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OD-Mon-1 - Addressable 2D Array of GaN-based VCSELSs with Curved Mirrors

3. Optical devices

Kentaro Hayashi'

Yukio Hoshina', Tatsuro Jyokawa', Yuichiro Kikuchi', Yuki Nakamura', Maho Ohara', Tomohiro
Makino', Hiroyuki Miyaharal, Takumi Watanabe', Koji Yoneda!, Miwako Shojil, Masahiro
Murayama', Eiji Nakayama', Tatsushi Hamaguchi?, Rintaro Koda', Noriyuki Futagawa'

" Sony Semiconductor Solutions Corporations, Asahi 4-14-1, Atsugi 243-0014, Japan

2 present affiliation: Mie university

Abstract text: GaN-based vertical-cavity surface-emitting lasers (GaN-VCSELSs) are expected to be
applied to various light sources, such as displays, lighting, and laser headlamps. Arraying and
individual driving of these VCSELs will enable further attractive applications. Particularly for
lighting applications, in an arrayed light source, selective illumination of specific regions allows for
the irradiation of only the corresponding target areas. This approach effectively minimizes
unnecessary illumination of non-target regions and contributes to a reduction in power consumption.
Our research group has developed GaN-based VCSELSs with curved mirror, achieving an emission
divergence of less than 4 degrees, which enables more uniform and precise illumination
performance. The lower emission divergence of GaN-VCSELs compared to edge-emitting lasers
(over 10 degrees) contributes to reduced optical crosstalk in two-dimensional arrays. This
presentation reports on the research results regarding the independent driving of a two-dimensional
array of GaN-based VCSELSs with curved mirror.

The fabricated GaN-based VCSEL array in this study consists of a 7x7 square matrix structure (73
pum pitch) containing 49 single elements. To achieve individual driving of each element, a passive
matrix structure was employed. In this structure, only the device located at the intersection of the
anode and cathode to which a voltage is applied is activated and illuminated. To prevent electrical
crosstalk between adjacent elements, isolation of the p-type GaN and n-type GaN layers was
required. The p-type GaN layer was isolated by boron ion implantation, while the n-type GaN layer
was isolated by stacking a semi-insulating GaN layer, followed by mesa formation through dry
etching.

The GaN-based VCSEL array with a curved mirror and passive matrix structure successfully
demonstrated independent driving of individually addressed elements. Independent driving was
achieved for all 49 elements in the 7x7 array, with a representative element exhibiting a threshold
current of 2.9 mA and CW operation at room temperature. The emission peak wavelength was 444
nm. To the best of the authors' knowledge, this is the first demonstration of independent driving in a
GaN-VCSEL array, representing a pioneering achievement in this field.
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OD-Mon-2* - In-plane distribution and high wall-plug efficiency of GaN-based vertical-cavity
surface-emitting lasers

3. Optical devices

Naoki Shibahara'

Taichi Nishikawa,', Ruka Watanabe', Mitsuki Yanagawa', Shoki Arakawa', Atsunori Tokushi',
Taiki Kitamura', Satoshi Kamiyama', Motoaki Iwaya', Tetsuya Takeuchi'

! Meijo University

Abstract text: We developed an accurate control ( 0.3%) of the cavity length in GaN-based
vertical-cavity surface-emitting lasers (VCSELSs) by in-situ reflectivity spectra measurement.!'! We
then reported a wall-plug efficiency of 21.3% under continuous wave operation at room temperature
(RT).! On the other hand, when an in-plane thickness distribution exists across the wafer, these
could cause variations in the laser characteristics. In this study, we measured in-plane distributions
of a DBR center wavelength (WL), a resonance WL, and a spontaneous peak WL of the VCSELs
across the wafer and investigated their influences on the laser characteristics.

The VCSEL structure in this study consisted of a bottom 40-pair AlInN/GaN DBR, and a 4\ cavity
with a GalnN active layer fabricated on a GaN substrate (a quarter of 2 inch). The cavity length was
controlled by the in-situ measurement which monitored a point of 17 mm away from the 2 inch
wafer center. We measured in-plane distribution of the three WLs from 17 mm to the wafer center.
The DBR center WL was measured with ex-situ reflectivity measurement. As the resonance WL, the
lasing WL was measured from the VCSEL structure. The spontaneous peak WL was measured from
a VCSEL-like structure without the top DBR fabricated simultaneously with the VCSEL structure.

The DBR center WL and the spontaneous peak WL were uniform across the wafer from 17 mm to 5
mm (from the wafer center), showing 416 nm £+ 1 nm and 411 nm =+ 1.5 nm, respectively. In contrast,
the resonance WL was redshifted by 5 nm from 417 nm (17 mm) to 422 nm (5 mm). We then
observed in-plane nonuniformity of differential EQE of the VCSELs from 50% (17 mm) through
70% (10 mm) to 60% (5 mm). We found in-plane nonuniformity of the threshold current density
from 7.8 kA/cm? (17 mm) to 14.3 kA/cm? (5 mm). Based on the above results, the in-plane
nonuniformity of the laser characteristics was caused by that of the resonance WL.

Finally, we obtained even better VCSEL characteristics than previously reported.l! A differential
EQE, a threshold current density, the maximum light output power (LOP), and the maximum WPE
of the VCSELs were 65.7%, 7.3 kA/cm?, 16.2 mW, and 27.6%, respectively.

[1] T. Nagasawa, et al., Jpn. J. Appl. Phys. 62, 066504 (2023).

[2] R. Watanabe, et al., Appl. Phys. Lett. 124, 131107 (2024).
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OD-Mon-3* - Design of Single-Mode and Polarization stable 450 nm Vertical Cavity Surface
Emitting Laser (VCSEL) with Surface Relief and Sub-Wavelength Grating

3. Optical devices

Lakshminarayan Sharma'

Lars Persson', Joachim Ciers', Asa Haglund'

! Chalmers University of Technology, Department of Microtechnology and Nanoscience, 41296
Gothenburg, Sweden

Abstract text: Blue single mode VCSELSs are at an early stage of development. They have been
obtained by either reducing the size of the waveguide, which results in a high device resistance, or
using an extended cavity with curved DBRs, which often results in multiple longitudinal modes or
mode hopping. An alternative approach is a shallow localized surface relief etched into the top layer
of a DBR. Such a structure transversely tailors the mirror reflectivity providing high reflectance for
the fundamental mode and lower reflectivity for higher order modes with larger overlap with the
periphery of the aperture. By incorporating a sub-wavelength grating, polarization pinning can also
be achieved through the difference in effective refractive index for the two linear polarization

states.

We here employ the 2D effective index method (EIM) to investigate designs for single-transverse
mode and polarization stable blue VCSELSs. The starting point is a 10-A cavity VCSEL with all-
dielectric Distributed Bragg Reflector (DBRs) of Si02/Nb2Os and a 6-um SiO: aperture. The modal
and polarization discrimination are investigated as a function of surface relief diameters between 1.5
um to 5.5 um and as a function of outcoupling DBR pairs between 8 and 10 with a highly reflective
11-pair DBR. A reasonable modal discrimination in threshold gain of ~150 cm™ requires etching
into the outcoupling DBR to a A/4-depth for an 8-pair DBR, a 3A/4-depth for a 9-pair DBR and a
5M/4-depth for a 10-pair DBR. An optimal relief diameter of 3.5 um maximizes the modal
discrimination and favors operation in the fundamental LP¢; mode. For relief diameters smaller than
2.0 um the losses for the LP¢> mode become lower than that of LPg;, and for too large diameters the
modes experiences too similar mirror reflectivity. To ensure polarization-stable performance a sub-
wavelength grating is included in the 3.5-pm diameter surface relief. For a 70% duty cycle (ridge to
period ratio) a high modal and polarization discrimination of 150 cm™ can be obtained for a very
wide etch depth range between 50-100 nm. This is a very large etch depth tolerance compared to
similar designs for infrared VCSELSs and is due to the low refractive index of SiO; in the DBR. This
design provides a pathway to reproducible single-mode and polarization stable blue VCSELs
without negatively affecting other laser performance.
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OD-Mon-4* - Distributed Bragg reflectors with porous GaN: Reconsidering the effective
medium approximations

3. Optical devices

Frederik Liifmann'

Matthias Hoormann', Jana Hartmann', Florian Meierhofer', Andreas Waag1

! Institute of Semiconductor Technology, Technische Universitit Braunschweig, Braunschweig,
Germany

Abstract text: In recent years, electrochemical porosification of GaN has emerged as a competitive
alternative to MOVPE growth for constructing low-refractive index layers in nitride-based optical
device structures. Key applications, such as VCSELs and edge-emitting lasers, have been
demonstrated incorporating porous GaN layers. While the development of these optical components
has continuously advanced, the investigation of fundamental properties of porous GaN lags behind
with respect to these devices.

The behaviour of porous GaN distributed Bragg reflectors (DBRs) mainly relies on the tunable
refractive index of the porous GaN layers. The lowering of its refractive index is a direct
consequence of an increase in its porosity. The relationship between these two observables is
typically described by employing an effective medium approximation. From the multitude of
suitable approaches, the volume averaging theory (VAT) has been predicted by [1] to yield the most
accurate results, according to numerical simulations. Based on this result, the nitride community has
commonly adopted the VAT to describe the porosity-dependent refractive index in porous GaN
DBRs [2-5]. Most data on porosity presented in publications are derived from the refractive index
utilizing the VAT. This is largely due to the fact that whilst the refractive index can be readily
assessed through optical measurements, accurately determining porosity is much more complex.

In this contribution, we present independent measurements of both index of refraction and porosity,
allowing to test the VAT model. We show that the necessary conditions presented in [1] for applying
VAT are not necessarily met for DBR layers as thin as 50 nm and that a different effective medium
approximation describes the obtained data significantly more accurate.

References:

[1] M. M. Braun et al., Thin Solid Films, 496, 505 (2006).

[2] C. Zhang et al., ACS Photonics, 2, 980 (2015).

[3]Y. Tian et al., Materials, 15, 3536 (2022).

[4] M. Sawicka et al., Mater. Sci. Semicond. Process, 155, 107234 (2023).
[5S]N. C. Palmquist et al., Photonics, 10, 646 (2023).
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IN-1 - On The Current State of PVT-AIN Commercial Production

1. Growth
Gregory Mills'
! HexaTech, Inc. 991 Aviation Parkway Suite 800 Morrisville, NC 27560

Abstract text: HexaTech will present the state-of-the-art in commercial production of bulk, PVT-
grown single crystal aluminum nitride (AIN). Highlighted will be current material characteristics of
2-inch diameter material, including bulk and surface quality, substrate shape, and deep-UV
transparency performance. Also discussed will be HexaTech’s diameter expansion activity towards
commercial 100 mm product, tied to the recently launched DARPA UWBGS program. Further
presented will be HexaTech’s latest product launch, an optimized, standard N-face product, and
related characteristic data. Last will be a short discussion on recent capacity expansion across the
production process, supporting larger diameter material.
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IN-2 - Centralized Bulk Precursor Delivery by Means of Direct Liquid Injection

1. Growth

Ehsan Mohseni'

Johannes Griibler', Jérg Koch'
"'SEMPA SYSTEMS GmbH

Abstract text: Deposition techniques such as chemical vapor deposition (CVD) and atomic layer
deposition (ALD) are particularly suitable for the deposition of specific elements delivered by
precursor chemicals. They achieve industrial standards for film thickness, uniformity, and purity for
coatings much more reliably than physical deposition and wet chemical techniques. Both techniques,
which are used in the semiconductor, photovoltaic and optoelectronic industries, among others,
require a precise and reliable supply system of precursor materials, which poses several difficulties.
Only 10% of industrially available precursors are gaseous, while about 80% are in the form of
powders or crystals. Solid precursors are the most challenging among others because the sublimation
rate is directly related to the free surface area, which changes as sublimation progresses, resulting in
a non-constant mass transport rate during the deposition. In addition, most of the available
precursors have safety requirements.

Non-gaseous precursors are commonly delivered by evaporation. This is conventionally realized
using bubbler or vapor draw technologies, where a carrier gas passes through or by the precursor.
The vapor delivery rate depends on the temperature, pressure, and in case of the bubbler, the carrier
gas flow. Increasing the latter may lead to temperature instability and fluctuations in delivery rate.
Because of this thermodynamic limitation, the use of bubblers is recommended when low precursor
consumption is required, and typically each deposition reactor requires its own bubbler.

Direct liquid injection (DLI) is an alternative vapor delivery technology in which the precursor is
directly vaporized and injected into the reactor. Unlike bubbler technology, the supply rate in DLI is
not limited by the vapor pressure. This makes it particularly interesting for precursors with low
thermal stability and low vapor pressure. Fully automated with high-precision flow and pressure
controllers, DLI allows high-throughput precursor supply while maintaining an adjustable
concentration range both below and above atmospheric pressure level. This allows one DLI system
to be used as a central supply unit for multiple reactor chambers, resulting in a compact design and
reduced footprint. Here we present our latest DLI technology designed for liquid as well as solid
precursors.
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IN-3 - Innovation in GaN

1. Growth
Christian Geng'
! AIXTRON SE, Dornkaulstr. 2, 52134 Herzogenrath, Germany

Abstract text: Innovation is essential for success in advanced technologies. Every player in the
high-tech field needs an Innovation Strategy to compete with and outperform its peers.

For equipment manufacturers, days of simply providing hardware are over. AIXTRON provides
solutions for the customers’ applications — from R&D to device production. For one, this enables the
end-user to have a quick start and a fast return of investment. But getting the feedback by running
the tools in the same mode as the end-user is invaluable: it is vital when tuning the equipment for
endurance, throughput and uptime. It is the way to understand scheduled and unscheduled
maintenance / downtime and to optimize such.

Shopfloor and Laboratory are essential test grounds. AIXTRON tops this with an Innovation Center
of 1000m? clean room. In focus is research and development of 300mm tools and epitaxial
processes.

In a multitude of collaborations and funded research projects with renowned partners, we
demonstrate how to push the limits of physics by developing increasingly thick GaN HEMT stacks
on Si substrate to achieve Breakdown Voltages well beyond 1200V at 1uA/mm?.

For the application of Power Management and RF devices, AIXTRON demonstrates its successful
strategy by being the clear market leader in a rapidly growing market. Successive products for
150mm, 200mm and 300mm wafers with increasing productivity and successively reduced Cost of
Ownership secure AIXTRON’s market position and the productivity of device manufacturers — the
ultimate “win / win”.
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IN-4 - Advancing Gallium Nitride Research: ProNano's Role in Academic & Industrial
Innovation

1. Growth

Ashutosh Kumar'

Linda Johansson', Peter Ramvall'

! RISE Research Institutes of Sweden, Ole Rémers vig 1 Lund 22363, Sweden

Abstract text: The RISE ProNano is a pioneering environment focused on the industrialization of
semiconductor-based materials, processes, and components. Established in 2020, ProNano
represents Sweden's first innovation hub for scaling up innovations, providing both startups and
established companies with access to advanced infrastructure without the need for substantial capital
investment. ProNano helps in building an ecosystem by offering a platform for Swedish deep-tech
start-ups and SMEs in semiconductors and nanotechnology to connect and collaborate locally. The
facility spans 3,400 m? and includes a 210 m? ISO 5 cleanroom, 180 m? of chemical and biological
laboratories. It is equipped with state-of-the-art tools, such as the advanced AIXTRON Metal-
Organic Chemical Vapor Deposition (MOCVD) high-temperature reactor and a cutting-edge Hitachi
Scanning Electron Microscope (SEM) with Energy Dispersive Spectroscopy (EDS) and Scanning
Transmission Electron Microscopy (STEM) capabilities. These instruments support the production
and analysis of nanowires and nanostructures, which are crucial for the development of next-
generation energy and lighting systems.'

In this presentation, I will discuss the pivotal role of ProNano in supporting Swedish startups such as
Hexagem and Polar Light Technologies, both of which specialize in developing energy-efficient
Gallium Nitride (GaN) semiconductors for lighting applications. By leveraging ProNano's MOCVD
reactor, SEM facilities, and expert competencies, these companies have made significant
advancements in their technology, with the goal of attracting industrial partners and scaling up their
production. Additionally, I will highlight how ProNano has played a key role in supporting
AlixLabs, a company utilizing RISE’s cleanroom facilities to develop its innovative Atomic Layer
Pitch Splitting technology. To conclude, I will discuss ProNano's involvement in the development of
GaN-based vertical transistors under the All2GaN project, which is part of the Chips JU initiative.>
This project, jointly funded by Vinnova, has RISE as the national coordinator and represents another
example of ProNano’s contribution to advancing cutting-edge semiconductor technologies.

1. https://www.rl.se/en/test-demo/pronano-scale-up-your-innovation-with-nano-and-gan-
materials

2. https://www.ri.se/en/expertise-areas/projects/all2gan-affordable-smart-gan-ic-solutions-for-
greener-applications
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IN-5 - Recent development of QUANFine with back barrier

1. Growth

Anders Lundskog'

Ding Yuan Chen', Ben Hammou?, Francois Grandpierron?, Elodie Carneiro®, Katir Ziouche?,
Etienne Okada?, Jr-Tai Chen!, Farid Medj doub?

' SweGaN AB, 58330 Linkdping, Sweden

2 CNRS-IEMN, Institut d’Electronique, de Microélectronique et de Nanotechnologie, Villeneuve
d’Ascq, France

Abstract text: QuanFINE buffer-free GaN-on-SiC HEMTs offer a promising platform for high-
frequency, high-power RF applications, enabling ultrathin epitaxy, strong confinement, and efficient
heat dissipation, key for aggressive scaling. This approach allows the AIN-nucleation layer to act as
a back-barrier, limiting short channel effects and removing buffer leakage. Yet, despite removing the
traditional doped buffer, downscaled QuanFINE HEMTs still suffer from trapping effects that
degrade performance.

We present a modified QuanFINE architecture that mitigates trapping while maintaining excellent
confinement and boosting power performance. Three AlIGaN/GaN HEMTs using QuanFINE are
studied. All feature AIN nucleation, GaN channel, and AlGaN (50% Al) barrier, and hybrid
passivation (GaN cap + LPCVD SiN). Pulsed I-V reveals significantly reduced current collapse,
especially at high VDSQ, that stems either from the increased 2DEG to GaN/AIN interface distance
(a known trapping site) or from the BB screening.

