable an economical process to ensure the feasibility
of high-volume manufacturing. For PEALD, halides, aminosilanes, or
silylamines are typically used as Si precursor sources. In this study, we
compare two Si precursors, namely, Trisilylamine (TSA) and Diiodosilane
(DIS), in terms of PEALD process development parameters and their
corresponding film properties, aiming to achieve an economical process
suitable for FEOL applications.

In this work, a direct plasma ALD tool was used to compare the deposition
process of SiN at 250 °C. For TSA, a combination of Nitrogen and Hydrogen
plasma was used as a co-reactant, whereas for DIS, nitrogen plasma alone
served as the co-reactant. In both cases, Argon was used as the carrier gas.
The SiN process development was initially studied for both precursors by
varying the respective PEALD process parameters. A comparison of ALD
cycle time, precursor pulse time, growth rate per cycle, precursor
consumption, and economic value of the precursors for the layer growth is
presented in Table 1 (in PDF). The etch rates of as-deposited and annealed
films in two different etchants are compared in Table 2 (in PDF).
Additionally, the average refractive index, uniformity, conformality, and
stoichiometry are compared. For device applications, key electrical
characteristics such as breakdown voltage and leakage current are also
compared. Although both TSA and DIS-based films result in uniform and
conformal films, TSA appears to be a better suitable candidate for SiN
deposition due to its lower precursor consumption and better economic
value.

5:15pm AF2-MoA-16 Precursor Design for Thermal ALD of Silver Metal,
David Emslie, Nick Hoffman, McMaster University, Canada

Thin films of metallic silver are of interest as transparent electrodes for
solar cells and LEDs,' and in photonics/plasmonics.? ALD is a uniquely
capable method for the deposition of highly uniform and conformal thin
films, and a handful of methods for silver thermal ALD have previously been
reported. For example, several publications describe the use of
[(hfac)Ag(COD)] (hfac = hexafluoroacetylacetonate; COD = 1,5-
cyclooctadiene) as a precursor for Ag ALD, in combination with "PrOH3> or
BUNHNH* as the co-reactant. However, the [(hfac)Ag(COD)] precursor is
thermally unstable and requires direct liquid injection, and the reported
processes exhibit a narrow (5-23 °C) temperature window. ALD methods
have also been reported using [(hfac)Ag(PMes)] (Me = methyl) in
combination with formalin (H2C=0/H20),® or in a multi-step process
involving reactions with AlMes and then H,0.® However, these methods
afforded nanoparticles rather than continuous films. Finally, thermal ALD of
Ag has been achieved using [(fod)Ag(PEts)] (fod = 6,6,7,7,8,8,8-heptafluoro-
2,2-dimethyl-3,5-octanedionate) with BH3(NHMez), affording films with a
matte finish due to a rough microstructure.”
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This presentation will describe the synthesis of a family of new silver
alkoxide complexes, [{LxAg(OR)}:] (L = PR's, CNR', NHC; R = C(CFs)s or
C(CHs)s; R' = Alkyl; NHC = N-heterocyclic carbene), comparison of their
solid-state structures, volatility, melting points, and thermal stability, their
solution reactivity with potential ALD co-reactants, and thermal ALD of
silver metal using one of the precursors.

References
(1) Zilberberg, K.; Riedl, T. J. Mater. Chem. A 2016, 4, 14481-14508.

(2) McPeak, K. M.; Jayanti, S. V.; Kress, S. J. P.; Meyer, S.; lotti, S.; Rossinelli,
A.; Norris, D. J. ACS Photonics 2015, 2, 326-333.

(3) Chalker, P. R.; Romani, S.; Marshall, P. A.; Rosseinsky, M. J.; Rushworth,
S.; Williams, P. A. Nanotechnology 2010, 21, 405602.

(4) Golrokhi, Z.; Marshall, P. A.; Romani, S.; Rushworth, S.; Chalker, P. R.;
Potter, R. J. Appl. Surf. Sci. 2017, 399, 123-131.

(5) Golrokhi, Z.; Chalker, S.; Sutcliffe, C. J.; Potter, R. J. Appl. Surf. Sci. 2016,
364, 789-797.

