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2:15pm AP+EL+MS+PS+TF-ThA-1 High-Throughput Silicon ALE via Rapid
Matchless Power Modulation, Banks Peete, North Carolina State
University; Jeremy Mettler, University of Houston; Paul Melnik, EHT Semi;
Shreeyansh Rastogi, Zuhair Khan, University of Houston,; Chris Bowman,
James Prager, Timothy Ziemba, EHT Semi; Steven Shannon, North Carolina
State University; Vincent Donnelly, University of Houston

By leveraging rapid, multi-level power modulation, we have expanded the
self-limiting window of continuous gas flow atomic layer etching (ALE) of
silicon to higher chlorine flow rates enabling much quicker ALE cycle
periods. ALE offers superb controllability, but it is limited in speed by the
time it takes to purge and switch gases from the chamber. Previously, a
continuous flow of argon and chlorine gases were injected into
continuously-powered, inductively-coupled plasma (ICP) while the bias
power to the substrate stage was pulsed on for 0.2 s and off for 1 s. When
the chlorine flow was kept in a narrow window, the silicon chloride surface
layer was removed by argon ions faster than the surface can re-chlorinate.
At higher chlorine flow rates, this process collapsed into traditional reactive
ion etching.

In this work, we expand this “ALE window” by modulating the ICP power in
sync with the bias-on period. This was accomplished using a matchless
power generator (EHT Semi “Orion”), capable of rapidly changing power
levels by an order of magnitude in microseconds. The matchless capabilities
ensure that power is still delivered efficiently during the large change in
plasma impedance. Time-resolved hairpin probe measurements confirm
electron density transition times between power states in the hundreds of
microseconds time-scale, far faster than would be possible with a
traditional matching network based power delivery system. By operating
the ICP at 300W during the bias-off period and at higher powers (600 W to
1.5 kW) during the bias-on period, the ALE window can be expanded to
higher chlorine flow rates. During the bias off phase, the higher chlorine
flow rates re-chlorinate the surface faster, decreasing the total ALE cycle
time. Time-resolved optical emission spectroscopy of the SiCl (280.75 nm)
line was used as a real-time monitor of the relative etching rates. At higher
chlorine flows, the line exhibited a “spike and decay” profile indicative of
ALE, unlike the previous work with constant 300 W power, which showed a
square wave-like response to the bias turning on that is associated with
simple pulsed reactive ion etching. This confirms that syncing the bias with
a higher level ICP power enables higher chlorine flow rates while still
outrunning re-chlorination.

2:30pm AP+EL+MS+PS+TF-ThA-2 Etching Commercially-Relevant Materials
Using Tailored Waveform Biasing, Benjamin Harris, Daryl White, Kate
Stokes, Matthew Loveday, James Ellis, Geoffrey Hassall, Oxford Instruments
Plasma Technology, UK

Control of the ion energy distribution function (IEDF) in a plasma is
essential for optimising etch processes, such as atomic layer etching (ALE)
and reactive ion etching (RIE). If the ion energy is too low, ions will fail to
etch the surface of a material. If the ion energy is too high, ions may induce
subsurface damage by sputtering material below the surface layer. Between
these two boundaries lies the optimal range for ion energies, where ion
utilisation is maximised and subsurface damage is minimised. Historically, a
radio-frequency, sinusoidal bias is applied to the wafer table to control the
IEDF near the wafer surface. This produces bimodal IEDFs with
characteristic widths on the order of tens of eV, which is often wider than
the optimal window for etching industrially-relevant materials [1]. Tailored
waveform biasing (TWB) provides an alternative to radio-frequency biasing
that offers enhanced control over the width and mean energy of the IEDF.

In this study, TWB is used to sputter etch commercially-relevant materials.
A retarding field energy analyser is used to measure IEDFs, and on-wafer
outcomes are investigated with a suite of metrology tools, including atomic
force microscopy and scanning electron microscopy. The results are
compared with radio-frequency biasing, showing the benefits of TWB for
enhanced process control.
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[1] Faraz, T., Verstappen, Y.G., Verheijen, M.A., Chittock, N.J., Lopez, J.E.,
Heijdra, E., van Gennip, W.J., Kessels, W.M. and Mackus, A.J., 2020. Precise
ion energy control with tailored waveform biasing for atomic scale
processing. Journal of Applied Physics, 128(21).