CW Load-pull at 40 GHz (VDS=20V) demonstrate superior performance for the wafer with BB,

achieving both higher PAE (47% vs. 39%) and increased Pout (2.30 W/mm vs. 1.55 W/mm) as
compared to the wafer without BB.
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IN-6 - Enabling Next-Generation Devices with Ultra-High-Quality AIN and AlGaN Epitaxy

1. Growth
Ronny Kirste'
! Adroit Materials Inc., Cary, NC, USA

Abstract text: Adroit Materials develops epitaxial thin films of aluminum nitride (AIN), aluminum
gallium nitride (AlGaN), and GaN structures to support the most demanding applications in
ultraviolet optoelectronics, high-power electronics, and emerging quantum technologies. By growing
these materials directly on single-crystal AIN or GaN substrates, Adroit achieves dislocation
densities as low as 10E3 cm-2 - several orders of magnitude lower than those obtained with
conventional heteroepitaxy on sapphire, silicon carbide, or silicon. These improvements translate
into measurable gains in device efficiency, yield, and long-term reliability, particularly in structures
where thermal conductivity, breakdown strength, or interface stability are limiting factors.

Adroit’s process capabilities include precise control over doping profiles in both AIN and AlGaN,
enabling formation of functional n-type and p-type layers for UV-C LEDs, HEMTs, diodes, and
other structures. The company offers customization of layer compositions, thicknesses, doping, and
interfaces to meet specific customer device targets. The advantage for university and business users
of Adroit's foundry service is that they can leverage decades of IlI-nitride materials and epitaxy
experience to reduce the risks and delays commonly associated with developing new growth
processes. By outsourcing complex epitaxial work to a partner focused on crystalline quality and
process control, customers are free to focus their efforts on materials characterization, device design,
and system-level performance. This collaborative model allows researchers and developers to
accelerate their innovation cycles while working with production-grade material quality, even at low
wafer volumes and with non-standard requirements. While epitaxy remains the core offering, Adroit
supports select partners with device fabrication and eprototyping to accelerate materials-to-device
validation.

This presentation will provide an overview of Adroit’s epitaxial platform, highlight performance
metrics from selected devices grown on low-defect AIN, and discuss how tight process-feedback
cycles are enabling rapid innovation in wide bandgap device engineering.
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IN-7 - Advancing GaN Metrology: Powerful Solutions for GaN Characterization

2. Physics and characterization
Zsolt Szekrényes'

Agnes Honti'

! Semilab Zrt.

Abstract text: The ever-growing need for electric power is a long-lasting problem for human
society. In recent decades the semiconductor industry started to deviate from silicon and explore new
materials that can achieve more efficient use of electric power. But with the proposition of these new
wide bandgap materials (like SiC & GaN) new challenges arose. Semilab has an extensive
metrology line-up of optical and electrical systems for characterization of GaN semiconductor
materials. Photoluminescence is a powerful method to identify key characteristics of important
parameters of AlGaN layers, while ellipsometry is a must to examine key features of the thin layers
of the GaN HEMT stack. Semilab has tackled these challenges and can offer solutions with SPL
(spectral photoluminescence) and uSE (micro-spot spectroscopic ellipsometry) product lines,
enabling the quality manufacturing of 3rd generation semiconductor devices.
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IN-8 - Atomic Layer Etching for next generation semiconductor devices

1. Growth

Reza Jafari Jam'

Robin Atle', Amin Karimi', Yoana Ilarionova', Asif Muhammad', Intu Sharma', Fred Roozeboom?,
Jonas Sundqvist', Dmitry Suyatin'

! AlixLabs AB, Ole Romers Vig 1, Entrance H, 223 63 Lund, Sweden

? Faculty of Science & Technology, University of Twente, PO Box 217, 7500 AE Enschede, The
Netherlands

Abstract text: Atomic Layer Etching Pitch Splitting (APSTM)1,2,3 is an innovative and cost-
efficient patterning method that offers an alternative to the conventional Self-Aligned Multi
Patterning (SAMP) for creating sub-20-nm features. By integrating atomic-scale processes such as
Atomic Layer Etching (ALE) with established manufacturing techniques, APS enables selective
material removal without the numerous deposition and etching steps needed in SAMP. This
streamlined

approach delivers high precision and patterning accuracy, essential for defining critical device
structures.

APS is a highly repeatable process with strong potential for high yield and outstanding resolution—
key requirements for next-generation semiconductor technology. Our estimates suggest that APS
could lower wafer manufacturing costs by up to 40% per mask layer while also boosting throughput.
Additionally, by using fewer process gases and eliminating multiple fabrication steps, APS supports
industry objectives for reducing resource usage and cutting CO2 emissions.

In addition to the APS process, we have developed various ALE processes tailored for specific
applications, including power electronics. Our work includes demonstrating surface smoothening on
materials such as SiC, GaN, and AlGaN, as well as achieving controlled etching of GaN to enable
soft-landing on underlying AlGaN layers. Beyond these materials, we have also developed ALE
processes for Si, SiO2, SiNy, TiN, and GaP, with ongoing research and development focused on
expanding this portfolio to include several additional materials.

References:

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

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

3.J. Sundqvist et al., SPIE 2025, paper 13429-28.
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GR-Mon-B1 - Bulk Crystal Growth of Hexagonal Boron Nitride from Molten Metal Solutions

1. Growth

James Edgar’

! Kansas State University, Tim Taylor Department of Chemical Engineering, Manhattan, KS 66506
USA

Abstract text: The structural, electronic, and optical properties of hexagonal boron nitride (hBN)
are unique among the two-dimensional materials. In contrast to graphite, it is an electrical insulator
with an ultrawide energy band gap (~6 eV). Point defects in hBN can be single photon emitters. Its
infrared optical properties are hyperbolic, with both negative and positive permittivities in different
crystallographic directions. The boron-10 isotope has one of the largest thermal neutron cross-
sections in the periodic table. These properties make hBN an excellent candidate for many solid-
state devices including resistive random-access memories (RRAM), ultraviolet and visible light
emitters, nanophotonics, molecular spectroscopy, neutron detectors, and quantum sensors. To
achieve their best performance and highest efficiency, all of these devices require hBN with a low
density of residual defects and impurities.

hBN synthesis and crystal growth from molten metal solutions meets these requirements. The
process take place at atmospheric pressure and high temperature (1550 °C). Solvents are selected
from metals with a high solubility for boron (Ni, Fe, and Co) and nitrogen (chromium). Elemental
boron, boron nitride, and molecular nitrogen are the sources. The properties of these hBN crystals
are excellent as verified by narrow Raman peak widths, high photoluminescence intensity energies
greater than 5.7 eV, and low background concentrations of carbon and oxygen.

hBN crystals enriched in boron-10, boron-11, and nitrogen-15 isotopes have been grown and
analyzed. Because of its longer hyperbolic polariton lifetime, h'°BN is superior to hBN (with the
natural distribution of boron isotopes) for nanophotonics. The remote interfacial photon scattering
noise in graphene transistors is lower when encapsulated with hBN with a single boron isotope
(either h'°BN or h''BN). Magnetic field sensing by spin defects is improved with h'°B'°N due to the
lower nuclear spin of '°N compared to '*N.

Scaling hBN crystal growth to produce large crystals is expected to greatly expand its applications,
including as substrates for the epitaxial growth of a wide range of 2D and 3D materials. They can
also enable the integration of multiple devices on a single substrate. The challenges that must be
addressed to realize this goal will be discussed.
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GR-Mon-B2 - High-temperature MBE of hBN: single-photon emitters, lateral heterostructures
and use of isotopically enriched boron.

1. Growth

Tin S. Cheng'

Jonathan Bradford', Christopher J. Mellor', Kenji Watanabe?, Takashi Taniguchi?, Igor
Aharonovich?®, Luiz F. Zagonel*, Brenard Gil’, James H. Edgar®, Guillaume Cassabois’, Peter H.
Beton', Sergei V. Novikov'

! School of Physics and Astronomy, University of Nottingham, Nottingham, NG7 2RD, UK

? National Institute for Materials Science, 1-1 Namiki, Tsukuba 305-0044, Japan

3 School of Mathematical and Physical Sciences, University of Technology, Sydney, Australia

* Institute of Physics, University of Campinas, UNICAMP, Campinas, 13083-859, Brazil

> Laboratoire Charles Coulomb, CNRS-Université de Montpellier, 34095, Montpellier, France

% Tim Taylor Department of Chemical Engineering, Kansas State University, Manhattan, KS 66506,
USA

Abstract text: There has been a surge of interest in hexagonal boron nitride (hBN) due to its
technological potential for deep ultraviolet (DUV) photonics, single photon emitters (SPEs) and
through its incorporation into van der Waals (vdW) two-dimensional (2D) heterostructures.

We have developed high-temperature molecular beam epitaxy (HT-MBE) of hBN at growth
temperatures from 1100°C to 1700°C using high-temperature sublimation and e-beam MBE sources
for boron and nitrogen RF-plasma sources. We have demonstrated a direct optical energy gap of
~6.1 eV and electronic band gap of ~6.8 eV in single monolayer hBN.

We will demonstrate that the single-photon emitters in hBN layers can be reproducible grown by
HT-MBE using carbon doping. To gain insight into the nature of carbon-related defects we have
employed low-temperature scanning tunnelling microscopy/ spectroscopy.

Recent studies worldwide have focused on the development of novel 2D lateral heterostructures with
unique transport and optical properties. Whereas vertical 2D heterostructures can be produced by
epitaxy or by exfoliating and stacking of 2D layers, lateral 2D heterostructures can only feasibly be
produced by an epitaxial growth process. Sequential HT-MBE growth of hBN, graphene and a
second cycle of hBN growth resulted in the formation of lateral hBN—graphene-hBN
heterostructures, in which a strip of graphene is laterally embedded between monolayers of hBN.

Boron has two naturally occurring stable isotopes, the natural mixture contains ''B (80.1%) and '°B
(19.9%). We have studied HT-MBE of hBN using the boron source material with natural boron
mixture and isotopically enriched (96%-98%) boron '°B and boron ''B with 5N and 6N purity. We
demonstrated previously that during HT-MBE there is unintentional doping of the layers with boron
due to decomposition of the pyrolytic boron nitride (PBN) parts of the nitrogen RF plasma sources.
We will discuss the influence of the different MBE growth conditions on the resulting isotopic purity
of hBN layers.
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GR-Mon-B3 - Conditions for hBN crystallization at high N2 pressure

1. Growth

Stanistaw Krukowski'

Bohdan Sadovyi', Petro Sadovyi', Sylwester Porowski', Izabella Grzegory'

! Institute of High Pressure Physics Polish Academy of Sciences Unipress, 01-142 Warsaw, Poland

Abstract text: Single crystals of hBN have been grown on the surface of Ni under pressure of N»
gas of 1000-1500 bar (Fig.1-supp.). Due to increased solubility of N it was possible to grow hBN
crystals significantly thicker than by similar approach but at atmospheric pressure.

The results of the experiments are discussed in the context of the thermodynamic properties of I1I-N
compounds and the effect of the solvent on the thermal stability of BN with respect to its
components.

To optimize the crystallization process, a key factor is to control supersaturation i.e. deviation of the
growth system from thermodynamic equilibrium. The minimum N pressure required for the
stability of BN AIN, GaN and InN at high temperatures is very sensitive to the bonding energies in
the crystals. The differences in the equilibrium N, pressure over III-N crystals could reach ten orders
of magnitude( Fig. 2 supp.).

For pure condensed phases: BN and B, their activities are equal 1 by definition, so the equilibrium
constant K of BN synthesis reaction is expressed just by . This equilibrium pressure (Fig.2b and Fig.
3b — supp.) can be increased by the reduction of the boron activity by its dissolution in Ni (or in
another solvent), so that activity will deviate from unity. The pressure of N, gas necessary for
stability of BN will be dependent on thermodynamic activity of B dissolved in Ni:

Ni _ 2
pn2 = pn2Yas

A general tendency in the Ni-B system at the low boron concentration and at (1000—-2000)K, is that
the activity of boron is much less than its corresponding concentration, indicating large deviation of
the solution from ideality where no solute-solvent interaction is assumed. It induces a strong shift of
the BN equilibrium curve towards higher N, pressures. For 10at.% dilution of B in Ni, the shift is as
high as 5-6 orders of magnitude (Fig. 3b supp.).

From above evaluations, it follows that at least, for a Ni solvent, the concentration of boron can be
optimized to meet thermodynamic equilibrium for BN formation at 1 bar or even higher N, pressure.
In this context the successful hBN growth at elevated N, pressure can be explained by slow kinetics
of delivery of boron from B/BN solid source.

The discussion will be extended towards systems more suitable for hBN growth using high N,
pressure to increase N solubility but also to be closer to thermodynamic equilibrium.
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Abstract text: Boron nitride (BN) is a promising 2D material as well as a potential wide-bandgap
semiconductor. Chemical vapor deposition (CVD) is commonly used to deposit single layers or thin
films of BN, but the deposition process is insufficiently understood at an atomic scale and a CVD
process that can be used to grow thicker epitaxial pristine h-BN has not yet been realized. We have
studied CVD of sp*-hybridised BN using the organoborons triethylboron (TEB) and trimethylboron
(TMB) in combination with ammonia on sapphire substrates with the aim of better understanding the
process at the atomic scale.

Using high resolution (scanning) transmission electron microscopy and electron energy loss
spectroscopy, we can show that hexagonal-BN (h-BN) nucleates and grows epitaxially for about
four nm before it either polytype transforms to rhombohedral-BN (r-BN), turns to less ordered
turbostratic-BN or is terminated by a layer of amorphous carbon. We propose that the carbon in the
organoborons deposits on the epitaxially growing h-BN surface and that this either leads to the
polytype transition to r-BN, the transition to less ordered BN growth, or complete surface poisoning
with carbon terminating BN growth. We also show that oxygen diffusion from Al,O; substrates
locally changes the AIN buffer, forming an AION interlayer between AIN and BN. We suggest that
the localized modifications made to the Al,Os substrate and the AIN buffer during CVD influence
the local polytype transition and epitaxial BN film morphology.

These results contribute to a more detailed understanding of the CVD process for BN and question

the use of organoborons in CVD of epitaxial BN films, the polytype stability of h-BN growing on
graphene, and the use of sapphire for growth of BN films.
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Abstract text: Nitride materials with unconventional structures and semiconducting properties
Andriy Zakutayev
National Renewable Energy Laboratory

Nitride semiconductors such as GaN, AIN, InN have been traditionally confined to main-group
elements and wurtzite crystal structures, where they made amazing technological advances in
optoelectronic and power conversion applications. Recent discoveries of other unique properties
upon alloying nitride semiconductors with transition metal nitrides that tend to form rocksalt
structures, for example piezoelectricity and ferroelectricity in (Al,Sc)N, leads to a question: what
other useful properties can be hiding in nitrides with other crystal structures?

In this presentation, I will give an overview of several novel nitride semiconductors with crystal
structures beyond wurtzite, and discuss their physical properties and potential applications. The first
example is ZnTiN, with wurtzite-derived structure and optical absorption onset under 2 eV, self-
passivating surfaces, with potential application in photoelectrochemical CO; reduction [1,2]. The
second example are layered nitrides, such as MgMoN; and ScTaN,, with narrower band gaps and
open-shell transition metal ions promising for thermoelectric and quantum applications [3,4]. The
third example is Gd-containing nitride perovskites GdAWN3; and other structures that may be suitable
for radiation detector applications due to high scatter crossection of Gd to neutrons. [5,6]

All these materials are synthesized at NREL by Physical Vapor Deposition methods such as
sputtering, showing the proof of principle of their useful properties, and making them ripe for higher
quality epitaxial growth and device integration by Molecular Beam Epitaxy or Metal-Organic
Chemical Vapor Deposition. The application of advanced thin film deposition methods to nitrides
semiconductors will be also discussed in this presentation.

[1] Journal of the American Chemical Society 144, 13673 (2024)

[2] Journal of Materials Chemistry A 12, 4544 (2024)

[3] Nature Synthesis 3, 1471 (2024)

[4] ACS Materials Letters 3, 1677 (2021)

[5] Applied Physics Letters 125, 112902 (2024)

[6] Chemistry of Materials 34, 10639 (2024)
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Abstract text: AlGaN-based far-ultraviolet-C (far-UVC) light-emitting diodes (LEDs) have been
shown to be effective light sources for skin-safe disinfection, particularly in the eradication of multi-
drug-resistant germs as well as for optical gas sensing (e.g. NO, NHs).

In this paper, we analyse the electro-optical characteristics of far-UVC LEDs with emission
wavelengths ranging from 218 nm to 242 nm. The AlGaN heterostructures were grown by
metalorganic vapour phase epitaxy on a double growth and double high temperature annealed
(DGA) AlN/sapphire templates. The Al mole fraction of the AlGaN quantum wells, quantum well
barriers, and the n-AlGaN layer was modified with the objective of fabricating LEDs with peak
emission wavelengths between 242 nm and 218 nm. On-wafer electroluminescence (EL)
measurements at a dc current of 50 mA reveal a decline in the mean emission power from 0.7 mW
for LEDs with wavelengths exceeding 230 nm to 0.01 mW for the 222 nm LEDs. To quantify the
different contributions to the decrease in emission power and external quantum efficiency (EQE), the
light extraction efficiency (LEE), radiative recombination efficiency (RRE) and current injection
efficiency (CIE) was analysed. The LEE was determined using calibrated Monte Carlo ray-tracing
simulations with the layer structure and the optical polarization of light emission as input
parameters. A shift in the optical polarization of the emitted light from predominantly transverse
electric to predominantly transverse magnetic was observed at a wavelength of 231 nm. The LEE
was found to be the highest for 236 nm LED with 3.2 %, with a decrease of approximately 2.6 times
for the 222 nm LEDs. Furthermore, pulsed EL measurements were conducted, and the resulting data
were analysed using the Titkov-Dai fitting method. This enabled the determination of the RRE and
CIE separately. The RRE .« decreased from 60 + 5 % for 233 nm LEDs down to 22 £ 5 % for 222
nm LEDs which is a factor of roughly 2.7. The most significant impact on the reduction in emission
power was observed in the CIE, which decreased by a factor of 11 from 234 nm LEDs (22 £ 3 %) to
222 nm LEDs (2 + 1 %). Drift-diffusion simulations revealed that the drop is caused by an increased
electron overflow into the p-type layers, which is a consequence of the reduced energy offset
between the barriers and the AIN-EBL with decreasing wavelength.
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Abstract text: Despite its technological relevance as a wide bandgap material for power and opto-
electronics, the near band edge emission of AIN is poorly understood. We report on high-resolution
photoluminescence spectroscopy of a high-quality c-plane homo-epitaxial MOCVD-grown AIN thin
film, where several bound and free exciton transitions with linewidths below 500pueV are observed.