(6) Masango, S. S.; Peng, L. X.; Marks, L. D.; Van Duyne, R. P.; Stair, P. C. J.
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ALD & ALE
Room Tamna Hall A - Session ALDALE-MoA

Student Award Session
Moderators: Jihwan An, Pohang University of Science and Technology
(POSTECH), Parag Banerjee, University of Central Fllorida

1:30pm ALDALE-MoA-1 ALD Student Award Finalist Talk: Integrating
Machine Learning into Atomic Layer Deposition: A Case Study on Hafnium
Oxide Process Optimization, Minjong Lee, Doo San Kim, Thi Thu Huong
Chu, Dushyant Narayan, Dan Le, Soubhik De, University of Texas at Dallas; Si
Joon Kim, Kangwon National University, Republic of Korea; Jiyoung Kim,
University of Texas at Dallas

Industry 4.0 integrates intelligent information technologies into
manufacturing, with machine learning (ML) offering significant potential to
enhance flexibility, improve efficiency, and minimize process errors.[1] ML
integration is particularly valuable in semiconductor fabrication, where
deposition processes such as ALD require a comprehensive understanding
of numerous parameters—especially with the rise of three-dimensional
(3D) structures. Leveraging ML is expected to accelerate process
optimization and expand ALD applications in cutting-edge semiconductor
manufacturing. While real-time monitoring with self-feedback capabilities
is the most effective strategy for ML-driven ALD, the increased processing
time and maintenance demands of in-situ monitoring systems present
challenges. This study introduces a “pipeline research” approach, outlining
strategies for integrating ML into ALD processes as a foundation for digital
twin technologies.

Case studies focus on ALD HfOx film deposition, extending beyond
conventional ML applications that have primarily been restricted to film
thickness prediction.[2] While thickness remains a key metric within ALD
windows, it provides only a partial understanding of film quality. To address
this, film density was incorporated as an additional critical factor to ensure
optimal film characteristics. A deep neural network (DNN) model was
employed instead of traditional regression-based ML algorithms to improve
predictive accuracy by capturing the complex, non-linear features of ALD
processes. Such a model not only enhances film property predictions but
also generates prediction maps of film properties, which were further
analyzed to explore broader parameter spaces across an extended range.
Additionally, investigations were conducted to determine the optimal
dataset size required for effectively training a DNN system, providing key
guidelines for integrating ML into ALD processes. The advantages of using
DNNs for ALD process optimization will be comprehensively highlighted,
particularly in their ability to efficiently handle high-dimensional process
parameters.

This analysis demonstrates how ML-driven innovations simplify
experimental design and reshape ALD process optimization strategies. The
presentation will cover technical methodologies, integration strategies, and
the workflow of prototype implementations for ML-driven ALD studies,
offering insights into the future of autonomous ALD process control
systems.
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This work was supported by KEIT granted by MOTIE (Nos. 20010806 and
1415187770) and NRF (RS-2024-00450836).

[1] K. J. Kanarik et al., Nature 616, 707 (2023).[2] A. Arunachalam et al.,
JVST A 40, 012405 (2022).

1:45pm ALDALE-MoA-2 ALD Student Award Finalist Talk: The AtomicLimits
ALD/E Database: Unlocking the Future of ALD/E with Large Language
Models, Eleni Poupaki, Eindhoven University of Technology, Netherlands;
Sameer Sadruddin, Jennifer D’Souza, TIB Leibniz Information Centre for
Science and Technology, Germany; Alex Watkins, Bora Karasulu, University
of Warwick, UK; Séren Auer, TIB Leibniz Information Centre for Science and
Technology, Germany; Adrie Mackus, Erwin Kessels, Eindhoven University of
Technology, Netherlands

Launched by TU/e in 2019, the AtomicLimits ALD/E database [1,2] has
become a pivotal crowd-sourcing, open-domain platform for the atomic
scale processing community by providing a comprehensive overview of
processes reported in the scientific literature. In its current form it compiles
basic information, such as deposited materials, reactants used, and relevant
references. For ALE processes, it also reports whether the process is
isotropic or anisotropic. Despite its extensive repository, vast amounts of
(unstructured) data remain unexploited limiting the database’s potential for
advancing material science discovery in ALD and ALE processes.

Artificial Intelligence (Al), and particularly Large Language Models (LLMs),
present transformative opportunities to bridge this gap. LLMs can solve
tasks beyond their initial training scope, excelling at understanding,
generating and processing text. These capabilities make them highly
suitable for recognizing patterns, synthesizing knowledge and producing
human-like outputs. Thus, they provide a powerful and scalable alternative
for structured data extraction from the vast literature on ALD/E. [3]

In this work, we present the current state of the AtomicLimits ALD/E
database and demonstrate how LLMs can be employed to enhance it with
additional structured data. We highlight a case study where LLMs extract
valuable ALD-related information from unstructured literature text using a
structured framework. This framework is iteratively generated by LLMs and
refined through ALD-expert feedback. The final structure, combined with
ALD literature, enables knowledge extraction using LLMs. The extracted
data is then represented as a knowledge graph, specifically using the Open
Research Knowledge Graph (ORKG). [4] This approach not only enables the
creation of extensive datasets for ALD and ALE research but also lays the
foundation for a new era of data-driven material science discovery in the
atomic-scale processing domain.