2:45pm AP+EL+MS+PS+TF-ThA-3 Precise lon Energy Control Using
Advanced Pulse Modulation for Thin Film Deposition and ALD, Yejin Shin,
WONIK IPS CO., LTD., Republic of Korea, Junghoon Kim, Tae Cho, WONIK IPS
CO., LTD.; Hyun-Joug Woo, YongBaek Jeon, GyuTai Kim, TaeJoon Kim,
WONIK IPS CO., LTD., Republic of Korea

As semiconductor device dimensions continue to shrink, advanced thin film
deposition processes increasingly require precise control of ion energy and
ion flux to achieve void-free filling in narrow-pitch and high aspect ratio
structures. In particular, lateral gap-fill processes for next-generation
semiconductor architectures demand highly controlled plasma-surface
interactions to improve bottom coverage, suppress seam and void
formation, and maintain film uniformity within confined geometries.
Conventional RF plasma technology often provides limited flexibility for
controlling ion bombardment conditions, motivating the development of
advanced waveform engineering approaches.

In this work, an advanced pulse modulation was adapted to precisely
control ion energy characteristics during RF plasma deposition processes
through tailored voltage waveform. To enable this capability, the bottom
components of a system were extensively modified, including the
integration of a redesigned junction module and an optimized RF grounding
architecture. The modified structure was specifically designed to improve
transient voltage response, reduce parasitic effects, and support consistent
pulse modulation under plasma load. Particularly, the hybrid junction
module was designed to have minimized reflected power fluctuation and
enabled more stable waveform delivery to the substrate electrode, which is
critical for precise ion energy control during deposition processes. These
hardware enhancements enabled more accurate control of sheath voltage
evolution and allowed dynamic tuning of ion bombardment energy at the
substrate surface. Using the developed platform, various pulse modulation
conditions were investigated to evaluate their influence on plasma stability,
ion energy distribution, and deposition characteristics. Experimental
observations which were made using the advanced PEALD tool
manufactured by Wonik IPS expects that advanced pulse shaping can
significantly influence ion acceleration dynamics and plasma-surface
interactions without substantially perturbing bulk plasma stability. In
particular, the ability to manipulate transient sheath behavior enabled
improved control of ion-assisted deposition compared with conventional
continuous-wave RFs as a 13.56 or 27.1MHz.

This work establishes a hardware and process framework for future
investigation of advanced deposition applications, focused on evaluating
the effectiveness of this approach for next-generation conformal film
deposition. The presented approach provides a promising pathway toward
plasma processing for advanced semiconductor manufacturing applications
requiring precise control of plasma-surface interactions.

3:00pm AP+EL+MS+PS+TF-ThA-4 Characterizing Inductively Coupled
Plasmas in Ar/N2/H2 Mixtures for Plasma Enhanced Atomic Layer
Deposition of Crystalline Films, David Boris, Jeffrey Woodward, Virginia
Wheeler, Michael Johnson, Mackenzie Meyer, Scott Walton, U.S. Naval
Research Laboratory

Low temperature plasmas containing mixtures of Argon, Nitrogen, and
Hydrogen are widely used in the plasma enhanced atomic layer deposition
of crystalline metal nitrides (e.g. AIN) at low temperatures
(<500C).Generally, the addition of Hz is beneficial in that it facilitates the
removal of precursor ligands and leads to films with low carbon content
(<1%). In addition, if the process conditions are properly chosen, highly
crystalline metal-nitride films can be grown in Ar/N./H. mixtures.However,
the effects of H, addition on the downstream plasma properties near the
substrate are not well understood in remote, inductively coupled plasma
(ICP) geometries.As such, a better understanding of the downstream
plasma properties in this gas chemistry will be the focus of this
presentation.

In this work, we use a combination of Langmuir probes, a retarding field
energy analyzer, and optical emission spectroscopy (OES) to examine the
effects of varying process parameters on the physical characteristics of
Ar/N2/H; plasmas generated in a remote, ICP geometry.In particular, a
range of applied RF powers, gas flows, and pressures are explored with a
focus on the resulting changes in atomic species density, plasma density,
plasma potential, and the energy and flux of ions at the substrate.Of
particular interest is the effect H2 has on the ion flux and ion energy
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distribution at the substrate. These changes in plasma properties are then
tied to changes in the characteristics of AIN thin films grown via plasma-
enhanced ALD using a remote ICP employing Ar/N2/H, gas mixtures. This
work was supported by the NRL Base program through the Office of Naval
Research.

3:15pm AP+EL+MS+PS+TF-ThA-5 Direct Atomic Printing of High-K
Dielectric Thin Film Oxide Materials, Tesfalem Welearegay, Nandan Singh
Ruhela, Simone Santucci, Mira Baraket, Maksym Plakhotnyuk, ATLANT 3D
Nanosystems, Denmark

The rapid scaling up of CMOS microfabrication combined with growing
demand for wide- and ultrawide-bandgap power electronics (GaN, SiC, B-
Ga,0,), and the integration of high memory and neuromorphic devices
have placed high-k dielectric thin films at the centre of modern
semiconductor technology. High-k dielectric oxide thin films such as HfO,,
Zr0,, Al,O,, Ta,0g, Nb,Og, and Ga,O; are predominantly as-deposited by
conventional atomic layer deposition (ALD) and spatial ALD techniques.
Although ALD offers sub-nanometre control and excellent conformality, its
low throughput, vacuum-based batch operation, high precursor
consumption, and lack of in-line patterning have become major bottlenecks
for the development and scale-up of next-generation high-k materials.
These limitations become significant when device roadmap require sub-nm
equivalent oxide thickness, and ultralow defect density to fine tune the
film's intrinsic properties required for rapid materials screening with high
throughput and precision..