Due to strong exchange interaction, exciton transitions involving holes from the highest valence
band (A,I'7) with I'; spin-singlet, I's spin-triplet and (dipole-forbidden) I'> symmetry are expected
[1], but there is a dispute in the literature about the sign of the interaction energy j, and hence, the
ordering of the I'y and I's transitions[2,3]. The I'| transition couples strongly to phonons and can be
identified by its longitudinal and transverse exciton-polariton contributions, as well as phonon
replicas involving the A/E; TO/LO modes. For positive j, the I's transition is found at slightly lower
energies; we observe it 3.2meV below I';™. The temperature dependence of linewidth and intensity is
consistent with a free exciton.

In addition, several bound excitons are observed, of which only the origin of one (Si’X) has been
clarified in the literature [4], which is observed here as the strongest line with a clear TES transition
consistent with a donor binding energy of 65meV and a localization energy of 19meV. A second,
strong emission line (labeled X in Ref. [5]) with a localization energy of 12meV has seldomly been
observed before [5,6], but is of similar intensity as Si’X in our sample. In contrast to the latter, Xe
thermalizes rapidly with a 3.7meV activation energy and is not visible above 20K. This is also
reflected in the lifetime of this transition, which rapidly decreases with temperature. The lifetime at
very low temperatures is, however, extremely long compared to all other transitions, with around
3ns. This suggests that the origin is quite different to the Si’X, i.e. not an exciton bound to a shallow
donor, but rather possibly involving a dark state.

[1] Cho, Phys. Rev. B 14, 4463 (1976)

[2] Ishii et al., Phys. Rev. B 102, 155202 (2020)

[3] van Deurzen et al., APL Materials 11, 081109 (2023)
[4] Neuschl et al., Phys. Status Solidi B 249, 511 (2012)

[5] Ishii et al., Phys. Status Solidi RRL, 2400017 (2024)
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Abstract text: High resolution cathodoluminescence (CL) imaging has significantly contributed to
the understanding of point defect formation in InGaN quantum wells for blue light-emitting diodes
(LEDs) [3]. The further advancement of deep-ultraviolet (DUV) LEDs based on AlGaN also
requires a similar understanding of the point defects. This is crucial because the radiative
recombination efficiency (RRE) of AlGaN DUV LED is limited by non-radiative recombination at
point defects (PDs) which is apparent when analysing the RRE for samples with low threading
dislocation densities (10° cm™). Currently, the spatial densities and behaviour of PDs in AlGaN
DUV LEDs are not yet fully understood. This is because spatially resolved imaging remains a
significant challenge and has not yet been achieved. Recent and novel work by Weatherly ef al. has
shown that individual PDs in InGaN quantum-wells (QWs) can be resolved using CL imaging when
the sample and measurement conditions are carefully chosen to favour high spatial resolution [1].

We show for the first time that a similarly high spatial resolution can be achieved in CL imaging of
AlGaN QWs grown on bulk AIN substrates. In CL, the spatial resolution is limited by the interaction
volume which depends heavily on the acceleration voltage and the diffusion length of the carriers.
Whereas the diffusion of carriers in a disordered ally such as AlGaN is suppressed at cryogenic
temperature, the excitation volume poses a bigger challenge. These measurements are made possible
by a highly stable electron source that can operate at very low acceleration voltages (350 V) and
picoampere beam currents. The low acceleration voltage requires also specially designed samples
consisting of an ultra-thin (1 nm) quantum-well with thin (5 nm) barriers to further limit carrier
diffusion and the excitation volume respectively. Through measurements performed at 1 kV and 45
K on 255 nm emitting QWs, we have achieved a lateral spatial resolution of 30 nm, exceeding the 76
nm reported by Weatherly et al. [1] and estimated a PD density on the order of 10'®cm™. Through
this technique, the quantification of PD densities in AlIGaN QWs with varying aluminium content
can now be shown, along with their beam current, temperature, and time-resolved characteristics.

[1] Weatherley et al 2021 Nano Letters 21 5217-5224
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Abstract text: Advancing RF GaN HEMT Technology: Innovations in Buffer Engineering for
Enhanced Performance and Robustness

Advancing RF GaN HEMT technology is essential to meet the growing demands of next-generation
RF power devices, particularly in the mm-wave spectrum, where high efficiency, robustness, and
superior output power density are critical. Highly scaled GaN transistors, however, face significant
challenges that limit their performance. Efficiency in state-of-the-art GaN HEMTs is typically
constrained to 50% or below in the millimeter-wave range, especially at power densities exceeding 3
W/mm. These limitations stem from reduced power gain, increased trapping effects, and diminished
electron confinement as device dimensions are scaled down. Furthermore, reliability remains a
concern for sub-150 nm GaN devices, hindering their widespread adoption in demanding
applications. This talk highlights innovative approaches to overcoming these challenges through
advanced buffer and epilayer engineering. By leveraging highly scaled epitaxial heterostructures, the
proposed solutions aim to enhance electron confinement, mitigate trapping effects, and improve
thermal management, thereby boosting device performance and robustness. These advancements are
poised to enable GaN HEMTs to achieve unprecedented efficiency and power density in the mm-
wave regime. The integration of these cutting-edge epitaxial designs not only addresses current
limitations but also paves the way for the development of reliable, high-performance GaN-based
transistors, essential for next-generation communication systems, radar, and other RF power
applications. This work underscores the critical role of material and structural innovations in pushing
the boundaries of GaN HEMT technology.

79



ED-Mon-6* - Buffer engineering to boost the blocking voltage of GaN High Electron Mobility
Transistors on sapphire

4. Electronic devices

Adrien Bidaud'

Etienne Okada', Katir Ziouche', Ajit Paranjpe?, Farid Medjdoub'

"' CNRS, Institut d’Electronique, de Microélectronique et de Nanotechnologies, Lille, France
? Prima Innotech LLC, Basking Ridge, New Jersey, USA

Abstract text: In this study, we present a state-of-the-art trade-off between on-resistance (Ron) and
breakdown voltage in GaN HEMTs grown on sapphire substrates. This advancement was realized
through the strategic integration of an AlGaN back barrier (BB) and precise carbon doping of the
bufter layer. Our results demonstrate that combining a high carbon concentration in the buffer layer
with an AlGaN BB enables low Rox while achieving a blocking voltage close to 5 kV, even with
ultrathin buffer layers (< 1um thickness) without the need for gate dielectrics or field plates.

Four distinct epitaxial structures were designed: two featured a 500 nm highly carbon-doped GaN
buffer and two utilized a bilayer buffer consisting of a lower iron-doped GaN layer and an upper
medium carbon-doped layer. Each pair included one structure with a 350 nm unintentionally doped
GaN channel (without a back barrier) and another with a 150 nm unintentionally doped GaN channel
incorporating a 100 nm AlGaN BB containing 6% aluminum. Hall effect measurements confirmed
similar 2DEG properties, ensuring consistent performance.

The buffer breakdown performance was assessed using isolated ohmic contacts. Despite its reduced
thickness, the buffer with high carbon doping exhibits significantly enhanced voltage handling
capabilities, underscoring that doping concentration plays a more critical role in determining
blocking voltage performance than physical thickness.

Breakdown voltage measurements for transistors with gate to drain distances of 10 um to 40 pm
were conducted. The highest carbon-doped buffer delivers superior breakdown voltages, while lower
carbon concentrations led to increased off-state leakage currents and premature device failure.
Remarkably, the incorporation of the AlGaN BB significantly improved breakdown voltage while
effectively reducing leakage current. This enhancement is attributed to the AlGaN BB's ability to
strengthen 2DEG electron confinement under high electric fields. Importantly, all structures
exhibited low Ron owing to the favorable 2DEG properties.

These findings establish GaN-on-sapphire HEMTs as a cost-effective and competitive solution for
high-voltage applications. Further work will focus on further optimizing the back barrier design and
carbon-doping concentrations as well as investigating trapping effects to unlock additional
performance improvements.

80



ED-Mon-7* - High Temperature Modeling of GaN HEMTs for RF Amplifier Design at S00°C

4. Electronic devices

Ashley Goodnight'

John Niroula', Matthew A. Taylor', Pradyot Yadav', Tomas Palacios'
! Massachusetts Institute of Technology, Cambridge, MA, USA

Abstract text: High temperature (HT) electronics are crucial for a multitude of extreme
environments within the space, automotive, geothermal, and aerospace industries. Gallium nitride
(GaN) has emerged as a promising candidate for HT electronics due to its wide bandgap and
resulting low intrinsic carrier concentration [1]. However, a major challenge impeding the
development of HT GaN circuits is the lack of temperature-dependent device models. Such
frameworks for computer-aided design are critical in the design process to ensure high first-pass
yields and reduce time-to-market. In this work, we demonstrate a compact model for GaN-based
devices from 25°C to 500°C, which enabled the design of an RF amplifier optimized for HT
operation. To the best of the authors’ knowledge, this is the first design and simulation of a GaN RF
amplifier at 500°C with an experimentally-calibrated device model.

GaN high electron mobility transistors with gate lengths from 100 nm to 1 um were fabricated and
electrically characterized up to 500°C. From these DC and RF empirical results, key device
parameters were extracted at each temperature. The observed temperature-dependent trends were
incorporated into an MIT Virtual Source GaN FET model. The model was imported into Keysight
ADS to simulate a single-stage common-source RF amplifier tuned for broadband operation at
500°C from 2.5 to 3.5 GHz, an important frequency band used for mobile, satellite, and radar
systems. The proposed amplifier demonstrates a simulated performance with a small-signal gain
above 18 dB, return losses over 10 dB, and 0.8 dBm peak output power at 3.5 GHz. Overall, this
work establishes a clear methodology for HT device characterization and GaN-based transistor
compact modeling, facilitating easier temperature-dependent circuit design.

References

[1] M. Yuan et al., IEEE EDL, 2023, doi: 10.1109/LED.2023.3279813.

[2] M. L. Cunningham et al., IEEE ISCAS, 2016, doi: 10.1109/ISCAS.2016.7527396.
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Abstract text: The rapid deployment of millimeter-wave (mm-wave) technologies for 5G/6G
communication, automotive radar, and satellite systems demands high-power, high-efficiency
semiconductor devices ,especially GaN devices, capable of operating at frequencies beyond 30 GHz.
While GaN-on-SiC devices have dominated high-frequency power electronics, their prohibitive cost
and limited scalability hinder widespread adoption in consumer and infrastructure markets. Silicon-
based GaN (GaN-on-Si) devices emerge as a compelling alternative, offering CMOS-compatible
fabrication, cost-effective scalability, and competitive performance at mm-wave frequencies.
However, challenges such as interfacial defects, current collapse, and thermal limitations in GaN-on-
Si have historically restricted their power density and reliability in high-frequency regimes.

In this work, building on the Si-based SiNy (2 nm)/AIN(5 nm)/GaN MISHEMTs, we employed
silicon substrate to reduce the manufacturing cost, the thin AIN barrier to suppress the short-channel
effect while avoiding etching damage, simplifying the process. Meanwhile, this work employed
plasma-enhanced atomic layer deposition (PEALD) to epitaxially grow Al.Os and plasma-enhanced
chemical vapor deposition (PECVD) to deposit SiNy dielectrics for secondary passivation. This
approach addresses the insufficient passivation provided by sub-3 nm SiNy layer, which fail to
provide good enough passivation for current collapse suppression in mm-wave MISHEMTs, reduces
the interface state and compensates for the lattice mismatch of the material. The optimized device,
featuring a gate width of 2x75 pm and a source-drain spacing of 2.4 um, achieved a breakdown
voltage of 148 V, a current collapse of less than 6%. Besides, the devices yielded both high
powercapacity third-Order Intermodulation Output Power (OIP3) of 37.8 dBm at 30 GHz and high
Pout (7.8 W/mm) at Vgs of 35 V in pulsed-wave (PW) power measurements with a duty cycle of 1:10
at optimal P, impendence.

In summary, this work through the collaborative design of a low-cost silicon substrate, thin AIN
barrier layer, and Al,O3/SiNy composite layer, achieves a collaborative optimization of simplified
process, high performance and high reliability. It offers a competitive solution for 5G millimeter-
wave communication.
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Abstract text:  AlGaN/GaN-on-SiC high-electron-mobility transistors (HEMTs) have emerged as
a focal point in advanced semiconductor research, primarily due to their exceptional power handling
capabilities, which surpass those of conventional Si CMOS and III-V compound materials. With the
escalating demands of modern communication systems, there is an urgent need to enhance the
performance metrics of power amplifiers (PAs), specifically their output power and linearity. While
our prior investigations into AlGaN/GaN HEMTs have yielded notable achievements, including
power densities exceeding 33 W/mm in the X-band and 14 W/mm in the Ka-band, conventional
AlGaN/GaN heterostructures face significant limitations in meeting the stringent requirements of
millimeter-wave applications.

In this presentation, we introduce a novel multiscale vertical scaling-down epitaxial structure
design, featuring an AIN/GaN/InGaN architecture, specifically engineered to address key challenges
in millimeter-wave (mmWave) applications. This design aims to mitigate the short-channel effect,
strengthen quantum well confinement, and improve thermal management, as illustrated in Figs. 1(a)
and 1(b). The incorporation of coupling channel engineering, as depicted in Fig. 1(c), demonstrates a
significant reduction in dynamic source resistance, leading to enhanced transconductance (gm) and
RF linearity. Furthermore, the AIN/GaN/InGaN coupling channels achieve an exceptional
subthreshold slope of less than 60 mV/dec, as shown in Fig. 2, with the underlying hot electron
transfer mechanism providing a theoretical foundation for these performance gains.

As shown in Fig. 3, a two-tone test was conducted at 30 GHz, yielding a remarkable linearity
figure of merit (OIP3/Ppc) exceeding 12 dB. As shown in Table I, this result positions our CC-
HEMTs favorably against the latest linearization technologies reported in prior studies. Additionally,
we will present advancements in low-resistive AIN ohmic contacts and low-leakage gate oxidation
techniques, alongside the implementation of a high-speed thin InGaN channel to further enhance
quantum confinement. These cutting-edge innovations collectively offer a highly competitive
epitaxial solution for high-power, wide-frequency-range mmWave applications, paving the way for
next-generation communication systems.
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Abstract text: Short-wavelength (blue-violet-to-green) lasers with high power and high beam
quality are required for various applications including the machining of difficult-to-process
materials, high-brightness illuminations, and underwater light detection and ranging (LiDAR).
Promising light sources for such applications are wide-bandgap GaN-based photonic-crystal surface-
emitting lasers (PCSELs) [1-3], which are based on two-dimensional resonance at a singularity point
of the photonic crystal. In the present talk, after a brief review of PCSELs based on other material
systems [4,5], recent developments of GaN-based PCSELs will be discussed. It will first be shown
that optimization of the device layer structure is essential to enhance the 2D photonic-crystal
resonant effect for a GaN-based system, whose refractive index contrast is smaller than the other
material systems. Next, the importance of developing a nano-fabrication method for realizing
GaN/air structures with sufficiently small disorders will be shown. Then, the optimization of a unit
cell structure to realize a single-lobed and narrow-divergence beam will be discussed; for example, a
double-lattice structure, whose two lattices are separated appropriately, is important to enhance the
extraction efficiency of lasing light in the direction normal to the device surface. With these
optimizations, watt-class (>1 W) output power and a circular, single-lobed beam with a very narrow
(0.2°) divergence angle have been realized for GaN-based PCSELs. Even unique applications such
as underwater LiDAR systems have been achieved. The current issues of GaN-PCSELs are briefly
referred to and the talk will be concluded with their future prospects.

[1] H. Matsubara, et al., "GaN photonic-crystal surface-emitting laser at blue-violet wavelengths",
Science, 319, 445 (2008).

[2] K. Emoto, et al., “Wide-bandgap GaN-based watt-class photonic-crystal lasers”,
Communications Materials, 3, 72 (2022).

[3] N. Taguchi, et al., "Green-wavelength GaN-based photonic-crystal surface-emitting lasers,"
Applied Physics Express, 17, 012002 (2024).

[4] S. Noda, et al., "High-power and high-beam-quality photonic-crystal surface-emitting lasers: a
tutorial," Advances in Optics and Photonics, 15, 977 (2023).