[1] DOI: 10.6100/alddatabase
[2] DOI: 10.6100/aledatabase

[3] Schilling-Wilhelmi, M. et al. From text to insight: large language models
for chemical data extraction. Chem. Soc. Rev. 10.1039.D4CS00913D (2025)
doi:10.1039/D4CS00913D

[4] Stocker, M. et al. FAIR scientific information with the Open Research
Knowledge Graph. FAIR Connect 1, 19-21 (2023).

2:00pm ALDALE-MoA-3 ALD Student Award Finalist Talk: Influence of
Hydrocarbon Chain Length in Phenyl(Alkyl)trimethoxysilane Inhibitors on
AS-ALD Selectivity: Comparison of Adsorption Mechanisms in Gas-phase
and Liquid-phase, Hae Lin Yang, Minchan Kim, Hanyang University, Korea;
Eun Chong Cho, Sungkyunkwan University, Korea, Seunghwan Lee,
Beomseok Kim, Changhwa Jung, Hanjin Lim, Samsung Electronics Co., Inc.,
Republic of Korea; Jung-Hoon Lee, Youngkwon Kim, Korea Research
Institute of Chemical Technology (KRICT), Republic of Korea, Jin-Seong Park,
Hanyang University, Korea
Area-selective atomic layer deposition (AS-ALD) has become a critical
technique for precise material fabrication, particularly in complex
nanoarchitectures. Achieving high selectivity in AS-ALD requires the
strategic use of effective small molecular inhibitors (SMlIs) to prevent
undesired growth on non-target surfaces'2. In this study, we investigated
how variations in the hydrocarbon chain length (n = 1-6) of
Phenyl(Alkyl)trimethoxysilane inhibitors influence their adsorption and
precursor-blocking performance during the AS-ALD of vanadium dioxide
(VO,). To analyze the adsorption characteristics, we employed two different
adsorption methods: (1) liquid-phase adsorption via spin-coating and (2)
gas-phase adsorption by supplying vaporized SMls into the chamber. The
SMl-coated SiO, surfaces formed through liquid-phase adsorption exhibited
highly similar characteristics, with water contact angle (WCA) variations
within 5° among different SMIs. Furthermore, after 100 ALD cycles of VO,
deposition, all samples demonstrated high selectivity above 90%, regardless
of the SMI used. However, in the gas-phase adsorption process, significant
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differences were observed depending on the chain length. The WCA varied
by more than 20°, indicating substantial surface property differences.
Additionally, after 100 cycles, selectivity ranged from a maximum of 89.9%
(n = 2) to a minimum of 4.5% (n = 6), revealing a significant disparity in
selectivity. To elucidate these differences, we employed density functional
theory calculations and random sequential adsorption simulations3.
Experimental validation was conducted using WCA, X-ray photoelectron
spectroscopy, X-ray fluorescence, and scanning electron microscopy. These
findings highlight the importance of appropriate molecular characteristics
and structures depending on the adsorption method and underscore the
necessity of tailored molecular design to achieve optimal AS-ALD
performance.

2:15pm ALDALE-MoA-4 ALD Student Award Finalist Talk: Diffusion
Behavior Study for Vapor Phase Infiltration Using Quartz Crystal
Microgravimetry and its Application in Energy Storage Materials,
Rongliang Shang, Jin Xie, ShanghaiTech University, China

Vapor phase infiltration (VPI), derived from atomic layer deposition (ALD),
facilitates the growth of inorganic components into organic polymers,
emerging as an effective technique for fabricating organic-inorganic hybrid
materials. VPI involves prolonged exposure of gas-phase precursors
(typically several minutes to hours), allowing their diffusion into porous
substrates. However, the complexity of diffusion behavior during the VPI
process presents challenges in studying diffusion kinetics, particularly for
highly reactive precursor-polymer systems such as trimethylaluminum
(TMA) and poly(ethylene oxide) (PEO). This limitation hinders the study of
VPI kinetics in PEO systems.

In this work, we investigate the VPI process of TMA in PEO using in-situ
quartz crystal microgravimetry (QCM), which enables measurement of
diffusion behavior and kinetics with high temporal resolution (0.1 s). PEO
film was spin-coated on the QCM crystal, and then sent to VPI. In a typical
mono-pulse VPI process, TMA was pulsed into a reaction chamber, followed
by prolonged exposure and then nitrogen purging. The mass of the film was
recorded during the whole process.