We, therefore, present Direct Atomic Layer Processing (DALP®) technique —
a spatial, atmospheric-pressure ALD technology platform that enables
direct atomic printing of oxide thin films with monolayer-level precision and
higher throughput while significantly reducing precursor waste. By spatially
separating the precursor and oxidant zones under inert-gas exposures,
DALP® technology combines the self-limiting surface chemistry of ALD with
the speed and selective-area capability of a direct-write process. The
platform offers unique versatility in fine-tuning the film composition,
property and and structure, thereby enabling to control over the targeted
properties of the film. The capability is demonstrated on two selected high-
k oxide materials. GaOx deposited from its spatial precursor Galai™ (air
liquide) with H,O at relatively low temperatures of 150-240 °C under open
atmosphere conditions. The as-deposited oxide films follows an ALD-like
deposition window at 180-210 °C with growth per pass (GPP) of 0.35-0.5
A/pass. Moreover, NbOx (Nb,Og) thin films were grown from its spatial
precursor Nautilus 2" (Air liquide) with H,O at relatively low-temperature
ALD window of 180 - 240 °C with GPP of 0.41 - 0.43 A/pass, producing high-
purity amorphous films suitable for different applications including DRAM
capacitors, Mott memristors, and high-index optical coatings. These results
establish DALP® technology as a versatile, sustainable, and high-throughput
platform for the rapid development and manufacturing of high-k dielectric
thin films for power electronics, memory, and quantum-device applications.

3:30pm AP+EL+MS+PS+TF-ThA-6 Plasma-Enhanced ALD of TaCxNix
Tailored for Superconducting Quantum Technologies Through lon Energy
and Other Plasma Control Knobs, Silke Peeters, Arthur De Jong, Adrie
Mackus, Erwin Kessels, Eindhoven University of Technology, Netherlands;
Harm Knoops, Oxford Instruments Plasma Technology, Netherlands
Tantalum nitride compounds are emerging materials for superconducting
quantum circuits due to their reduced surface oxidation compared to Ta,
which is used in state-of-the-art devices. However, the synthesis of
electrically conductive tantalum nitride compounds is challenging.
Moreover, these circuits require sharp material interfaces with minimal
impurities to achieve state-of-the-art performance.

Ar-Hz plasma has enabled the preparation of superconducting TaCxNi«x
through  atomic  layer  deposition using the  metalorganic
Ta[N(CH3)2]s[NC(CHs)s] precursor. In previous work*?, we have shown that
the quality of TaC«N1x and NbyTiixN films can be substantially improved
through ion-energy control, achieved via application of a radiofrequency
(RF, 13.56 MHz) substrate bias during low-pressure, remote plasma
exposure. In this work, we explore the novel method of tailored-waveform
(TW, 200 kHz) biasing®>* and variation of the Ar-H, plasma composition to
tune film properties for application in superconducting quantum devices.

Compared to RF biasing, TW biasing offers more precise control over the
ion energy. Consistent with earlier RF-bias results, application of TW biasing
up to an ion energy of 140 eV enhances grain growth and grain boundary
quality through increased adatom mobility and preferential removal of
weakly-bonded surface species. As a result, room-temperature electrical
resistivity is improved from (9.6 = 0.5)*10* uQ cm for an 11 nm film to (3.8
+0.2)*10% uQ cm for a 7 nm film. A decrease of the H-dilution in the Ar-H,
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gas mixture supplied to the plasma further enhances TaCiNix electrical
conductivity and crystallinity, and promotes (111) texturing. A decrease in
blistering, which can occur at high-stress, H-containing interfaces, is
observed at the Si(100) substrate interface. The balance between Ar and H
species significantly affects crystal grain growth. Ar species more effectively
stimulate  near-surface atomic rearrangement through physical
bombardment, while H species act as reducing agents. However, H species
can also reduce adatom mobility through over-passivation of dangling
bonds and accumulate in the film.

This work shows that accurate understanding and control of plasma
properties is necessary to tailor TaC«N1x films to superconducting quantum
technologies. Using the developed toolbox, we demonstrate successful
integration of TaC«N1. thin films in superconducting quantum technologies.