[5] S. Noda, et al., “Photonic-Crystal Surface-Emitting Lasers: Review)”, Nature Reviews Electrical
Engineering, 1, 802 (2024).
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Abstract text: We have recently demonstrated the first optically pumped ultraviolet-C (A<280 nm)
photonic-crystal surface-emitting laser (PCSEL) showing narrow linewidth single mode operation
and a narrow far field. Here we show how threshold and far-fields are affected by the PCSEL size
and lattice constants and compare measured to simulated characteristics to gain a better
understanding of the trade-offs between threshold and high-quality far-fields. We investigate the
total losses both experimentally by measuring threshold and through 3D coupled-wave theory (3D-
CWT) simulations for PCSELs with sizes of 150 to 850 unit cells (0~20 um to ~116 pm) and lattice
constants between 133 and 142 nm for a 500-unit cell device. Experimentally, we find that the
threshold pump power density increases exponentially with decreasing PCSEL size. Simulations
confirm this trend that is mainly due to an increase in lateral losses for the six modal branches (A,
Bi, B2, C, Dy, D»). For a 550-unit cell device (0~75 pm), the B and C modes experience the lowest
losses. To identify which mode that lases, polarization-resolved far-fields can be very useful, and
here indicate lasing in the B; mode. The PCSEL size also affects the spectral properties and far-field.
Small enough PCSELs (0 < 68.5 um) with a lattice constant of 137 nm seem to lase in the B; mode
producing a narrow doughnut-shaped far-field centered around zero degrees. In contrast, larger
PCSELs (@ >75 um) lase in multiple modes, yielding a degraded far-field with sixfold symmetry.
We attribute this to 1D coupling effects, which may be under-coupled (high lateral losses) in small
PCSELs and over-coupled (low lateral losses) in larger ones. A similar transition is observed when
varying the lattice constant for a fixed PCSEL diameter (500 unit cells, ~70 um ©). For lattice
constants between 134 to 137 nm, devices seem to lase in the B; mode, while for lattice constant
>138 nm, 1D lasing emerges which distorts the far-fields. The lattice constant also strongly affects
the threshold since it shifts the full band structure which affects the modes spectral overlap with the
gain peak and thereby the modal gain. In summary, the choice of both PCSEL size and lattice
constant results in a trade-off between obtaining low threshold and high-quality far-fields and
developing designs to lower the threshold for smaller-sized PCSELs will be important.
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OD-Mon-7* - Losses in deep-UV Photonic Crystal Surface Emitting Lasers: finite-size
coupled-wave theory simulations versus semi-analytical approximation

3. Optical devices
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Abstract text: A photonic-crystal surface-emitting laser (PCSEL) has been demonstrated first in the
infrared and recently also in the blue [1] and green [2] spectral region. Operating at the Gamma point
of the photonic crystal dispersion, a PCSEL can deliver high output power into a single mode
operation with low-divergent far-field. We recently demonstrated optically pumped deep-UV
PCSELs (A=279 nm) with a photonic crystal consisting of circular holes in a hexagonal lattice etched
into the top AIN cladding.

To understand and optimize these devices it is important to be able to simulate modal losses for
finite-sized PCSELs. Simulations of the infinite PCSELSs are straightforward and can provide for
example the band structure, but they fail in the prediction of radiative and lateral propagation losses
that are strongly influenced by PCSEL size. The classical way to simulate finite area PCSELSs is to
use a coupled wave theory (CWT) approach, including higher order coupling terms [3,4].

Using the CWT approach, we calculate radiative and lateral losses for deep-UV PCSELs with
varying filling factor as a function of the radius of the PCSEL. Furthermore, we compare those
losses to those obtained by another model in which losses are estimated from the dispersion curves
for an infinite PCSEL, where lateral and vertical losses are given by integration over the finite
distribution in k-space. This approach — combining a numerical simulation of the band structure with
analytical expressions for the losses — provides semi-analytical expressions for vertical and lateral
losses in the limit of large PCSEL diameters.

We furthermore apply this semi-analytical approach to both the CWT model and a guided mode
expansion (GWE) simulation of the infinite PCSEL, in order to estimate the impact of the respective
approximation on predictions for finite-sized PCSEL. The presented elegant way to estimate losses
for finite size PCSEL enables a quantitative interpretation of our experimental observations on mode
selection and thresholds in deep-UV PCSEL, as well as provide us with an efficient tool to optimize
the structure.

References

[1] K. Emoto et al., Commun Mater 3, 72 (2022).

[2] N. Taguchi, et al., Applied Physics Express 17, 012002 (2024).

[3] Y. Liang et al., Opt. Express 20, 15945-15961 (2012).
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OD-Mon-8 - Proposal of a Novel Low-Refractive-Index Double-Layer Structure Formed by
Electrochemical Etching Applicable to GaN Photonic Crystals

3. Optical devices
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Abstract text: A method for forming high-density nanopores (NP) in heavily doped n"-GaN layers
using electrochemical etching (ECE) as a low-refractive-index material for GaN-based optical
devices has attracted attention. We have found out a new ECE-based nanostructure that can be
applied to GaN photonic crystals (PhCs) composed of precise nanoholes, achieving high optical
confinement and suitability for current injection.

First, we formed a topological PhC structure with equilateral triangular nanoholes, arranged in a
modulated honeycomb pattern, in a 152 nm thick low-doped pn junction core layer sandwiched by
GaN layers with an InGaN MQW active layer. The side lengths of the triangular nanoholes were
varied from 170 to 100 nm to control the photonic bandgap wavelength. These PhC structures were
fabricated using a low-damage precise etching method (HEATE) that utilizes hydrogen-assisted
thermal decomposition of GaN in a high-temperature, low-pressure hydrogen atmosphere.

Next, we processed a 1500 nm thick n"-GaN layer placed directly below the core layer using ECE
with oxalic acid solution under specific conditions. This resulted in the formation of a transfer
structure with a depth of approximately 600 nm, maintaining the PhC structure and expanding the
shape of the triangular holes directly below the PhC core layer, with an NP layer having random
vertical nanoholes formed beneath it. We refer to this structure as a double-layer structure. Under
different conditions, only an NP layer with vertical nanoholes was formed directly below the PhC.

Optical measurements and 3D-FDTD analysis of these two types of structures confirmed that the
formation of a photonic bandgap and the manifestation of topological properties were observed only
in the double-layer structure formed below the PhC. These results indicated the superiority of the
newly proposed double-layer structure formed by ECE.
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OD-Mon-9* - Room temperature lasing from a bound state in the continuum confined in a
GaN subwavelength grating
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Abstract text: This study demonstrates room-temperature lasing around 440 nm using a nanoscale
laser based on bound states in the continuum (BICs). The device consists of subwavelength gratings
etched into gallium nitride (GaN), below which indium gallium nitride (InGaN) quantum wells and a
low-refractive-index porous GaN layer are placed. GaN has been selected for its high refractive
index, low visible-light absorption, and robust thermal properties, making it ideal for visible
photonic applications.

BICs, which arise in periodic structures via destructive interference of radiative channels, coexist
with a continuum of radiating states and exhibit exceptionally high quality (Q) factors.
Subwavelength gratings — diffractive structures with a period smaller than the wavelength of light
— are employed here as a platform to confine BIC modes. The GaN sample with InGaN QWs was
fabricated using Molecular Beam Epitaxy. The gratings were made using electron beam lithography
and dry etching, while the porous GaN substrate was fabricated via electrochemical etching.

Optical characterization of the nanolaser was performed by angle-resolved photoluminescence
spectra under excitation by a 375-nm femtosecond pulsed laser. Below the lasing threshold, the
spectra exhibited a rich structure of optical modes, consistent with the theoretical predictions of BIC-
driven light confinement. As the pump power was increased, a single, narrow, dominant emission
peak emerged at ['-point at 443 nm, accompanied by a nonlinear increase in output intensity,
confirming the onset of laser action.

The tunability of the laser emission was explored by examining hundreds of gratings with varying
periods and stripe widths. This investigation highlights the device's potential for customization and
adaptability. The compact nature of this room-temperature nanolaser, combined with its robust
performance, positions it as a promising platform for future research and a wide range of photonic
applications.
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GR-Mon-Al - Production-ready, high-quality GaN on GaN epitaxy by QF-HVPE up to 6”

1. Growth
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Abstract text: For commercialization of GaN-on-GaN power devices, a cost-effective growth
method of large-sized wafer is crucial, although the low growth rate of a conventional metalorganic
vapor phase epitaxy (MOVPE) as well as a lack of large sized GaN-on-GaN wafer make its
establishment difficult. Severe C-induced carrier compensation peculiar to the MOVPE growth also
becomes an obstacle to have high enough voltage blocking capability in such GaN power devices.

Our recently developed quartz-free hydride vapor phase epitaxy (QF-HVPE) technology can solve
these issues of low growth rate and C-contamination of the MOVPE due to its high growth rate over
100 um/h and availability of high quality GaN crystal with extremely low Si, O and C
concentrations below the mid-10'*/cm? ranges. The 2”-sized GaN on GaN epitaxial wafers grown
using a proto-type QF-HVPE reactor exhibited excellent material qualities including a record high
room temperature mobility of 1,480 cm?/Vs, a record high mobility of 14,300 cm?*/Vs,[1] and
extremely high photoluminescence internal quantum efficiency of 21.7%.[2]

In this talk, we will present our recent results of GaN-on-GaN epitaxy made using a newly
developed mass-production type QF-HVPE reactor with 6” growth capability. Its well-designed,
sophisticated reactor has enabled growth of GaN layers having further improved material qualities.

Main results are listed below:

e High thickness uniformity; ex.) Standard deviation, s =3.4% for 4”.

e High electron concentration uniformity; ex.) s =3% for 4”.

e Wide range of Si-doping control within 10'* to 10"° /cm®

e Capability of 6” GaN on GaN epitaxy.

e Record high room temperature mobility of 1,591 cm?/Vs at 295 K.,

e Record high maximum mobility of 18,175 Vs/cm? at 35 K.
This presentation is based on results obtained from a project, JPNP21005, subsidized by the New
Energy and Industrial Technology Development Organization (NEDO).

[1] S. Kaneki et al., Appl. Phys. Lett. 124, 012105 (2024).

[2] K. Sano et al., Appl. Phys. Lett. 124, 231101 (2024)

93



GR-Mon-A2 - Perspectives on the Growth of Al.Ga:N Alloy by the Ammonothermal Method

1. Growth

Robert Kucharski'

Tomasz Sochacki', Karolina Grabianska', Magdalena Zajac', Petro Sadovyi', Arianna Jaroszynska',
Jan Weyher', Lutz Kirste?, Michal Bockowski'

! Institute of High Pressure Physics Polish Academy of Sciences, Warsaw, Poland

? Fraunhofer Institute for Applied Solid State Physics (IAF), Freiburg, Germany

Abstract text: Aluminum Gallium Nitride (AlxGai«N) is a key alloy in GaN-based transistor
architectures, particularly High Electron Mobility Transistors (HEMTs) [1]. Its combination with
GaN enables applications in radio-frequency and high-power electronics, offering high switching
speeds, superior breakdown voltage, and low ON resistance. However, the performance of these
heterostructures is often limited by growth on foreign substrates like GaN/sapphire template, which
leads to lattice mismatches, thermal dissipation issues, and residual strain, ultimately affecting
device efficiency. Nevertheless, the crystallization of bulk AliGai—N, even with a low content of Al
component, still remains a challenge.

Currently, ammonothermal method is used for GaN crystallization, particularly for highly
conductive (n-type) and semi-insulating. Two-inch Am-GaN substrates of exceptional structural
quality are available, featuring crystallographic flatness, a uniform off-cut angle, and a threading
dislocation density below 5x10* cm™ [2]. This technology extends beyond GaN crystallization.
Through the modification of growth conditions Al\GaiN alloy growth becomes possible as well

[3].

This study explores the potential of ammonothermal AlyGai«N crystallization, including direct
growth attempts on a GaN seed. Additionally, it examines AlxGai—«N crystal growth on a slender
GaN seed, where edge nucleation followed by lateral crystallization was induced. Both [000-1]
growth and lateral overgrowth were analyzed in detail. The Energy Dispersive Spectroscopy analysis
of cross-sections from laterally grown crystals will be used to determine the alloy composition as a
function of crystallization direction. Furthermore, the study investigated the influence of Al in the
growth environment on AlxGai«N crystallization, with a particular focus on the formation of low-
energy crystallographic planes. Additionally, findings on dislocation propagation in various
crystallographic directions will be presented. The proposed approach enabled the growth of bulk
AlyGaiN with an Al content ranging from 5 to 7 atomic %, and with (including) dislocation-free
regions.

[1]J.S. Raj Kumar et al., Microelectronics Journal, vol. 140, 105951 (2023)
[2] R. Kucharski et al. J. Appl. Phys. 128, 050902 (2020)

[3] T. Wostatek et al. Materials 2024, 17(13), 3104
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epitaxy
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Abstract text: Reducing the cost of GaN substrates requires the production of ingots via high-speed
and long-term growth. We propose an oxide vapor phase epitaxy (OVPE) method as a growth
technique for GaN that enables long-term growth[1]. In this method, Ga,O is used as the group-III
source, preventing the formation of solid byproducts, such as NH4Cl, in the exhaust section and
theoretically enabling long-term growth. However, in the OVPE method, increasing the supply of
Ga,0 and NH3 to enhance the growth rate leads to excessive oxygen doping from Ga,O (>3x10?!
cm?), significantly degrading the crystal quality. Reports have suggested that increasing the
hydrogen concentration in the carrier gas and the growth temperature are effective in reducing the
oxygen concentration in GaN[2]. In our previous study, we demonstrated that increasing the
hydrogen concentration allows for a growth rate of up to 600 um/h without compromising crystal
quality[3]. In this study, we investigated the effects of temperature on high-speed growth using the
OVPE method.

The conventional and elevated growth temperatures were set to 1286 °C and 1320 °C, respectively.
The Ga,O flow rate was fixed at approximately 110 sccm, whereas the NH3 flow rate was varied
from 450 to 1200 sccm. The growth duration was 15 min. At both temperatures, the growth rate
increased with the NH3 flow rate. However, at 1286 °C, crystal quality deterioration occurred when
the NH3 flow rate exceeded 900 sccm. In contrast, at 1320 °C, no deterioration in crystal quality was
observed even at an NH3 flow rate of 1200 sccm, and the growth rate exceeded 900 um/h. Oxygen in
GaN substitutes for nitrogen sites, and increasing the NH3 flow rate generally reduces the oxygen
concentration. However, at 1286 °C, the oxygen desorption rate was insufficient, leading to
excessive oxygen incorporation as the growth rate increased. As oxygen desorption is enhanced at
higher growth temperatures, the deterioration of crystal quality was suppressed at 1320 °C even at a
higher growth rate. These findings indicate that using a higher growth temperature in the OVPE
method enables high-speed growth while maintaining crystal quality.

Reference:

[1] M. Imade et al., J. Cryst. Growth 312 (2010) 676., [2] Y. Bu e al., J. Cryst. Growth 392 (2014)
1., [3] S. Usami et al., ICNS-14 (2023) GR2-3.

95



GR-Mon-A4* - The challenges of AlIGaN growth in Halide Vapor Phase Epitaxy
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Abstract text: Aluminum Gallium Nitride (AlxGa;xN) is a ternary alloy used in gallium nitride
(GaN) based transistor architectures such as the High Electron Mobility Transistor (HEMT) [1]. The
combined electric properties of AlyGa;«N and GaN make the aforementioned heterostructures fit for
applications in devices operating at radio frequency and high power electronics. The AlyGa;.\N/GaN
architectures are renowned for fast switching, high breakdown voltage and low ON resistance.
However, the potential of these architectures is limited by the growth on foreign substrates, usually
GaN on sapphire. This results in less than optimal device parameters related to, among other things,
growth defects and suboptimal thermal distribution. If native (or near-native) substrates are used, the
negative aspects of heteroepitaxy could be mitigated and a better performing, strain-free AliGa;xN
device could be obtained. Stress reduction brings many advantages to the functionality of
semiconductor devices such as longer device lifespan and higher breakdown voltages. Halide vapor
phase epitaxy (HVPE) remains one of the preferential methods to grow doped, and undoped, GaN
crystals [2]. Based on the data published in the scientific literature, it was determined that the growth
of AliGa N alloy was possible in thermodynamic conditions present within an HVPE reactor as
well [3]. In this work, the authors present challenges that had to be overcome during their efforts to
crystallize a freestanding AlGa N crystal. Firstly, the efforts to optimize morphology and Al
content of AlyGai«N layers grown on GaN/Al>Oj; templates will be discussed along with the key
parameters of growth. Layers with step-flow morphology and Al content (up to 10 at.%) will be
presented. Next, AlyGai«N growth on misoriented GaN seeds (0.5° to 4° towards the m-plane), will
be shown in order to discuss the impact of initial substrate misorientation on the post-growth
morphology, growth rate and structural quality as well as Al incorporation. Bormann effect which
appears in samples of notably high crystalline quality will be presented. Perspectives for obtaining
free-standing AlcGa;«N will be discussed.

[1] Kumar et al., Microelectronics Journal, vol. 140, 105951 (2023)
[2] Bockowski et al., Semiconductor Science and Technology, vol. 31, Number 9 (2016)

[3] Koukitu et al., Journal of Crystal Growth 305, 335-339 (2007)
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Abstract text: In the Na-flux method, large-diameter and high-quality GaN substrates can be
fabricated by combining the multi-point seed (MPS) method with the flux-film-coated (FFC)
technique which planarizes the crystal surface [1]. However, it has been reported that GaN crystals
on MPS substrate (sub.) are difficult to grow because the seed crystals have a small surface area [2].
To enhance growth, highly supersaturated conditions are usually applied during the initial growth
stage, but those conditions often lead to formation of polycrystals in the crucible. In this study, we
investigated the possibility of achieving growth on MPS sub. while suppressing formation of
polycrystal under higher N, pressure conditions (5 MPa) and lower N, pressure conditions (2 MPa)
compared to the conventional pressure range of 3—4 MPa. Temperature conditions were also
controlled to make supersaturations of the flux equal.

The growth was performed for 48 hours at N pressure of 2 MPa and temperature of 850°C (2
MPa/850°C) and 5 MPa/900°C using the MPS and template sub. We measured weight of crystals
and calculated the conversion rate of source Ga to GaN crystal based on weight of grown crystals.
We defined the conversion rate as yield and considered the yield of crystals on template sub. is an
indicator of supersaturation. It was found that the yields of crystals on the template sub. were similar
under both conditions, but crystal grew on MPS sub. at 5 MPa/900°C but not at 2 MPa/850°C.
Therefore, we expected that crystal growth on MPS sub. can be realized under high-temperature and
high-pressure conditions without polycrystals.

Subsequently, crystals were grown on MPS sub. by applying high-temperature and high-pressure
conditions to the typical FFC process. The yield of the crystal grown on MPS sub. was 35.7%,
without polycrystal formation at 5 MPa/900°C. In comparison, under conventional condition (3
MPa/870°C), the yield of on-substrate crystal was 33.5%, while the yield of polycrystal was 11.7%.

These results suggest that polycrystal is more suppressed under high-temperature and high-pressure
conditions compared to other conditions with equivalent supersaturation.

References

[1] M. Imanishi, et al., Appl. Phys. Express 12, 045508 (2019).