QCM measurements indicated that the VPI process consists of two main
regions: a rapid diffusion process, corresponding to the initial penetration
of the precursor into the film, followed by a slower relaxation process,
attributed to the ongoing chemical reaction. The equivalent diffusion
coefficient (De) was estimated to be on the order of 10" cm?/s at 100 °C. In
multi-pulse VPI, the mass gain per cycle decreased with successive pulses,
attributed to the reduction in available reactive sites and the reduction of
diffusion coefficient. When water was introduced as a co-reactant in multi-
cycle VPI processes, the formation of Al-O clusters further inhibited
diffusion, shifting the process from reaction-limited to diffusion-limited
behavior. Finally, VPI-modified PEO was used as solid polymer electrolytes
(SPEs) for lithium metal batteries as a proof-of-concept, demonstrating
enhanced mechanical properties, suppressed dendrite growth, and higher
Coulombic efficiency (89.5% after 50 cycles vs. 60% for unmodified PEO).

This study provides a novel understanding of the VPI process for TMA in
PEO, highlights the critical role of diffusion and reaction kinetics in
determining material properties, and ultimately contributes to the
development of next-generation materials for energy storage and beyond.

2:30pm ALDALE-MoA-5 ALE Student Award Finalist Talk: Lateral Etching of
2D MoS: Crystalline Layers Using Sequential Ozone and Thionyl Chloride
Exposures, Janine Sempel, University of Colorado at Boulder; Taewook
Nam, Sejong University, Republic of Korea; Tianyi Zhang, Jing Kong,
Massachusetts Institute of Technology; Steven George, University of
Colorado at Boulder

Atomic layer controlled etching of 2D MoS: crystalline layers is important
for the fabrication of MoS. channel transistors. Individual 2D MoS:; layers
must be removed to reduce MoS, multilayers to MoS: bilayers and
monolayers. The removal of individual MoS: layers requires lateral etching
in the 2D plane of each MoS: layer. In this study, the lateral etching of 2D
MoS; crystalline layers was demonstrated using two sequential reactions
for surface modification and volatile release of the modified layer. Os
(ozone) was used for MoS; oxidation to MoOs and SOCI: (thionyl chloride)
was used for the volatilization of MoOs as MoO:Cl..

The studies were performed using high quality MoS; bilayers on silicon
coupons. The etching of the 2D MoS; was examined by optical microscopy
and atomic force microscopy (AFM) at 175°C. A decrease in the optical
contrast of the MoS: bilayer during MoS: etching was visualized by optical
microscopy. Etching was observed by AFM as triangular etch pits inside the
2D MoS: crystalline domains and removal of MoS; from the edge of 2D
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MoS; crystalline domains. The triangular etch pits and the gap between
crystalline domains grew progressively versus number of etching cycles
(Figure 1). The depth of the triangular etch pits was equal to one MoS:
bilayer.

The AFM images were consistent with lateral etching at step edges of the
2D MoS: crystalline layer. The lateral etching could be quantified by going
back to the same location after various numbers of etching cycles. The
enlargement of the triangular etch pits versus number of etching cycles was
“inside-out” lateral etching (Figure 2A). The loss of MoS. from the edge of
2D MoS; crystalline domains versus number of etching cycles was “outside-
in” etching (Figure 2B). These AFM collocation experiments determined
that “inside-out” and “outside-in” 2D lateral etching rates were equivalent
at ~5 A per etching cycle at 175°C (Figure 3). This lateral etch rate
represents ~2 MoS; units removed at the step edge of the 2D MoS: layer.

2:45pm ALDALE-MoA-6 ALE Student Award Finalist Talk: A Sustainable
and Precise Solution to IGZO Etch Residual Challenges Using Transient-
Assisted Processing (TAP), Atefeh Fathzadeh, KU Leuven and Imec,
Belgium; Philippe Bezard, Thierry Conard, Frank Holsteyns, IMEC Belgium;
Stefan De Gendt, KU Leuven and Imec, Belgium