[1]S. A. Peeters et al. Appl. Phys. Lett. 123, 132603 (2023)

[2]S. A. Peeters et al. AVS Quantum Sci. 7, 026801 (2025)

[3]T. Faraz, A. A. De Jong et al. J. Vac. Sci. Technol. A 44, 033004 (2026)
[4]A. A. De Jong, S. A. Peeters et al. to be published

3:45pm AP+EL+MS+PS+TF-ThA-7 Direct Atomic Layer Processing (DALP®):
Spatially Localized, Multi-Material Fabrication for Next-Generation
Devices from Discovery to Manufacturing, Mira Baraket, ATLANT 3D
Nanosystems, Denmark

Progress in next-generation advanced electronic and functional devices,
based on complex heterostructures and advanced materials integration, is
increasingly constrained by the rigidity of conventional thin-film processing
and patterning workflows. While these approaches deliver high material
quality and uniformity, they offer limited flexibility for spatially localized,
multi-material fabrication, three-dimensional thickness engineering, and
rapid experimentation at the nanoscale within a single process flow.

ATLANT 3D introduces Direct Atomic Layer Processing (DALP®), a
nanofabrication technology enabling digitally controlled, spatially localized
deposition of multiple materials with atomic-scale precision. DALP allows
different materials to be deposited sequentially and locally in a unified
workflow, enabling manufacturing of complex material stacks,
heterostructures, interfaces, and thickness gradients without intermediate
lithographic patterning steps.

This presentation describes the DALP process architecture and its role in
both combinatorial materials discovery and targeted device manufacturing
for next-generation devices. By enabling programmable material
placement, controlled thickness variation, and repeatable execution within
a single platform, DALP supports accelerated materials exploration while
also enabling the direct production of device-ready structures as part of
broader manufacturing flows. Representative examples include multi-
material nanoscale structures for advanced semiconductor and functional
material applications, where precise interface control, spatial selectivity,
repeatability, and manufacturability are critical. DALP expands the
accessible design space of nanoscale fabrication and provides a a direct
pathway from materials discovery to device-ready, manufacturable
structures.

4:00pm AP+EL+MS+PS+TF-ThA-8 From Plasma to Process: Understanding
Dielectric Barrier Discharges for Spatial Atomic Layer Deposition, Ralph
Houben, Antoine Salden, Jente Wubs, Richard Engeln, Erwin Kessels, Julian
Held, Bart Macco, Eindhoven University of Technology, The Netherlands
Atomic layer deposition (ALD) is a thin-film deposition technique based on
sequential, self-limiting reactions. Plasma-enhanced ALD (PE-ALD) extends
this concept by leveraging non-equilibrium plasmas to enable low-
temperature processing, wider choice in materials, and enhanced film
properties. Advancing PE-ALD requires a detailed understanding of plasma
chemistry and the role of reactive species from the plasma in driving
surface reactions.

Spatial ALD (SALD), in which precursor and reactant zones are separated in
space rather than time, enables high-throughput and large-area processing,
making it attractive for low-cost and high volume applications such as
photovoltaics and batteries. SALD often operates at atmospheric pressure
in linear slit geometries, making dielectric barrier discharges (DBDs) a
natural plasma source. However, the high-pressure environment introduces
strong collisionality that fundamentally alters plasma chemistry compared
to low-pressure PE-ALD. For example, for Oz plasmas, rapid three-body
reactions favor ozone (Os) formation over atomic oxygen (O). The gas
temperature plays a crucial role here, as it directly affects the rate
coefficients of the ozone-forming reactions. Furthermore, power dissipation
occurs through filamentary microdischarges rather than a uniform glow —
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both aspects that have no direct analogue in conventional low-pressure PE-
ALD.

The oxidative species composition governs surface chemistry in oxide ALD.
Quantifying O3 and O with absolute densities — and linking them to plasma
parameters through models — is essential for process control, yet such
data for atmospheric DBDs in an ALD context are scarce.

In this work, ozone densities have been determined using broadband UV
absorption spectroscopy, yielding absolute concentrations on the order of
10% cm™ under typical operating conditions. The density depends on
dissipated power, gas temperature, and O input in the gas mixture. We
further present cavity ring-down spectroscopy (CRDS) as technique for
probing the forbidden transition of atomic oxygen near 630 nm, providing
calibration-free, absolute quantification of atomic oxygen densities. These
measurements are supported by plasma chemistry modeling, which shows
that the O2/N; ratio governs whether ozone or atomic oxygen dominates —
a critical distinction for ALD surface reactivity.

Furthermore, the species generation predicted by the model is directly tied
to how power is dissipated in the discharge. Power dissipation analysis
reveals the filamentary nature of the discharge and how it governs species
generation. These insights are essential for rationally designing plasma-
assisted SALD processes.
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