[2] K. Hamada, et al., J. Cryst. Growth 627, 127522 (2024).
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Abstract text: Hexagonal boron nitride (h-BN) has recently attracted a great attention due to its
fascinating optical, electrical, and thermal properties, and promising applications across the fields of
photonics, quantum optics, and electronics. However, mechanically exfoliated bulk h-BN and h-BN
films grown on catalytic metal substrates have been mainly used to study the fundamental properties,
lacking in scalability for practical implementation of h-BN. Here, we present a scalable approach for
growing high-quality h-BN on various non-catalytic substrates, including Si and epitaxial I1I-
Nitrides, via metal-organic chemical vapor deposition (MOCVD), and its various electronics and
photonics applications.

For implementation of wafer-scale h-BN films into current state-of-the-art Si-based microelectronics
technology, we demonstrate the conformal growth of sp? hybridized few-layer h-BN over an array of
Si-based nanotrenches with 45 nm pitch and the aspect ratio of ~ 7:1. NEXAFS spectroscopy and
DFT calculations reveal that the B-O bonds formed on the non-catalytic SiO, surface act as
nucleation sites for the formation of mixed sp”-and sp*-hybridized BON2 and BN3, facilitating the
conformal growth of sp’-hybridized h-BN with excellent step coverage.

In addition, we demonstrate the scalable use of uniform h-BN van der Waals passivation layer on a
2-inch AlGaN/GaN high-electron mobility transistor (HEMT) wafer via MOCVD. Structural,
spectroscopic, and theoretical analyses revealed an atomically sharp heterointerface between the h-
BN layer and the AlGaN surface, underscoring the potential of h-BN for advanced device
passivation. Finally, it was found that under specific MOCVD growth conditions, a unique few-layer
h-BN film can be grown on GaN substrates, in which the few-layer h-BN film is suspended on GaN
nanoneedles. The combination of state-of-the-art microscopic and spectroscopic analyses revealed
that the suspended h-BN films exhibit unprecedented atomic stacking. The mechanism underlying
the formation of unique atomic stacking will be investigated through structural and electrical
characterizations, as well as theoretical modeling. Our findings unveil new perspectives for the
scalable synthesis of engineered h-BN polytypes.
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Abstract text: Boron nitride (BN) has advantageous physical and electrical properties for (opto-
)electronic applications, yet growing large area, bulk single crystals has proven challenging. These
materials are desired for the use as substrates and as device layers to take full advantage of the
material properties.

Melt-based crystal growth methods are ill-suited for the growth of BN due to their inability to melt
BN given its sublimation temperature of ~ 3000 °C. Gas phase approaches for the growth of BN
have been demonstrated, though they are still dependent on the availability of existing seed crystals
to grow upon, encouraging the pursuit of a true bulk crystal growth synthesis pathway.

Solution-based crystal growth approaches offer the most accessible path towards bulk BN growth.
This talk will investigate the application of the ammonothermal method to the growth of BN. The
ammonothermal method relies on the temperature-dependent dissolution of species, in this case BN,
in a supercritical ammonia solution containing mineralizers to enhance solubility. Typical growth
conditions occur at temperatures around 500-600 °C and pressures 150-250 MPa.

Building on prior studies evaluating the temperature-dependent solubility of BN in a sodium-
containing supercritical ammonia solution,[1] this contribution will discuss the application of a
temperature gradient across a baffled autoclave in this system for the first time. Both rhombohedral
and hexagonal BN (rBN, and hBN, respectively) crystals were grown on the autoclave walls and on
seed crystals of cubic BN (¢cBN) in the lower temperature, lower solubility zone of the autoclave.

The structure of the grown BN crystals is characterized via Raman spectroscopy, X-ray diffraction,
transmission electron microscopy, selected area electron diffraction, and electron energy loss
spectroscopy. An epitaxial relationship is identified for the preferential growth of rBN on the (111)
cBN surface offering a pathway for bulk rBN growth.

[1] Dooley, J., et al. J. Cryst. Growth 621, 127381 (2023).

The authors acknowledge the support from NSF DMR under Award No. 1832824, Northrop
Grumman, and the Lehigh New Faculty Startup Funds.
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Abstract text: Hexagonal BN (h-BN) has attracted much attention as a material for new electronics
applications owing to its graphite-like crystal structure and wide bandgap (~ 6 eV). Among BN with
layered crystal structures, h-BN is the most thermodynamically stable. However, the formation of
rhombohedral BN (r-BN) has been reported in thin film growth using organic B sources [1]. We
have grown BN films by chemical vapor deposition with BCl; and NH3 as sources. The results have
indicated the formation of several polytype, h-BN [2], --BN [3] and Bernal BN (b-BN) [4] in our
films. In this study, we investigated the factors to promote the formation of specific polytypes during
film growth of BN.

The thin film samples were grown on c-plane sapphire. In our previous studies, N> has been used as
a carrier gas. In addition, H» and Ar were used for the growth in this study.

The in-plane crystal orientation characterized by X-ray diffraction indicated that the films grown in
N; and H; include both h-BN and r-BN for the growth at 1300 °C. However, the relative existence
ratio of these polytypes depended on the growth atmosphere, with a higher ratio of h-BN in H,. This
difference was also reflected in the surface morphology; the film grown in N, consisted of well-
aligned triangular grains whereas that grown in H, was dominated by hexagonal grains. Although
the film grown in Ar did not show in-plane orientations, the triangular grains in the film suggested
that the film is predominantly r-BN. A probable factor for the r-BN formation is C impurity [1].
Contrary to expectations from the carbon-free B source, detectable amounts of C were detected, with
larger values for the films grown in N and Ar than in Ho.

Despite the difference in crystallinity, these films showed an excitonic emission at 215 nm, which
matches that of the h-BN powder. This result suggests that r-BN may also exhibit an exciton
emission at approximately the same wavelength as h-BN at room temperature. More detailed
evaluation of the origin of luminescence including b-BN will be presented.

This work was supported in part by JSPS KAKENHI (18K04231, 20K20993, 23K 17757,
23K22786).

[1] S. Sharma et al., Adv. Mater. Interfaces, 11, 2400091 (2024); [2] N. Umehara et al., JJAP 55,

05FD09 (2016); [3] K. Hara et al., PSSB 2400037 (2024); [4] S. F. Chichibu et al., APL 120,
231904 (2022).
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Abstract text: Nitride ferroelectric semiconductors have a high Curie temperature and attract
attention as candidates for non-volatile memories operational at high temperature. Ferroelectric
polarization in nitrides exists along the c¢-axis direction, and it is important to obtain high-quality and
c-axis-oriented layers to achieve good ferroelectric properties (high E.: and large P;). Among nitride
ferroelectric semiconductors, aluminum boron nitride (AIBN) has recently been reported to exhibit
ferroelectricity. Since AIBN at a B composition of approximately 5% is lattice-matched to silicon
carbide (SiC) and SiC logic circuits can operate at high temperature, we consider AIBN/SiC
heterostructure is the most promising system for achieving high-temperature ICs with non-volatile
memory. In this study, AIBN layers were grown on SiC by rf reactive sputtering. The AIBN layer
with a B composition of 4% achieved w-scan full width at half maximum (FWHM) value of 0.9°,
which is the lowest value ever reported for AIBN grown by sputtering as far as the authors know.

AIBN layers were grown on 4°-off SiC (0001) substrates by rf reactive sputtering using an alloy
target of AloosBo.os under various conditions of RF power and N » flow rates at 400°C. Pt and Al
were deposited as the top and bottom electrodes, respectively. Polarization hysteresis was measured
by triangular PUND measurements for the sample with a 75 nm-thick AIBN layer. The hysteresis
loop was maintained from RT to 400°C.

The crystal orientation and B composition of the AIBN layers on SiC were investigated by XRD

2 6-w scans. It was confirmed that c-axis direction of the grown AIBN layers was tilted by 4° from
the surface, meaning the inheritance of the substrate off-angle. 26-w scan peak positions of the
AIBN layers grown under different conditions located between 36.2° and 36.4° (different B
composition). Assuming the Vegard’s rule, the B composition of each sample was estimated to be
from 3 to 5.5%.

The crystalline quality of the AIBN layers was analyzed by XRD w-scan. The higher N, flow rate
during the AIBN growth resulted in smaller FWHM values. From the relationship between the B
composition and w-scan FWHM values, smaller FWHM values were obtained from the AIBN layers
of B composition about 4%. Comparing AIBN layers grown on Si or W in previous studies, the
lowest FWHM value of 0.9° ever reported for the AIBN.
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Abstract text: Cubic boron nitride (c-BN) has a wide bandgap of 6.3 eV, making it a promising
material for high-power electronic devices [1]. We previously demonstrated the epitaxial growth of
c-BN (111) layers on diamond (111) substrates using ion-beam-assisted molecular beam epitaxy and
magnetron sputtering [2, 3]. The growth of c-BN-based alloys enables the development of electronic
devices utilizing carrier confinement in heterostructures. In this work, we demonstrate the first
epitaxial growth of c-BScN layers, an alloy of c-BN and cubic scandium nitride (c-ScN).

BScN layers were grown on diamond (111) substrates using a magnetron sputtering system with
substrate biasing. Pyrolytic boron nitride and Sc served as sputtering targets, with the Sc target
power varied from 0 to 105 W. Ar and N gases were used and negative bias voltage was applied to
the substrate stage to irradiate BScN with positive Ar and N plasma ions. A ~20-nm c-BN buffer
layer was deposited on the diamond substrate before BScN growth.

First, we investigated the bias-voltage dependence of the growth phase at the Sc target power of 45
W. FT-IR absorption spectra revealed that at —110 V, both sp® and sp? bond absorption peaks were
observed, indicating that a mixture of sp*-bonded and sp?>-bonded phases are formed. In contrast,
below —120 V, only the sp*-related absorption peak was detected, indicating the formation of phase-
pure BScN. From the X-ray diffraction measurement and cross-sectional TEM observations of the
phase-pure BScN layer, we confirmed the epitaxial growth of a c-BScN (111) layer on the diamond
(111) substrate. Sc atoms were uniformly incorporated, and the average Sc content was estimated to
be 2% from the STEM-EDS mapping.

Next, we investigated the Sc target-power dependence of the BScN layers at the bias voltage of —140
V. Up to 75 W, the c-BScN layers were epitaxially grown, but above 90 W, the phase separation of
BScN and ScN occurred. The Sc content increased with higher Sc target power: the Sc contents of c-
BScN layers grown at 60 and 75 W were 6% and 16%, respectively, measured by STEM-EDS
mapping.

The epitaxial growth of c-BScN layers will broaden the potential applications of c-BN-based high-
power electronic devices.

[1]1J.Y. Tsao et al., Adv. Electron. Mater., 4, 1600501 (2018). [2] K. Hirama et al., APL, 104
092113 (2014). [3] K. Hirama et al., ICNS-14, (2023).
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Abstract text: To utilize Mg-ion implantation in the fabrication process of GaN power devices, it is
essential to achieve sufficient activation of the implanted Mg with suppressing of thermal
decomposition during post-implantation annealing. We demonstrated that ultra-high-pressure
annealing (UHPA) can realize high Mg activation with suppressing thermal decomposition in Mg
ion-implanted GaN -2, However, to achieve thermal equilibrium (Ga+1/2 N,=GaN) near GaN
surface during UHPA, GaN wafers should be covered by GaN powders. Utilization of GaN powders
is not suitable for industrial applications due to low throughput, reproducibility and uniformity. In
this study, we propose an alternative approach which uses a carbon capping layer (C-cap) instead of
GaN powders on Mg-implanted GaN during UHPA.

Mg and N ions were implanted using multiple energies to form 600 nm box-profiles
([Mg]=[N]=10"cm™) into homoepitaxial n-type GaN (0001) layers. After formation of C-cap,
UHPA was performed at 1300°C under 500 MPa of N, pressure for 60 or 120 min. After UHPA, the
C-cap was removed by heat treatment in an oxygen atmosphere at 800 °C for 15 min. Successful
removal of C-cap was confirmed by Auger electron spectroscopy (AES). Following the removal
process, dehydrogenation annealing (800°C, 10 min, under a nitrogen atmosphere) and electrode
formation (Ni/Au at four corners of the chip) were carried out for Hall-effect measurement.
Scanning electron microscopy (SEM) revealed that the GaN surface remained smooth and
homogeneous after 120 min of UHPA and subsequent C-cap removal process. Hall-effect
measurements showed the activation of implanted Mg atoms by UHPA with C-cap. The temperature
dependence of carrier concentrations was comparable to that of previous results using UHPA with
GaN powders . These findings indicate that the combination of UHPA and C-Cap facilitates
efficient Mg activation while suppressing thermal decomposition, contributing to improved yield
and reducing costs in the annealing process.

This work was supported by MEXT-Program for Creation of Innovative Core Technology for
Power Electronics Grant Number JPJO09777.

[1] H. Sakurai et al., Appl. Phys. Lett. 115, 142104 (2019). [2] K. Sierakowski et al., Electronics, 9,
1380 (2020). [3] H. Sakurai ef al., App! Phys. Express 14, 111001 (2021).
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Abstract text: While intercalation phenomena are well explored in layered materials such as
graphite, their occurrence in non-van der Waals (non-vdW) materials, such as wurtzite compounds,
is scarcely observed. This work provides fresh insight into the field by demonstrating Mg
intercalation in wurtzite GaN, extending our understanding of Mg behavior beyond interstitial
incorporation and segregation. Through systematic investigation, a hierarchical relationship is
established among Mg interstitials, Mg segregation, and the emergent intercalation phenomenon. We
conclude that Mg interstitials tend to segregate into short, single-atomic-layer sheets, which, when
closely spaced along [0001] (a few nm), lead to intercalation behavior. Specifically, atomic-
resolution scanning transmission electron microscopy reveals that Mg intercalation induces two
distinctive structural modifications: (i) periodic polarity inversion along [0001], and (ii) ultra-high
uniaxial compression (up to tens of GPa) within confined GaN interlayers bounded by single-atomic
Mg sheets.

We experimentally demonstrate polarity-dependent intercalation pathways through comparative
studies of metal-polar, non-polar, and N-polar GaN substrates. Thermal annealing of metallic Mg on
metal-polar and non-polar surfaces successfully induces intercalation, whereas equivalent treatment
on N-polar GaN exhibits no intercalation. This polarity dichotomy may originate from contrasting
diffusion kinetics: in metal-polar systems, the downward-pointing polarity inversion domains align
with top-down Mg diffusion profiles, while N-polar exhibit upward-oriented domains that
kinetically hinder Mg transport. On the other hand, we observed that Mg intercalation occurs in N-
polar GaN through ion implantation of Mg ions.

Contrary to the well-established self-compensation mechanism in heavily Mg-doped GaN, where
Mg segregation limits p-type conductivity, Mg-intercalated GaN exhibits enhanced charge densities
and p-type conductivity. Specifically, we observe a significant increase in ionized acceptor
concentrations in the space charge region of n-GaN and improved hole concentrations in p-GaN.
These electronic modifications enable superior ohmic contacts (contact resistivity ~1075 Q-cm?) for
p-GaN. This work redefines intercalation physics in covalent semiconductors while providing
practical solutions for III-nitride device engineering.
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Abstract text: Photonic integrated circuits (PICs) enable the combination of various optical
components and condense complex optical setups into square millimeter sized chips. This allows
wafer-scale low cost fabrication as well as lower power consumption and higher robustness.
Applications for PICs in the UV spectral range like sensing of gases in the air, chemicals in water or
biomolecules as well as Raman spectroscopy require wide bandgap materials to ensure UV
transparency. Currently, no ideal material has been identified that enables low loss waveguides and
simultaneously the implementation of active and passive components, e.g., modulators, detectors
and light emitters, in the UV wavelength range. One possible candidate is the AlGaN alloy system
which is already successfully employed for the fabrication of UV light emitting diodes (UV-LEDs)
and UV lasers. However, the optical properties of AlGaN materials, especially the absorption losses
in AlGaN waveguides have not yet been studied in detail, especially not in the UVC spectral range
below 280 nm. In this work, the absorption in 200 pm wide n-Aly.76Gag 4N waveguides grown on
AlN/sapphire are investigated using UV-LEDs emitting at 262 nm and detectors of the same
heterostructure. By varying the waveguide length between UV-LED and detector the optical losses
can be determined using Beer-Lambert law. Using an integrated AlGaN photodiode, we were able to
measure photocurrents as low as 1 nA and found that the photocurrent decreases exponentially with
increasing waveguide length corresponding to an optical loss of (17+2) cm™. To analyze this result,
Monte-Carlo ray-tracing simulations were performed and compared with experiment. We identified
the absorption in the AlGaN waveguides as one contributing factor to the optical losses. In addition,
propagation through the AIN base layers and scattering losses from surface roughness must be
considered as well. In the presentation, we will discuss the impact of the absorption coefficient in the
different layers. Also the influence of defect density and surface roughness are investigated by
comparing devices grown on different AIN/sapphire template (planar, high temperature annealed
(HTA), epitaxial lateral overgrown (ELO) and double growth annealed (DGA)) on the total losses
using the simulation and measurement results of the investigated devices.
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Abstract text: To realize high-performance GaN power-switching devices, precise conductivity
control via ion-implantation (I/I) is essential. However, Mg-I/I introduces high concentration (>10"
cm™) of Vg,V divacancies, which agglomerate into large clusters such as (VgaV)s after post-
implantation annealing [1]. Because such vacancy clusters work as nonradiative recombination
centers (NRCs) [2], minimizing their formation is essential. To comply, ultra-high-pressure
annealing (UHPA) under 1-GPa-N, has emerged as a promising technique [3]. However, its effects
on GaN surfaces and carrier recombination dynamics governed by midgap recombination centers
(MGRCs) remain unclear. In this presentation, superiorities of UHPA for undoped, Si-implanted,
Mg-implanted, and Mg/N-implanted GaN epilayers are presented by using PL and time-resolved PL
measurements.