The increasing demand for memory-intensive applications, such as Al,
necessitates significant advancements in DRAM performance and power
efficiency. A promising approach to address these challenges is the 2T0C (2
Transistors, O Capacitor) cell architecture, where the write transistor relies
on a semiconductive oxide channel to minimize leakage, ensuring long
retention times and low power consumption. Among candidate materials,
InGaZnO, (IGZO) stands out due to its superior electrical properties.
However, the etching process used for IGZO patterning can generate
residues contributing to leakage. Superior device performance has been
demonstrated using conventional plasma etching over ion-beam etching
due to its ability to reduce these unwanted residues'. Among possible
etchants, CHs—based plasma allows the formation of volatile by-products
such as (CHs)sln, (CHs)3Ga, and (CHs)2Zn. However, GaxOy is slower to be
etched than InOy and ZnO. As a result the plasma-exposed surfaces
become Ga-rich, leading to residue formations. Even Atomic Layer Etching
(ALE), despite its excellent control capabilities, still exhibits Ga residues for
CHa/Ar mixture. Introducing Cl> to the process enables the formation of
volatile GaCls, which enhances Ga removal. However, non-volatile InCl; and
ZnCl, are also produced, requiring precise chlorine dosing to minimize
residues. This presents a challenge even for ALE unless the different gases
are separated into dedicated cycles- an approach that dramatically
increases processing time, cost, and environmental impact.

Transient-Assisted Plasma Processing (TAP) provides a breakthrough
solution to these challenges. TAP operates in controlled cycles, where
reactive species are briefly injected into a carrier gas, creating a transient
decrease in their concentration?. The plasma is ignited at the most
convenient timing to ensure optimal ion over neutral ratio (similar to ALE)
but also to control the nature of the formed species. This control over the
dosage and timing of reactive gases enables balanced etching of different
elements, ensuring uniform material removal, preserving surface
composition and minimizing residues. Notably, TAP’s benefits extend
beyond 1GZO, making it applicable to a wide range of materials and
semiconductor applications3®.

This paper presents a scalable and sustainable IGZO patterning process that
minimizes residues and gas consumption while achieving near-vertical
profiles at 28 nm pitch—the tightest pitch enabled by 0.33 NA EUV
lithography to ensure scalability, as illustrated in Figure 1. The
demonstrated approach enables production-compatible processing times,
with a linear control of the etched depth through the number of
cycles,supporting the advancement of energy-efficient memory
technologies.
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Moderators: Silvia Armini, IMEC Belgium, Huichan Seo, SK hynix

4:00pm ALE-MoA-11 Revolutionizing Semiconductor Scaling with Atomic
Layer Etch Pitch Splitting, Jonas Sundqvist, Reza Jafari Jam, Robin Athle,
Yoana Ilarionova, Asif Hassan, Intu Sharma, Amin Karimi, AlixLabs, Sweden;
Fred Roozeboom, AlixLabs, Netherlands; Dmitry Suyatin, AlixLabs, Sweden

INVITED
We introduce Atomic Layer Etching Pitch Splitting (APS™), a new cost-
effective patterning alternative to Self-Aligned Multi Patterning (SAMP) for
realizing sub-20-nm features. APS combines atomic-level processes like
Atomic Layer Etching (ALE) with existing production techniques, enabling
selective etching without the need for the multiple deposition and etch
steps required in SAMP. This results in exceptional precision and patterning
accuracy, which is crucial for defining critical device features.

The feasibility of APS on silicon and gallium phosphide (GaP) nanowires was
previously reported.>? In this study, we apply APS to electron beam
lithography (EBL) patterned lines on 300-mm silicon wafers. We achieve a
half-pitch of 20 nm and critical dimensions (CDs) below 15 nm on both
single-crystalline and amorphous silicon (a-Si) wafers, see Fig. 1.
Additionally, when applied to GaP wafers, APS achieves CDs as small as 3
nm (Fig. 2). The layers created by APS can serve as universal split masks for
further etching into various materials, including dielectrics, metals, and
high-k dielectrics. Alternatively, these structures can be directly used to
define critical features such as fins for FinFETs. In addition to the pitch, it is
possible to control the CD and height of the fins. The APS process is
selective towards different materials, making it a suitable for multi-stack
device processing. The gentle nature of APS process minimizes damage to
underlying materials, as shown by high-resolution transmission electron
microscopy images, Fig. 2.

Unlike its counterparts, APS is free from pattern shrinkage, "bird’s beak,"
tilting, and kinking,® and etch damage.* This makes APS a highly repeatable
process with the potential for high yield and exceptional resolution, which
is vital for future semiconductor technology. We estimate that APS may
reduce wafer manufacturing costs and increasing throughput. This positions
APS as a competitive and complementary alternative to established
techniques like SAMP and multiple lithography-etch processes.
Furthermore, using less process gases and eliminating several fabrication
steps, APS meets industry goals for reduced resource consumption and CO:
emissions.