For undoped GaN, PL lifetimes at 300 K for the near-band-edge (NBE) emission decreased with
increasing the annealing temperature (73) , indicating higher 7, increased the concentration of
MGRUC:s. In contrast, for I/I-GaN, PL lifetimes or PL intensities at 300 K of the NBE emission
increased with increasing 75, indicating higher 7, decreased the concentration of MGRCs originating
from the I/I-induced vacancy-type defects. Nevertheless, MGRC concentrations in I/I-GaN after
UHPA remained several orders of magnitude higher than in undoped GaN. Additional N-I/I onto
Mg-implanted GaN followed by UHPA at 7, = 1480 °C enhanced the activation of Mgg, acceptors
and decreased the concentration of MGRCs. For Mg- and Mg/N-implanted GaN, the progressive
activation of Mgg. acceptors with increasing 7, was confirmed. However, the PL lifetimes for Mg-
and Mg/N-implanted GaN with Mg concentrations higher than 1x10'® cm™ were limited to shorter
than 1 ps. To fabricate reliable p-contacts and electron inversion layers using Mg- or Mg/N-I/1
combined with UHPA, it is crucial to eliminate residual defective layers near the surface.

This work was supported by MEXT-Program of R&D of Next-Generation Semiconductor
(JPJO05357), Creation of Innovative Core Technology for Power Electronics (JPJ009777), JSPS
KAKENHI (JP16H06427 and 21H01826), and the Polish National Science Center through Project
No0.2023/49/B/ST5/03319.

[1] Uedono et al., PSSB 255, 1700521 (2018). [2] Shima ef al., APL 113, 191901 (2018). [3]
Sakurai et al., APL 115, 142104 (2019).
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PC-Mon-9 - Electromodulation spectroscopy of built-in electric fields in hybrid III-N
heterostructures
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Abstract text: All currently proposed optoelectronic devices are multilayered, based on
heterostructures with multiple interfaces. In this context, the famous phrase ‘the interface is the
device,’ as stated by H. Kroemer in his Nobel Lecture, remains as relevant as ever. Band alignment
at the interfaces governs device operation—specifically, the energy barrier influences carrier
dynamics and dictates carrier extraction or injection, ultimately determining device performance.
This underscores the crucial role of interface engineering in the development of efficient
optoelectronic devices.

Today, III-N heterostructures serve as a reliable platform for tandem devices, incorporating
emerging materials such as van der Waals crystals and perovskites. This integration has enabled the
demonstration of solar cells, LEDs, transistors, and photodetectors.

In this talk, a methodology providing direct access to electronic phenomena at the interface in GaN-
based hybrids will be described. It will be demonstrated that combining GaN structures with a
controlled distribution of the built-in electric field and electromodulation spectroscopy—particularly
contactless electroreflectance (CER)—is highly effective for studying carrier behavior at GaN
surfaces and interfaces. Furthermore, CER will be shown to be a powerful tool for carrier tracking.
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Abstract text: Gallium Nitride (GaN) is the leading material system for high-frequency and high-
power applications due its high saturation velocity (vsx~2*107 cm/s) and critical E-field (Ec ~ 3.3
MV/cm), playing a critical role in both defense industry and telecommunications. Despite its
potential, GaN devices still operate below their theoretical limits, hindering their performance at
mmWave range (particularly in the D-G band) [1]. Conventional scaling approaches [2] to enhance
fr and fmax—such as regrown contacts and extreme lateral scaling—introduce trade-offs, including
reduced breakdown voltage (Vgr) and increased DC power dissipation, ultimately limiting GaN RF
system efficiency and operating voltage.

In this work, we investigate a novel GaN transistor architecture that leverages strong RF coupling to
achieve ultra-low access resistance, enhancing RF performance while maintaining high breakdown
voltage. Unlike conventional designs, our approach utilizes displacement field coupling to separate
DC and RF signal paths, enabling more efficient amplification. This separation reduces DC power
dissipation while improving RF performance, and directly addressing the high-frequency operation-
breakdown voltage trade-off. Unlike conventional devices, the unilateral gain U, and the current gain
hy; do not decay by 20dB/decade, as access resistances improve with frequency. To account for this
effect, a modified small-signal equivalent circuit model is developed, showing excellent fit with the
measurements up to 50 GHz, which will be discussed in detail during the talk. The fabricated
devices demonstrated excellent RF performance, achieving fr /fmax of 170/430 GHz and 180/380
GHz, alongside a 2.5-fold improvement in static breakdown voltage. Additionally, the reduced DC
quiescent current enhances amplification efficiency compared to conventional HEMTs. This talk
will provide a detailed explanation of the proposed architecture, its impact on RF transistor
performance, and its potential to enable high-performance, power-efficient GaN-based mmWave
devices. By extending the LNA operating power range and improving PA efficiency, this
architecture could pave the way for higher power and efficient RF devices.

[1] K. Shinohara, CRC Press, 2017.

[2] K. Shinohara et al., IEEE Trans. Electron Devices, vol. 60, no. 10, pp. 2982-2996, 2013.
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Abstract text: Recent advances in the performance of gallium nitride (GaN) transistors have led to
their widespread adoption in power switches and amplifiers. However, further circuit-level
improvements are limited as the p-channel GaN FETs (p-FETs) performance significantly lags
behind that of n-channel GaN FETs (n-FETs). The recessed gate p-FET significantly improves the
on/off ratio and current density but requires optimization of the gate oxide and recess depth [1].
Understanding how these parameters impact the device performance is crucial in achieving the next
generation of fully integrated, scalable GaN power circuits.

In this work, we fabricated long channel self-aligned GaN p-FETs (Ly=Ls=2-6pm) to study the
effect of gate recess depth and gate oxide deposition method on leakage and current density. Our
devices were fabricated on a p-GaN/uid-GaN/AIN/A1GaN/GaN epitaxial structure. Using a Cl-based
dry etch to fabricate devices of three different recess depths, we demonstrated that small increases in
the gate recess near a critical recess depth considerably reduces the saturation drain current and
shifts the threshold voltage positively. We also studied the differences between thermal atomic layer
deposition (ALD) and plasma-enhanced ALD Al,O; gate dielectrics on leakage and hysteresis. GaN
p-FETs with thermal ALD Al,O; gate dielectrics have nearly 10* times higher leakage in the high
field reverse-bias regime compared to those with plasma-enhanced ALD Al,Os. Leakage
measurements confirm this is due to reduced tunneling leakage in the gate dielectric. However,
thermal ALD Al,Os is more effective at passivating the plasma damage induced during the gate
recess, resulting in less hysteresis than p-FETs with plasma-enhanced ALD Al,Os. To the best of the
authors’ knowledge, this is the first study on the impact of gate dielectrics on the hysteresis of GaN
p-FETs. These findings improve our understanding of the material and design space of GaN p-FETs,
serving as a foundation for further improvements in GaN p-FET technology.

References:

[1] Xie et al., IEDM. 2022. DOI: 10.1109/IEDM45625.2022.10019401.
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Abstract text:  AIN is an attractive material for high voltage and high temperature electronic
devices owing to its ultrawide bandgap and high breakdown field. Recently, we identified the two
current transport in AIN Schottky barrier diodes (SBDs): the nearly ideal thermionic field emission
[1] and the shoulder-like leakage caused by local barrier height lowering (LBHL) [2]. In this study,
we investigated the origin of the LBHL by emission microscopy observation.

We fabricated AIN SBDs with a graded n"™-AlGaN top contact layer on both SiC and AIN
substrates. The threading dislocation densities (TDDs) for the devices on SiC and AIN substrates are
approximately 10°and 10° cm™, respectively. We performed the /-7 measurements for circular
Schottky electrodes with diameters of 200, 400 and 800 um. For the 200 um devices, 20-30%
devices showed nearly ideal characteristics. On the other hand, the others showed the shoulder-like
leakage. As the size increased, the proportion of the devices with nearly ideal characteristics
decreased. From the relationship between the yield and the area, the density of the defects causing
LBHL is estimated as ~3 x 10° cm™ for devices on a SiC substrate. The similar trends were observed
for the devices on an AIN substrate, and the density was estimated as ~4 x 10> cm™. The defect
densities do not depend on the TDDs, and the defects seemed to be generated via the epitaxial
growth.

The emission microscopy observation was conducted. An infrared light emission from heating
region (leak spots) can be detected. The devices with nearly ideal characteristics emitted no
detectable light, whereas those with shoulder-like leakage showed a dotted emission pattern. Under
optimized measurement condition, we found that the emissions were aligned in a linear pattern with
an opening angle of 120°.

Previously, X-ray topography for AIN bulk crystals was reported [3], and the basal plane
dislocations (BPDs) oriented along the six <1-100> directions with an opening angle of 120° existed
with the density of the order of 10° cm™ [3]. The shape and the density are consistent with the
defects observed in this study. These results strongly suggest that BPDs along <1-100> are
predominantly responsible for LBHL in AIN SBDs.

Reference: [1] T. Maeda et al., IEDM 2024. [2] T. Maeda et al., IWN 2024. [3] R. Dalmau et al.,
Mater. Sci. Forum 1004, 63 (2020).
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Abstract text: In modeling the device properties of GaN HEMTs, detailed understanding of drift
velocity of the 2DEG is essential. We have previously reported precise characterizations of the
velocity-field characteristics of the 2DEG and its temperature dependence [1]. In this work, we
fabricated test devices with varying 2DEG densities and comprehensively characterized the drift
velocity under various density and temperature conditions.

We prepared three AlGaN (15 nm)/GaN heterostructures grown by MOVPE on semi-insulating SiC
substrates. The Al compositions of the AlGaN barriers are 11%, 22%, and 32%. The regrown n'-
GaN was selectively formed to achieve good ohmic contacts. SiNx was deposited by PECVD for
passivation. Ti/Au metals were evaporated as ohmic contacts. The contact resistances, measured by
TLM, were as low as 0.4-0.7 Qmm. The 2DEG densities, obtained by Hall effect measurements, for
Al compositions of 11%, 22%, and 32% were 2.7x10'> cm™, 8.1x10'2 cm™, and 1.3x10" cm?,

respectively.

To obtain the velocity-field characteristics free from a self-heating effect, pulsed /-/ measurements
were performed on the TLM structures (width: 40—80 pm). Velocity saturation was observed, and
the velocity-field curves were well fitted to the Caughey-Thomas model [2] under all conditions. At
room temperature, the saturation velocity increases as 2DEG density decreases, despite similar low-
field mobility. We obtained the density-dependent model of the saturation velocity approximately
10-30% higher than the previous work [3], possibly due to the suppression of current collapse
and/or surface depletion. At a low sheet density of 2.7x10'? cm™, the saturation velocity almost
linearly decreased from 25 K to 573 K. On the other hand, at higher sheet densities, the saturation
velocity was almost constant from 25 K to 250 K then linearly decreased at high temperatures,
which is well explained by the Hirakawa-Sakaki model [4]. The difference may be related to the
change in degenerate electron states with the threshold density of 3.8x10'> cm™, as described in a
previous study [5]. This study is very useful for improving the design of GaN HEMTs.

[11Y. Wakamoto et al., IWN 2024. [2] D. M. Caughey and R. Thomas, Proc. of IEEE 55, 2192

(1967). [3] S. Bajaj et al., APL 107, 153504 (2015). [4] K. Hirakawa and H. Sakaki, J4P 63, 803
(1988). [5] T. Fang et al., IEEE EDL 33, 709 (2012).
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Abstract text: N-polar GaN has been attracting growing attention due to a number of theoretically
expected advantages over conventional Ga-polar GaN in heterostructure field-effect transistors
(HFETs). These advantages include improved contact resistance, superior carrier confinement,
reduced buffer leakage currents, advanced scaling. In this work, N-polar GaN/AlGaN
heterostructures grown on 8” sapphire wafers are characterized, and test HFETSs are fabricated.
Material deposition is carried out in a commercial MOCVD tool (AIXTRON G5+C 5x200 mm
Planetary Reactor). Wafers with identical stacks except for the top uid-GaN channel with different
thicknesses (15, 25 and 35 nm) are investigated.

Prior to HFET fabrication, the wafers are evaluated with X-ray diffraction and photoluminescence
measurements to study composition (AlGaN barrier with 27 % Al), crystal quality (283 arcsec
FWHM of (0002) GaN plane), and with atomic force microscopy for surface roughness (RMS of 6.7
nm for a 5x5 um? area). Next, HFETs are realized starting with Ti/Al/Ni/Au ohmic contacts
fabricated using a combination of optical lithography, electron-beam evaporation, lift-off, and
annealing. For electrical isolation, inductively-coupled plasma reactive ion-etching and ion
implantation are compared in their effectiveness to suppress device-to-device and device-to-buffer
leakage, as well as their impact on the resulting HFET performance. After isolation, Ni/Au gates
(down to 1 pm length) are deposited similarly. HFET fabrication completes with a SiNy passivation
layer deposited with a plasma-enhanced CVD tool.

Ohmic contacts with low contact resistance of 0.5 Ohm'mm are achieved, and the Au/Ni/GaN
Schottky contacts yield a barrier height of 0.55 eV. The heterostructures demonstrate high sheet
carrier concentration in a two-dimensional electron gas of 10" cm? with moderate mobility of 800
cm?/Vs resulting in transistor currents up to 500 mA/mm without passivation.

HFETSs without passivation, with passivation-first (prior to gate processing) and passivation-last
(after gate processing) are evaluated with pulsed current-voltage measurements to investigate
surface-related trapping effects. Although introducing passivation results in elevated leakage
currents, notably reduced DC-RF dispersion was observed (2.5% gate lag collapse at knee voltage
after passivation compared to 95% collapse before passivation).
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OD-Mon-10 - Radiative and non-radiative recombination mechanisms in red-emitting InGaN
quantum wells

3. Optical devices
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Abstract text: Intensive research on InGaN-based LEDs has brought the external quantum
efficiency of blue LEDs close to the physical limit of 100%, and the efficiency of green LEDs has
also improved markedly in recent years. However, the efficiency in the red region remains at a low
level. Our group has assessed radiative and non-radiative recombination processes in red-emitting
InGaN QWs at macro-, micro-, and nano-level spatial resolutions.

The sample is a hybrid InGaN QW structure, which consists of a red-emitting single QW (SQW)
stacked on top of a blue-emitting SQW. The internal quantum efficiency (IQE), radiative
recombination lifetime (trad), and non-radiative recombination lifetime (tnrad) were evaluated at
room temperature by selectively photoexciting only the red emitting SQWs at 515 nm. As a result,
we found that IQE increases with increasing optical excitation intensity, and obtained IQE =5.9%
under relatively strong excitation. Furthermore, trad =10us and tnrad =100ns under weak excitation,
but trad =1ps and tnrad =50ns under strong excitation. This indicates that under weak excitation, the
radiative recombination lifetime is very long due to the quantum confined Stark effects, whereas the
10-fold faster radiative recombination lifetime under strong excitation is mainly due to the screening
effect of the internal electric field. The dependence of the non-radiative recombination lifetime on
the photoexcitation intensity is not so large, indicating that the Auger-Meitner effect plays a minor
role.

Next, photoluminescence (PL) mapping by confocal and scanning near-field optical microscopy
(SNOM) shows that regions of weak red emission are strongly correlated with dark regions of
underlying blue emission, and parasitic green emission is always observed in the regions of
significantly dark red emission. Our correlative SNOM and atomic force microscopy (AFM) reveals
that the green emission originates from trench defects with In segregation. Therefore, trench defects
with In segregation are one of the origins of the low IQE in red InGaN. The comparative X-ray
diffraction and AFM analyses suggest that screw threading dislocations must be one of the triggers
in the formation of trench defects. We believe that these findings will be useful for increasing the
efficiency of future red-emitting InGaN-based LEDs.
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Abstract text: To date, red-emitting InGaN micro-LEDs face critical challenges, including low
external quantum efficiency (EQE) and poor color purity, primarily due to defects, dislocations, and
broad emission linewidths in high-indium-composition quantum wells. In this work, we present a
transformative approach to address these limitations by utilizing a nanowire photonic crystal (PhC)
structure to significantly enhance the performance of red-emitting InGaN micro-LEDs. By coupling
the spontaneous emission of the InGaN/GaN active region to the photonic band edge mode of the
PhC, we achieved pure red emission with a narrow linewidth of ~5 nm, a remarkable improvement
over the typical 40-90 nm linewidths observed in conventional devices. Importantly, the emission
wavelength remained stable over a wide range of injection currents, eliminating the color shift
commonly caused by the quantum-confined Stark effect (QCSE).

The optimized device demonstrated a record EQE of 12%, the highest reported for micrometer-scale
red InGaN micro-LEDs, and a chromaticity coordinate of (0.67, 0.33), aligning precisely with the
primary red color in the NTSC standard. This achievement highlights the potential for achieving
high color purity and stability, which are essential for wide color gamut displays. Furthermore, the
PhC structure enabled highly directional emission with a divergence angle of less than 15°,
significantly improving light extraction efficiency. Detailed characterization revealed that the EQE
and color stability were strongly influenced by the thickness of the Al,O3 passivation layer. Angular-
resolved electroluminescence measurements confirmed the vertical emission mechanism, attributed
to the coupling of lightwave along the I'-K directions of the PhC.

The realization of high efficiency red-emitting InGaN micro-LEDs pave the way for monolithic
integration of GaN-based RGB micro-LEDs with CMOS-driven circuitry. The demonstrated high
efficiency, narrow linewidth, and excellent color stability underscore the potential of this approach
for next-generation micro-LED displays with superior color rendering, high contrast ratios, and
energy efficiency.
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Abstract text: Color stability is a major challenge in long wavelength III-N light emitting diodes
(LEDs), particularly for microLED based displays. As current density increases, a monotonic
decrease in peak wavelength is observed and the LED blueshifts. In this work, we demonstrate high
external quantum efficiency (EQE) red LEDs with negligible blueshift from 0.01 A/cm?* to 100
Alem?,

Two LED wafers were grown in a metalorganic chemical vapor deposition reactor. Wafers 1 and 2
had 2.3 nm and 1.8 nm thick QWs, respectively. The LEDs were electrically probed on-wafer from
0.01 to 100 A/cm?. For wafer 1, from 0.01 to 1 A/cm?, the peak wavelength redshifted from 611 nm
to 626 nm, remained 626 nm until 2.5 A/cm?, and finally blueshifted to 608 nm at 100 A/cm?. This
corresponds to only a 3 nm net blueshift from 0.01 A/cm?* to 100 A/cm? and an 18 nm blueshift from
the LED’s longest peak wavelength at 2.5 A/cm?* to 100 A/cm?®. Wafer 2 demonstrated similar
optoelectronic behavior, with the peak wavelength being stable from 0.01 to 0.5 A/cm? at 590 nm,
redshifting to 601 nm by 2 A/cm?, remaining there until 5 A/cm?, and blueshifting to 590 nm at 100
A/cm?. This corresponds to 0 nm net blueshift from 0.01 to 100 A/cm?, and only an 11 nm blueshift
from the LEDs longest wavelength at 5 to 100 A/cm?. Wafer 1 was packaged in transparent
encapsulant and tested in an integrating sphere. At 1.75 A/cm? an LED had a peak wavelength of
627 nm, corresponding to a peak wall-plug efficiency (WPE) of 4.8% and peak EQE of 7.5%.

This optoelectronic behavior is noteworthy because most blueshifting normally occurs at low current
density, which is when our LEDs are redshifting. Additionally, our LEDS are at their highest
efficiency when most optically red. A peak wavelength redshift was observed with increasing
current density for [II-nitride LEDs for the first time, leading to enhanced color stability in our LEDs
compared to other red LEDs. This work is supported by the Solid State Lighting and Energy
Electronics Center (SSLEEC), the Korean Institute for Advancement of Technology (KIAT), and
Department of Energy Award # DE-EE0009691.
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Abstract text: Polar Light Technologies has developed a novel microLED technology that produces
native RGB emission within a single materials system. The approach leverages a unique bottom-up
fabrication method based on hexagonal GaN pyramids with InGaN quantum wells (QWs), enabling
native emission of blue, green, and red light at 470 nm, 520 nm, and 625 nm respectively—without
needing separate phosphor or quantum dot conversion layers.

Traditional microLED fabrication typically involves a top-down etching process of 2D quantum well
structures. However, this method can introduce significant surface and sidewall damage, especially
as device dimensions shrink, which increases non-radiative recombination and reduces external
quantum efficiency (EQE). In contrast, the bottom-up strategy employed by Polar Light
Technologies forms pyramidal structures that inherently avoid these issues. PLT’s microLEDs offer
benefits such as sub-Lambertian emission, making them highly suitable for applications requiring
high pixel densities, like AR/VR displays and micro-projectors.

The selective area growth of GaN pyramids is achieved through Metal Organic Chemical Vapor
Deposition (MOCVD) on SiN-masked GaN/SiC templates. The adaptability in the mask design
ensures compatibility with commercial CMOS backplanes. The InGaN QWs grown atop these
pyramids have tunable indium content, which is the key parameter for setting the emission
wavelength. This single materials system not only streamlines manufacturing but also enhances
integration with CMOS backplanes and ensures mechanical and thermal compatibility, paving the
way to improved device longevity and color stability.

Additionally, the research identifies and addresses leakage current issues—a common limitation in
microLED performance—by optimizing defect characterization, material composition, and interface
engineering. These targeted improvements reduce leakage pathways, thus boosting efficiency and
overall performance stability.

In summary, this innovative bottom-up approach for fabricating microLEDs enables the creation of
high-performance R/G/B devices and opening a path to monolithic RGB devices and making them
an ideal candidate for next-generation display technologies, especially in AR/VR applications.
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Abstract text: Full-color micro-light-emitting diodes (WLEDs) are considered promising for next-
generation display applications. While significant progress has been made in the development of
efficient blue and green LEDs, achieving high-performance red emission remains a considerable
challenge. AlGalnP-based red LEDs are highly desirable due to their excellent efficiency and optical
properties. However, their development is hindered by issues such as high surface recombination
velocity, long minority carrier diffusion lengths and severe thermal droop limit their development. In
contrast, InGaN-based red pLEDs have emerged as a promising alternative due to their superior
thermal robustness and reduced size effects. However, the epitaxial growth of high-efficiency
InGaN-based red pnLEDs remain challenging for the substantial internal stress in the quantum wells.
Additionally, while several groups have demonstrated that InGaN-based LEDs with tunnel junction
(TJ) contacts offer the advantages of improved current spreading and reduced optical loss, the
impact of temperature on the performance of TJ contact at elevated temperatures has yet to be
explored.

In this work, we employed MBE for the regrowth of a TJ on MOCVD-grown red pnLED wafers,
serving as a current spreading layer. The TJ-pLEDs achieved a high wall-plug efficiency (WPE) of
4.3% at 1 A/em?’. The electrical efficiency at room temperature reached approximately 0.935,
demonstrating excellent current spreading performance of the epitaxial tunnel junction. The current
injection of the TJ-uLEDs could be further improved at elevated temperatures.

Notably, the redshift coefficient, which quantifies the temperature-dependent peak wavelength shift,
was as low as 0.05 nm/K. Additionally, the high-temperature-to-room-temperature EL intensity
ratio remained above 0.56, even at a low current density of 0.5 A/cm? at temperatures up to 80°C.
These results highlight the superior high-temperature performance for our high-indium content TJ-
LLEDs. Our findings provide valuable insight into the thermal droop behavior of the red TJ-
LLEDs at low current densities, paving the way for developing efficient and temperature-tolerated
red pLEDs in the future.
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Abstract text:  Ultra-wide bandgap semiconductor materials hold great promise for various
commercial applications including radio frequency, power and optical devices which require high
power density, high voltage and high voltage blocking capability. Aluminum nitride (AIN)
substrates offer a compelling platform for these devices due to their high thermal conductivity, ultra-
wide bandgap, and close lattice matching with other III-Nitrides. To evaluate this potential and to
ensure practical commercialization, substrates with at least 100 mm in diameter are needed. In this
work we report our approach to develop the 100 mm AIN single-crystal substrates including crystal
growth and subsequent substrate preparation.

AIN single crystals are grown using PVT. Several crystal generations are used to expand the
diameter from 2-inch seeds to crystals with diameters larger than 100 mm. The crystals are then
ground, oriented, and sliced into wafers which are subsequently polished to obtain epi-ready
surfaces. We report on achieving 100 mm substrates with useable area > 99% estimated using high-
resolution cross-polar imaging. Furthermore, the quality of the substrates is evaluated using double-
crystal XRD rocking curves and show FWHM of less than 30 arcseconds for both symmetric and
asymmetric rocking curves. The EPD was obtained using standard eutectic melt and falls in the
range 10* — 10° cm™. The 100 mm AIN demonstrates high-purity with impurity concentrations of <
10'7 cm™ measured using SIMS. We demonstrate 100 mm AIN single-crystal substrates having room
temperature thermal conductivity of ~ 295 W/m*K. Developing a consistent epitaxial process and
device fabrication is critical for power electronics device applications. The ability to link these
processes to substrate properties and resulting device performance will enable development of a
standard semiconductor AIN substrate specification.

A 100 mm AIN substrate was used to grow a AlossGag.1sN/Alo70Gao 3N a HEMT structure by
MOCVD. The epitaxial growth conditions were developed on 2” AIN substrates and transferred
directly to the 100 mm AIN substrate. XRD and CV measurements were utilized to verify the
structure and compare compositions and thickness values between the different size substrates.
These results demonstrate the suitability of the 100 mm AIN substrates for developing next
generation power electronics.
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Abstract text: The successful implementation of nitride semiconductors has led to an evolution in
power and RF devices, as well as significant utilization of nitride emitters and detectors. Aluminum
nitride (AIN) has garnered significant interest and importance as both a substrate material and an
active semiconductor for advanced devices. The superior properties of AIN include a high thermal
conductivity, an ultra-wide bandgap of 6.1eV resulting in an extreme breakdown field, and recently
demonstrated doping capability. With the recent advent of large area native substrates, a knowledge
gap remains on both large area wafer characteristics and propagation of properties and defects into
epitaxial layers.

Here, AIN single crystal boules were grown using physical vapor transport (PVT) and then ground,
oriented, and sliced into wafers which are subsequently polished to obtain epi-ready surfaces. Here
we report on commercialized 50mm substrates characterized pre- and post- epitaxial growth of AIN.
The substrates exhibit an overall high UV transmission indicating a low density of optically active
defects. Surface morphology show low bow/warp with a smooth epi-ready surface and low
roughness. Notably, a slight increase in roughness is observed in a six-fold symmetric pattern
aligned crystallographically to the major flat. Photoluminescence, excited by sub-gap 325nm light,
exhibits both radial symmetric and six-fold symmetric patterns indicative of some optically active
mid-gap defect inhomogeneity consistent with visible wafer characteristics. Raman spectroscopy
(488nm) confirms the overall high crystallographic quality expected of bulk PVT material with
small spatial perturbations in near surface scattering intensity (~5um measurement depth). Despite
variation in the scatter intensity, peak position and full width at half maximum remain consistent
(B2 = 655.68+0.06 cm™, A1(LO) = 887.31+0.06 cm™) and narrow (3.53+0.06 cm™ and 8.93+0.22
cm' respectively) over 2.28 cm? area maps indicating minimal stress and phonon dispersion
variation within the crystal. Discussion will further include X-ray Topography, high resolution XRD
mapping, cathodoluminescence mapping, and evolution of these characteristics with epitaxial
growth.
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Abstract text: The diversity of applications for UV LEDs including UV curing, optical
communication and disinfection, necessitates the use of an AlGaN buffer layer with the ad-hoc Al
composition to enable the growth of high-quality quantum wells covering a broad wavelength
spectrum, from UVA to UVC. Various template can be used to meet these requirements (e.g.
GaN/Al, O3, AIN/ALOs, bulk AIN); however none have been successfully exploited across the entire
Al composition range due to strain and defect formation resulting from lattice mismatch.

The goal of this study is to demonstrate the potential of our innovative AlGaN microdisk platform to
grow AlGaN buffer layers with Al composition ranging from 0% to 100%.

We first grow a thin = 80 nm Alo.15GagssN layer on 2°” GaN/Al,O3 wafer by metal organic vapor
phase epitaxy (MOVPE). We then create Aly.15GaossN/GaN micropillars by optical lithography and
dry etching. Finally, we use selective thermal etching of GaN to obtain an Al 15Gag ssN microdisk
supported by a GaN pillar.

We investigated the MOVPE growth of AlGaN layers with various compositions on different
templates: Alp.15GagssN microdisks, Aly.15GagssN/GaN micropillars, GaN/Al,Os; and AIN/AILOs.
Optical and scanning electron microscope images reveal the absence of defect such as pits or cracks
when AlGaN regrowth is performed on Alg.15GagssN microdisks, regardless of the Al%. In contrast,
pits and cracks appear on GaN/Al,Os for all explored Al compositions, while they only start to
manifest at higher Al% (>60%) on Alo.15Gao.gsN/GaN micropillars. Atomic force microscopy
measurements were used to monitor the surface roughness and estimate the threading dislocation
density (TDD). AlGaN growth on microdisks resulted in a smooth surface and a TDD in the mid-10®
cm up to 50% Al. X-Ray Diffraction experiments revealed that the Aly15GaossN microdisk can
deform and accommodate more strain induced by regrowth than the Alg15GaossN/GaN micropillar,
which explains the absence of cracks and pits even at high Al%. Finally, room temperature
cathodoluminescence showed clear near band edge emissions from the various AlGaN regrowth on
AlGaN microdisks, ranging from 310 nm to 204 nm.

As a result, Aly.15Gag.ssN microdisks appear as a highly compliant platform that show great potential
for the growth of AlGaN-based LED structures spanning from UVA to far-UVC.
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Abstract text: The ultra-wide band gap semiconductor AIN, as well as the ternary AlGaN alloy,
have a number of attributes that make this material system promising for electronic and
optoelectronic devices. Leveraging their extremely wide bandgap, Al(Ga)N enables the production
of LEDs emitting deep into the far ultraviolet C (UVC) spectrum. In addition to their potential in
deep-UV photonics, devices based on AIN present compelling prospects for the advancement of next
generation high-frequency power conversion. Notably, AIN-based high-power transistors have the
potential to outperform those made from the two most common wide bandgap semiconductors, SiC
and GaN.

To fully exploit the potential of the Al(Ga)N system, high-quality native AIN substrates with
industrially relevant diameters are required. In recent years, the growth of bulk AIN crystals by
Physical Vapor Transport (PVT) has advanced significantly, laying the foundation for substantial
improvements in device performance. But typically, diameter expansion is very limited,
necessitating many crystal generations to achieve efficiently usable diameters > 2 inches.

Our team introduced an approach that overcomes this restriction with a new seed holder design,
enabling free crystal growth without parasitic grain contact [1]. This allows precise adjustment of the
radial temperature gradient and significantly increasing lateral growth rates. At a seed temperature of
2230 °C, growth rates reach approximately 200 um/h in both the N-polar and prismatic m directions,
resulting in huge expansion angles of around 45° along the entire crystal length. The crystal length is
currently 5-7 mm, with a diameter increase of approximately 10-12 mm in each crystal generation.
First 2 Inch AIN crystals could be grown recently.

X-ray topography (XRT) measurements on chemo-mechanically polished c-plane and m-plane AIN
wafers were used to identify the lateral dislocation distribution and its evolution, respectively. We
found an inhomogeneous distribution with regions that are more or less dislocation-free along the
[11-20] directions. In contrast, regions along the [1-100] directions exhibit dislocation densities of
approximately 1-5x10°/cm?2. Both types of regions expand radially in a self-similar manner during
crystal growth.

References

[1] C. Hartmann et al., APEX 16, 075502 (2023).
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Abstract text: Aluminum nitride (AIN) is a raising material for future high frequency and power
electronics applications due to its high thermal conductivity of 3-4 W/cmK and its ultra-wide
bandgap of 6.2 eV resulting in an extremely high critical electrical field and energy efficiency of
AlIN-based transistors. However, diameters of at least 100 mm are needed to arouse industrial
interest in manufacturing electronic devices based on single crystal AIN-substrates. Strong efforts
are being made to expand the diameter as effective as possible, but still many crystal generations are
needed. This increases the probability that the crystal quality will degrade due to the successive
incorporation of defects.

In this contribution we present a method of using seeds from minor quality crystals to grow crystals
that are structurally of superior quality. This is achieved by combining a floating seed approach to
grow AlN-crystals by physical vapor transport with a tailored seed preparation. The spatial defect
distribution in terms of threading dislocations and basal plane dislocations obtained from X-ray
topography measurements on seed wafers is compared to those on the grown AlIN-crystals. It is
shown that extended defects such as threading dislocation clusters or polycrystalline inclusions in
the seed can be eliminated entirely. The corresponding regions of the grown crystals show a near-
zero density of threading dislocations, especially of those with a screw component. However, a
tendency to increased amounts of basal plane dislocations is observed. The consequences of such
defect transformation for the structural quality of a subsequent crystal generation are presented.
Our results suggest an opportunity for seed recovery by the rapid growth of new, high-quality
material after removal of defective portions of the seed. The method is very relevant in terms of
being able to maintain very good structural quality even over a large amount of crystal generations.
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Abstract text: GaN exhibits significant changes in fragility, hardness, and other mechanical
properties when doped with various elements. These changes in mechanical properties substantially
influence the behavior of GaN substrates during wafering. It is important to study the critical role of
dopants in the mechanical characteristics of GaN crystals, which is a crucial factor in addressing the
cost reduction challenges associated with GaN substrates manufacturing. We have grown Fe-, C-
and Mn-doped GaN crystals by hydride vapor phase epitaxy (HVPE) with the doping concentration
between 1x10" and 5x10"™ cm™ and investigated the mechanical properties of semi-insulating GaN
substrates. Bulk GaN substrates used as seeds for the growth had threading dislocation densities
between 5x10° and 1x10°cm™.

The Ga surfaces of the doped GaN crystals were rough-ground to achieve flatness and subsequently
mirror-ground using #7000 grindstones in separate batches, using an unintentionally doped (UID)
GaN crystal as a reference. Fe- and C-doped GaN were ground with a pressure of 24.5 kPa, while
Mn-doped GaN was ground with a pressure of 44.1 kPa.

The ratio R defined by the mass of the crystal removed to that of the grindstone consumed, was
calculated to discuss the grinding behavior among the different dopants. The R values for Fe-, C-,
and Mn-doped GaN crystals were found to be 2.6, 0.86, and 2.1 times that of the UID substrate,
respectively. It was demonstrated that the grinding behavior varies significantly depending on the
dopant.

In our presentation, we will discuss fundamental physical properties such as Vickers hardness, along

with practical processing data like wafering rates. This comprehensive analysis aims to provide
valuable insights for optimizing GaN substrate wafering processes.
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Abstract text: GaN regrowth plays a critical role in developing high-voltage and high-reliability
electronic devices including junction field-effect transistors (JFETs), current aperture vertical
electron transistors (CAVETs). This approach effectively circumvents the severe lattice damage and
process incompatibility issues inherent in conventional ion implantation techniques. However, dry-
etching damage and silicon contamination at the regrowth interface significantly degrade device
performance by increasing leakage current and reducing breakdown voltage. While wet chemical
cleaning methods demonstrate limitations in addressing etching damage and eliminating interfacial
silicon contamination, especially when silicon contamination primarily originates from the
atmosphere, it becomes imperative to develop in situ silicon removal and dry etching damage repair
protocols within MOCVD systems.

In this study, we implemented tertiarybutylchloride (TBCI) as an in situ etchant for GaN surface
treatment prior to Ga(AI)N regrowth via MOCVD. Through the synergistic combination of TBCI
etching and wet cleaning, the interface silicon contamination sheet density was significantly reduced
to 4.9x10'"" cm?, with a corresponding peak concentration of 2.7x10'” cm™. Based on this
foundation, we fabricated PiN diodes by combining p-GaN regrowth on a 1.5-um-thick drift
template with a dislocation density of approximately 1x10° cm™. Under these conditions, the devices
exhibit breakdown voltages exceeding 350 V, much higher than 210 V of the control device without
TBCI etching, demonstrating the effective removal of silicon impurities at the interface.