References:

1. US Patent 10,930,515, Feb. 23, 2021.

2. US Patent 11,424,130, Aug. 23, 2022.

3. Farrell et al., SPIE, 2018, doi: 10.1117/12.2303004
4. J. Sundgqvist et al., SPIE 2025, paper 13429-28.

4:30pm ALE-MoA-13 Exploring Atomic Layer Etching Behavior Differences
in ZnO Crystallographic Planes and Surface Energy Analysis via DFT, Ji
Hyun Gwoen, Hae Lin Yang, Min Chan Kim, Gyeong Min Jeong, Hanyang
University, Korea;, Cas Visser, Erwin Kessels, Eindhoven University of
Technology, The Netherlands; Jin Seong Park, Hanyang University, Republic
of Korea

Oxide semiconductor thin films are widely studied for their high electron
mobility, uniformity over large areas, and potential for low-temperature
processing. These films can be deposited using various methods, including
pulsed laser deposition (PLD), molecular beam epitaxy (MBE), chemical
vapor deposition (CVD), and sputtering. However, as semiconductor scaling
becomes more demanding, precise thickness control and high film quality
are increasingly required. To address this, atomic layer processes (ALP),
including atomic layer deposition (ALD) and atomic layer etching (ALE),
have gained significant attention for their atomic-level precision.

While ALD research on oxide semiconductors has been active since the
early 2000s, ALE studies have only gained momentum in the late 2010s and
remain relatively limited. Most ALE research has focused on process
development and reaction mechanisms, with less emphasis on the
characteristics of ALE-processed films, an important aspect for advancing
semiconductor technology. Further exploration of ALP, particularly ALE, is
crucial for achieving ultra-high integration in semiconductor devices.

In this study, we analyzed the physical properties of ZnO thin films grown by
ALD and those processed with both ALD and ALE (ALD+ALE), focusing on

Monday Afternoon, June 23, 2025

10

crystallinity. The etching behavior of ZnO during ALE was examined
experimentally and further analyzed using density functional theory (DFT)
simulations. X-ray diffraction (XRD) analysis revealed that the metastable
(103) plane appears at a lower thickness in ALD+ALE ZnO films compared to
ALD-only films. A significant reduction in the intensity of the (002) plane in
ALD+ALE films indicated its preferential etching during ALE. DFT simulations
supported this finding by calculating surface energy and adsorption
energies of etching reactants. The etch per cycle (EPC) was determined as
0.68 A/cycle for the (002) plane and 0.53 A/cycle for the (103) plane,
further confirming the preferential etching of the (002) plane.

By integrating DFT simulations with experimental results, we provide a
predictive approach to understanding etching behavior. This methodology
can be extended beyond ZnO to analyze ALE behavior in other oxide
semiconductors, offering valuable insights for future semiconductor
processing advancements.

4:45pm ALE-MoA-14 Investigation of Plasma ALD and ALE of AlOs in
Nanoscale Structures: Towards Corner Lithography at the sub-20 nm
Scale, Nicholas J. Chittock, Oxford Instruments Plasma Technology, UK;
Erwin Berenschot, Niels Tas, Melissa J. Goodwin, University of Twente,
Netherlands; Marcel A. Verheijen, Eurofins Materials Science, Netherlands;
Meghali Chopra, Yang Ban, Sandbox Semiconductor; Erwin Kessels, Adriaan
J.M. Mackus, Eindhoven University of Technology, Netherlands

Alternative techniques to photolithography are required to facilitate
fabrication of 3D nanoscale structures. Corner lithography (CL) is a
technique for patterning 3D structures at the wafer scale, that avoids the
use of multiple photolithography steps but is limited to features > 20 nm.?2
CL is achieved by performing deposition followed by etching, which
selectively deposits material only in concave corners. ALD and ALE are
perhaps ideal candidates for sub-20 nm CL due to their precise thickness
control combined with conformal and uniform deposition and etching,
respectively.

In this work, plasma ALD and plasma isotropic ALE of Al,Os; are employed
on a 3D structure to demonstrate CL at the sub-20 nm scale. Studying the
conformal deposition and etching around corners in nanoscale 3D
structures provides insight into growth and etch behaviour in these
geometries, which can be useful for many different applications (e.g.
GaaFET, DRAM, nanoparticle coating). To confirm the isotropic nature of the
plasma processes, a 2 nm Al,Os film is deposited on the 3D structure by
combining 5 nm of ALD and 3 nm of ALE. Analysis of TEM images post ALD
and ALE show that the planar regions of the structure are coated in 2 nm of
Al0s. In contrast, a thicker film is observed in the corners compared to the
planar regions. By exploiting the enhanced deposition in the corner from
ALD, CL is demonstrated by performing 5 nm of ALD and 5 nm of ALE. Post
ALD and ALE TEM analysis shows that a ~5 nm thick film is deposited only in
the concave corners. The successful demonstration of CL by combining ALD
and ALE highlights their utility for fabricating 3D structures at the nm-scale
without the use of multiple photolithography steps. In future work, the
Al,0s in the corner could then be used as a structural part of a device, or as
a mask for further CL processing.*?

1.  Jonker, D., et al,. (2024). Electrochemical Sensing with Spatially
Patterned Pt  Octahedra  Electrodes. Advanced Materials
Technologies, 9(5).

2. Ni, S., et al,. (2020). Wafer-scale 3D shaping of high aspect ratio
structures by multistep plasma etching and corner lithography.
Microsystems & Nanoengineering, 6(1), 25.

5:00pm ALE-MoA-15 Optimizing EUV Etching with In-Situ Atomic
Processing: Where and Why?, Philippe Bezard, IMEC Belgium; Atefeh
Fathzadeh, KU Leuven and Imec, Belgium

As pattern dimensions shrink with each new manufacturing node, the
thickness of many sacrificial patterning stack layers also decreases. This
reduction benefits atomic processing by shortening processing time, a key
concern in Atomic Layer Etching (ALE). However, a critical question arises:
which process steps should adopt atomic processing first, and which should
avoid it?

Additionally, the latest etch chambers now offer in-situ PEALD capabilities,
enabling fully in-situ spacer-assisted patterning.

This paper explores how atomic processing techniques—such as PE-ALE,
PE-ALD, and Transient Assisted Processing (TAP)—can extend the
capabilities of conventional etching (RIE) in EUV lithography era. Using a 14
nm pitch Self-Aligned Double Patterning flow as a case study, we
demonstrate how TAP and in-situ PEALD enable simplifications. We then
compare ALE, TAP, and RIE across key steps (descum, core etching, spacer
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deposition, core pull) in terms of roughness, processing time, sustainability
(gas and energy consumption), and fundamental limitations. While ALE and
TAP significantly outperformed RIE in descum and core etching, evaluating
their impact on sustainability and throughput revealed complex and
interesting trade-offs due to unique process flow simplifications enabled by
these techniques.
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AF-MoP-1 Atomic Layer Deposition of P-type Oxide Semiconductor Thin
Films Using a Novel Precursor for Transistor Applications, Sol-Hee Jo, Jung-
Hoon Lee, Jimin Seo, Bo Keun Park, Korea Research Institute of Chemical
Technology (KRICT), Republic of Korea

P-type oxide semiconductors are challenging to fabricate with high
performance due to their low carrier mobility and concentration, unlike n-
type oxide semiconductors. Despite these limitations, the development of
p-type oxide semiconductors with reliable electrical performance is
essential in the fields of Complementary Metal-Oxide-Semiconductor
(CMOS) circuits, high-resolution displays, and monolithic three-dimensional
(3D) integration technologies. We successfully deposited tin monoxide
(SnO) by atomic layer deposition (ALD) using a novel precursor, and H-0 as
a reactant. The SnO films exhibited an optical bandgap of ~ 2.5 eV and a
refractive index of 2.4 or higher, which are typical optical properties of SnO.
We confirmed that there were almost no impurities through X-ray
photoelectron spectroscopy (XPS) measurement and the O/Sn ratio was ~
1.0. Consequently, our experimental results showed that the novel Sn
precursor is suitable for the ALD process. In addition, a p-type oxide
semiconductor was applied as the channel layer in a thin-film transistor
(TFT), resulting in the fabrication of a p-type oxide semiconductor TFT.
These experimental results indicate that stable p-type devices can be
fabricated and applied to future applications.

AF-MoP-2 Silicon Nitride Ald Process Using Diiodosilane and Hydrazine for
Low Temperature Deposition, Hayato Murata, Takuya Yoshikawa,
Yoshifumi Wada, Hideharu Shimizu, Taiyo Nippon Sanso Corporation, Japan
High quality ALD silicon nitride (SiN) is required for advanced device
structure complexity. Especially, there is the demand for SiN films that are
resistant to wet HF at deposition temperature below 500°C. Therefore,
researchers around the world are studied silicon precursors and nitriding
agents recently. For example, nitriding agent as high purity hydrazine (N2Ha)
is a promising nitrogen source for low temperature ALD nitride process due
to its high reactivity [1-2].

Although we demonstrated SiN ALD using Si>Cls (hexachlorodisilane, HCDS)
and NzHg4 at 450°C, wet etching rate (WER) in dilute hydrofluoric acid (100:1
HF) was 150 A/min. In this study, employing SiHal, (diiodosilane, DIS)
instead of HCDS, we succeeded forming lower-WER SiN film at 450°C.

SiN ALD process was experimentally evaluated by delivering DCS/N2H4 or
DCS/NHs to a hot-wall tubular reactor. SiN ALD using DIS/N2Hs or DIS/NH3
were formed at 450-600°C.

In these results, SiN ALD using DIS/N:Hs were demonstrated even at 450°C
although SiN ALD using DIS/NHs were unable to form thin films below
550°C.GPCs (growth per cycle) in DIS/N2Hs ALD were found to be 0.11-0.42
A/cycle while those in DIS/NHs ALD were 0.26 A/cycle at 600°C. These
results indicate that N2Ha, as higher reactive nitriding source than NHs, has
an effect on formation of SiN film at lower temperature.

In addition, WER in 100:1 HF of DIS/N;H4 film at 450-550°C was 92-12
A/min. The WER of DIS/NzHa film was lower than that of HCDS/N;Ha film.
These indicates that the iodine atoms included in the DIS adsorbed on the
substrate are readily removed during the nitriding process, since Si-l bond
dissociation energy (Ed) is lower than that of Si-Cl (Eq of Si-l: 274 kJ/mol, Eq
of Si-Cl: 392 kJ/mol). Thought phenomenon of N:Hs removing halogen
through stronger nitridation than NHs is overserved [3], it is expected that
the chlorine atoms in the absorbed HCDS remains as impurities in the SiN
film. Therefore, the SiN film quality of DIS/N2Hs4 was superior to that of
HCDS/N2Ha.

Thus, we concluded that DIS/NzHa is very promising precursor and nitriding
agent for ALD with high reactivity at low temperature and that DIS/N;Ha4 is
practical option for ALD process development to be satisfied with both
throughput and SiN film quality.

[1] D. Alvarez et al., PRiIME2020, G02-1668 (2020).
[2] H. Murata et al., ALD/ALE2023, AF-MoP-6 (2023).
[3] H. Murata et al., TAIYO NIPPON SANSO Technical Report, No.39 (2020).
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AF-MoP-3 Characterization of Novel Precursors for Improved ALD
Performance in HfO; Films, Dahyun Lee, The Electronics business of Merck
KGaA Darmstadt, Germany; Hohoon Kim, Sejin Jang, Seonah Kim, Dong-
geun Lee, Merck KGaA, Darmstadt, Republic of Korea; Khang Ngo, Merck
KGaA, Darmstadt; Randall Higuchi, The Electronics business of Merck KGaA
Darmstadt

In atomic layer deposition (ALD), the selection of precursors is crucial, as
they significantly influence film quality and the formation of thin films. It
has been reported that the electrical characteristics of HfO2 films improve
when deposited at higher temperatures, creating a strong demand for Hf
precursors that exhibit high thermal stability to facilitate high-temperature
ALD of HfO,. Currently, widely used precursors such as CpZr(NMez)s and
CpHf(NMez)s (where Me = methyl and Cp = cyclopentadienyl) have
limitations that have become evident as equipment and processes have
evolved. Notably, CpHf(NMe;)s exhibits a clear sign of thermal
decomposition at 350°C. To address these challenges, we have designed a
new series of precursors, termed the Helia series, which incorporates a Cp-
based ligand. Experimental results demonstrate that the Helia series
precursors possess superior thermal stability and reactivity, offering
enhanced step coverage compared to conventional CpHf(NMez)s
precursors, along with a wider ALD window. Specifically, the Helia series
precursors have a wider ALD window than CpHf(NMey);, and unlike
CpHf(NMez)s, Helia-02 maintains an ALD window above 350°C. These
findings indicate that the Helia series precursors not only outperform
traditional materials but also hold great potential for advancing high-k
dielectric applications. This poster discusses the development and
performance evaluation of the Helia series precursors.

AF-MoP-4 Effect of Impurities in Trimethylaluminum on Conformality of
Al03 Thin Film on Patterned Substrate Grown by ALD, Shuya lkemura,
Kohei Ilwanaga, TOSOH Corporation, Japan

Aluminum oxide (Al;Os3) is an important dielectric material for various
applications including surface passivation, dynamic random-access memory
(DRAM) and gate dielectric in complementary metal