To repair dry-etching damage, we initially adjusted the TBC1 etching conditions, successfully
achieving the decomposition of the step-flow mode in GaN templates subjected to dry etching.
Following the removal of the 90 nm etching damage layer using TBCI, the near-band-edge
photoluminescence intensity of the sample exhibited a 12-fold enhancement. Concurrently, surface
roughness of the sample was only 0.14 nm within 5x5 pm? area. This work demonstrates the
potential of TBCI in removing defects on GaN regrowth interfaces, laying a foundation for the
development of advanced structure GaN electronic devices.

[1] Li, B et al., ACS Applied Materials & Interfaces, 13, 53220-53226 (2021).

[2] Fu, H. et al., Materials Today, 49, 296-323 (2021).
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Abstract text: Vertical GaN devices are promising for high-power electronics due to the superior
properties of GaN. Until recently, research has focused on growing high-quality GaN by
heteroepitaxy due to the lack of homo-substrate. This typically requires buffers to mitigate large
lattice and thermal mismatches and to address chemical property differences with the substrates (Fig.
la, b). Despite advancements in growth technology, electrical devices based on heteroepitaxy GaN
have mostly been limited to lateral or quasi-vertical types, rather than fully-vertical devices. This
limitation arises because electrical conduction between GaN and the substrates is nearly impossible
due to defective or highly-resistive buffers. As a result, the viable option for achieving a fully-
vertical GaN-based device remains the use of GaN substrates or a substrate removal process.

Here, we present a novel method of growing GaN on ScAIMgO4 (SAM), sapphire, and Si substrates
without buffers, using only a trimethyl aluminum pre-flow treatment in metal-organic chemical
vapor deposition (Fig.1c)'. Fig. 2-4 show that the buffer-less GaN on SAM, sapphire, and Si were
successfully epitaxially grown without buffer, and confirm that the overall quality of buffer-less
GaN is compliant and, to some extent, comparable to that of GaN with buffer.

Especially, it is worth noting that this buffer-less growth applies well to GaN growth on Si and holds
significant promise for enabling electrical connection between them. This is very importantly for
fully-vertical devices, in which the Si substrate can be a fully part of the device. We successfully
grew thick GaN layers—up to 8 um—without cracks using selective-area growth technique (Fig. 5)
and demonstrated Schottky barrier diodes (SBDs) with conduction through the n-GaN/n'Si
heterostructure (Fig. 6a and b). We fabricated SBDs on such structure, by simply depositing the
anode on the top GaN surface and the cathode on the bottom Si surface of the wafer, without any
substrate removal or thinning process. The device exhibited a very low on-resistance (0.53 mQ-cm?),
revealing the excellent conduction through the GaN/Si heterojunction.

We believe that these results open a pathway toward realizing high-performance heterojunction

GaN-on-Si fully-vertical devices, and offer potential to be extended to other conductive wide-
bandgap substrates.
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Abstract text: AlGaN offers exceptional properties such as a high critical electric field and superior
Baliga’s figure-of-merit, making it ideal for next-generation power devices. To fully leverage these
advantages, a vertical device design using high-quality n-type GaN substrates is essential. However,
a key challenge is "bowing," caused by the thermal expansion coefficient mismatch between the epi-
layer and substrate, which can degrade device quality and yield. Even low Al composition in the
AlGaN drift layer can induce significant curvature due to the thick layer. Therefore, optimizing
crystal curvature is crucial for high-power vertical devices.

This work presents a bowing engineering approach for 5-um-thick AlGaN drift layers (~Al 7%)
grown on GaN substrates via MOCVD. Both HVPE and ammonothermal GaN substrates initially
exhibited concave curvatures of approximately -0.1 m™', as measured by position-dependent X-ray
measurement. After growing the AlGaN drift layer, curvatures increased to -0.27 m™ (HVPE) and -
0.5 m™' (ammonothermal). To mitigate this, we deposited an AlGaN layer on the backside (N-polar
face) of the GaN substrates, resulting in convex curvatures of 0.04 m™' (HVPE) and 0.1 m™!
(ammonothermal). With this bowing engineering technique, we achieved a reduced curvature of -
0.065 m™ for the AlGaN drift layer on the Ga-polar side of the HVPE GaN substrate, comparable to
or better than the substrate’s curvature. We then fabricated Schottky Barrier Diodes (SBDs) to
evaluate the effect of bowing engineering on device performance and yield. The extracted interfacial
characteristics were state-of-the-art with an ideality factor # = 1.04, a barrier height ¢, = 1 eV, the
turn-on voltage Von = 0.55V, and a R,, = 0.6 mQ cm?’. Furthermore, we observed a high current
swing Ion/Iorr With Iopr at -20V in the order of 10'2, demonstrating uniformity and low leakage in
both forward and reverse bias conditions. The proposed bowing engineering approach also leads to
improved yield as compared to conventional AlGaN drift layers.
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Abstract text: GaN devices grown on sapphire substrates, such as LEDs, have been widely
commercialized, as they can achieve high performance despite having a high density of dislocations.
However, more demanding applications such as laser diodes and vertical transistors require a higher
crystallographic quality for their reliable operation, which has so far necessitated growth on GaN
bulk substrates. Their production cost is substantially higher and wafer sizes are still limited, which
hinders the ubiquitous adaptation of this technology. Therefore, it is of great interest to develop
large-area, inexpensive substrates.

Epitaxial lateral overgrowth (ELOG) is a method of producing high-quality, cost-effective templates.
The initial appeal of this technique faded due to complications during growth and the challenge of
scaling up structures. However, interest in this method has been reignited thanks to the work
presented by Kyocera Corporation in 2023 [1]. Here, they proved that dislocation-free ELOG wings
of more than 20 um in width could be achieved, which is sufficient to accommodate whole
optoelectronic devices such as microLEDs or laser diodes. While the device performance has been
demonstrated, very little information on how to achieve these large ELOG wings in terms of the
growth process was disclosed.

In this work, we will shed light onto this topic by demonstrating the growth of wide ELOG wings
with widths exceeding 22 pm on GaN-on-sapphire templates, explaining the considerations needed
to obtain such large ELOG structures [2]. Note that the challenge of growing these lies not only in
achieving large dimensions, but also in avoiding the generation of new non-radiative defects that are
associated with the crystallographic tilt of the wide ELOG wings. We show that this tilt can be
significantly improved by changing growth conditions and that the formation of the aforementioned
defects can be avoided. The tilt is characterized by X-ray diffraction, electron backscatter diffraction
(EBSD) and cathodoluminescence (CL), with the complementary techniques allowing us to
determine the real-space distribution of the wing tilt, and thus provide a better understanding of the
growth process.

[1] Kamikawa, T., Cryst. Growth Des, 23, 7, 4855-4861 (2023)
[2] Manglano Clavero, 1., Cryst. Growth Des, 24, 1, 279-292, (2024)
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Abstract text: A wide gap semiconductor GaN is a promising material for power device application
and has been intensively studied so far. The valence band (VB) of GaN consists of heavy-hole (HH),
light-hole (LH), and crystal-filed splitting hole (CH) bands, and the parameters, that is, the band
splitting A among these bands and the effective hole mass m" of each band significantly affect the
optical and electrical properties of GaN. Although theoretical and experimental studies have been
performed to estimate A and m”, the reported values have been inconsistent and still controversial [1-
3]. In this study, we report the precise determination of the VB structure of GaN with high-
resolution angle-resolved photoemission spectroscopy (ARPES) to elucidate A and m" of each band
experimentally.

Si-doped GaN single crystals were grown by the halide vapor phase epitaxy (HVPE) method. To
obtain the clean surface, the samples were cleaved in vacuo at the m-surface plane. The ARPES
measurements using synchrotron radiation were performed at BL-28 of the Photon Factory (PF),
High Energy Accelerator Research Organization (KEK). The circular, linear-vertical, and linear-
horizontal polarizations corresponding to c-, s-, and p-polarizations, respectively, were used for the
measurements, which were performed at 30 K with the energy resolution of 21 meV.

In the ARPES spectra with c-polarization along the I'-A direction of the GaN single crystal, HH, LH,
and CH bands are observed. Since no surface state can be seen, the ARPES spectra mainly reflect
the bulk electronic states. In contrast, only CH and HH (LH) are clearly visible with s- (p-)
polarization. Then, the value of A between HH and LH bands is estimated from the energy
difference of VBMs between the ARPES spectra taken with s- and p-polarizations. In addition, m" of
each band and A’ between HH and CH bands can be estimated by fitting each band with a parabolic
function. Based on the findings, we have succeeded in directly determining detailed band parameters
with high resolution ARPES for the first time. The values of A and m" obtained in this study likely
explain the difficulty for the realization of the ohmic contact on p-type GaN and will be useful for
device simulations.

[1] A. Punya et al., Phys. Rev. B 86, 195147 (2012), [2] W. Shan et al., Phys. Rev. B 54, 23 (1996),
[3] M. Franz et al., Phys. Rev. B 99, 195306 (2019).
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Abstract text: Phonons, the quantized vibrational modes of a crystal lattice, play a crucial role in
determining the thermal properties of IlI-nitride semiconductors. By modifying the defect or crystal
structure of the material, researchers can manipulate certain phonon modes and their dispersion.

In this study, we investigated phonon behaviors in 8-atom ring dislocation, prismatic stacking faults
(PSF) of GaN and buckled 2D GaN using electron energy loss spectroscopy (EELS) supported by
scanning transmission electron microscopy (STEM) at an atomic scale, combined with high spatial,
energy, and momentum resolution.

We reveal vibrational modes localized on 8-atom ring GaN dislocation core atoms, corresponding to
short-range interactions. Additionally, we observe phonon energy shifts driven by strain fields
around the dislocation, representing long-range interactions. Ab initio calculations support these
findings and draw out additional details. This work reveals how dislocations impose phonon
scattering through atomic reconstruction and strain engineering'.

PSF represents the most predominant grain boundaries in I1I-Nitrides. We identified localized
atomic vibrational modes that result in defect phonon modes at 58-62 meV and 99-105 meV, which
are absent in bulk GaN. Additionally, we directly observed the phonon dispersion of PSF and bulk
GaN using the 4D-EELS technique. Our observations validate that PSF in GaN induces a smaller
phonon energy gap compared to bulk GaN. This characteristic, along with the presence of defect
modes, may intensify phonon scattering and lower thermal conductivity?.

We extracted phonon signals from buckled 2D GaN and observed a significant blue shift in optical
phonons. Furthermore, the phonon dispersion of bulk GaN and buckled 2D GaN along specific
momentum paths was directly observed using the 4D-EELS technique. We found that buckled 2D

GaN exhibits a larger gap between acoustic and optical phonons compared to bulk GaN?>,

Overall, phonon engineering in nitride semiconductors offers a powerful tool for tailoring material
properties to meet the demands of various applications.

1. Jiang, Hailing; Wang, Tao; Wang, Xinqiang, https://doi.org/10.48550/arXiv.2409.10628
2. Zhang, Zhenyu; Wang, Tao; Wang, Xingiang ;, Nature Communications, 2024, 15(1): 10436.

3. Jiang, Hailing; Wang, Tao; Wang, Xinqiang, Nature Communications, 2024, 15(1): 9052
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Abstract text: Heat energy generation in semiconductor devices is a significant problem for
improving device performance and energy consumption efficiency. Electron—longitudinal optical
(LO) phonon interaction is the dominant origin of the degradation of device performance at room
temperature or higher. In particular, this interaction in GaN and AIN is higher than that in GaAs by
one order or more. Phonon exclusion outside of devices is a difficult task, but we have found some
footholds. It is known that the LO phonons are decomposed to phonons of other optical modes and
finally acoustic modes. The bottleneck of the spatial phonon transport is located at heterointerfaces.
The amount of available information on this issue is quite limited while we are investigating
methodologies to exclude phonon energy from the active region of devices and to investigate the
phonon dynamics in semiconductors using pump-and-probe methods in Raman scattering
spectroscopy, including time-resolved analysis. In this report, we show the results of transient
Raman spectroscopy in sub-picosecond (ps) and sub-nanoseconds (ns) ranges. Samples are GaN
films and Ga;xIn\N/GaN heterostructures, including quantum wells. The Raman scattering
measurement systems have femtosecond (fs) pulse lasers with wavelengths of 785 nm and 262 nm
and sub-nanosecond lasers of 532 nm and 266 nm. Stokes and anti-Stokes signals were analyzed. It
was found that the anti-Stokes signal of the LO-phonon of GaN is yielded instantaneously after the
irradiation of the 262 nm pulse, while the anti-Stokes signal of the E(high) mode takes its maximum
at a few ps later. Considering the LO phonon lifetime of approximately 3 ps, the delay of the
Ex(high) signal is attributed to its generation by the decomposition of the LO modes. The peak
energy shift of the Stokes signal of the E>(high) mode, indicating the temperature increase, shows
the decay time of 20 — 30 ps, indicating the decay time to the acoustic or blind mode phonons
dominating the anharmonic lattice oscillations. This information agrees with the imaging analysis of
the phonon transport across the GalnN/GaN heterointerface, indicating the significance of the energy
continuity of the E,(high) mode at the heterointerface. Thus, the time-resolved Raman analysis in
sub-ps to ns is a powerful measure for investigating the control lability of phonon decomposition
processes.
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Abstract text: Correlative microscopy, combining laser atom probe tomography (La-APT) and
photoluminescence (PL), significantly advances the analysis of light-emitting materials such as
semiconductors. The photonic atom probe (PAP) exploits the possibility of measuring PL from a
specimen during its APT analysis [1], [2], providing a comprehensive understanding of
semiconductor materials' characteristics and device performance. In this study, we analyzed a
multilayer of AlIGaN/AIN containing 10 quantum wells (QWs), grown by plasma-assisted molecular
beam epitaxy, and emitting in the 190-300 nm spectral range [3]. Understanding the correlation
between the microscopic characteristics of these heterostructures and their optical properties is
crucial for optimizing these structures. The analyzed specimen exhibits spatial inhomogeneities and
a significant dispersion of PL emission energy. We show how a correlative microscopy approach can
explain different optical emission features of these structures, particularly the distinction between the
optical signature of non-defective QWs and QWs lying within the defective regions of this
superlattice. The results are interpreted though 6-band k.p calculations applied on 1D or 3D models
issued from the APT composition maps. Furthermore, we identify the effect of a field-induced
mechanical stress of around 2 GPa, manifesting as a spectral red shift of the PL lines during the PAP
analysis.
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Abstract text: (Al,Ga)N's tunable bandgap (3.4-6.1 eV) makes it essential for deep UV LEDs used
in disinfection, water purification, and sensing. However, heteroepitaxial growth of AlGaN on GaN
induces tensile strain, leading to cracking beyond a critical thickness. While methods such as crack
burial and porous layers help to mitigate strain, they are limited in Al composition range and may
introduce defects.

In this work, we introduce and evaluate, using X-ray diffraction (XRD), the potential of a novel
approach to manage the tensile strain in AIGaN grown on GaN by using compliant Alg15GaossN
microdisks. The fabrication of Aly15GaossN microdisks consists first in depositing a thin layer (80
nm) of AlGaN with only 15% Al composition which remains completely strained on the GaN
template. A first reactive plasma etching allows the formation of (GaN + Al 15GaossN) micropillars
of 20 pm diameter, then the selective thermal etching of the GaN results in Alo.15GagssN microdisks
on top of GaN nanopillars. The Aly.15Gao.gsN microdisks thus formed exhibit a partial relaxation of
their initial stress. A layer of 1 to 2 um AlGaN of higher composition (20% to 75% in this study) is
then deposited on the microdisks.

The AlGaN micropallets grown on the Alo.15Gao.ssN microdisks does not exhibit the cracks typically
found in AlGaN grown on GaN templates. The threading dislocation density, imposed by the initial
GaN template, remains consistent throughout the nitride layers in the mid 10® cm™.
Cathodoluminescence has been used to determine the optical quality, and the strain evolution of all
the layers has been investigated by X-ray diffraction. The Aly.1sGagssN microdisk shows a high
compliance capacity: its elastic deformation goes from &, = + 0.4% before GaN under-etching to

€a = -1.4% after an AlogGao2N regrowth. The XRD diagrams also made it possible to monitor the
GaN strain evolution at each stage.

Obtaining AlGaN micropallets of high Al composition with a smooth surface, no cracks and no pits
and low dislocation density allows the growth of high structural and optical quality multiple
quantum wells. Thus, the management of the stress during the growth of AlGaN thanks to a
compliant Alg.15GaossN layer provides a promising approach for the production of highly efficient
UV microdevices.
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Abstract text: Heterogeneous integration of different kinds of chiplets on an interposer has been
developed for digital and memory applications. Heterogenous integration for RF applications is just
emerging. In this case, with only a few I/O channels, there is plenty of room in the bulk of the
interposer for passives such as combiners, filters, duplexers, and antennas that are much more
efficient than their thin-film counterparts. This makes it possible to have a complete RF front end on
a chip (interposer). In particular, at sub-THz frequencies (100-300 GHz), substrate-integrated
waveguides (SIWs) can have much lower loss than microstrip or coplanar transmission lines. With
the signal fully enclosed in the SIW, transmit and receive channels can be placed next to each other
without crosstalk. Thus, a linear phased array, with transceivers spaced within a half wavelength
from each other, can be fabricated on the same interposer. In turn, the interposers can be stacked to
form a 2D array. These approaches will be illustrated through the GaN-on-SiC technology.
However, similar heterogeneous integration approaches are applicable to other device technologies
and interposer materials.
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Abstract text: Gallium Nitride-based High-Electron-Mobility Transistors (GaN HEMTs) exhibit
significant potential in terahertz (THz) detection due to their high breakdown voltage, wide
temperature compatibility, and excellent high-frequency characteristics. However, traditional HEMT
THz detectors are constrained by oblique mode effects induced by an excessive gate width, leading
to broadened resonant response peaks and reduced sensitivity. Consequently, distinct resonant
responses were rarely observed in the experiments.

This study establishes a THz resonant detector based on a side-gate AlGaN/GaN HEMT (EdgeFET),
in which the gate is deposited on both sides of the two-dimensional electron gas (2DEG) channel.
This structure enabled the formation of a one-dimensional confined conductive channel in the lateral
direction through electrical modulation, effectively suppressing oblique modes while maintaining the
2DEG concentration and mobility, thereby enhancing the resonant response.

To validate the design, EdgeFET detectors and traditional HEMT detectors were fabricated on
commercial GaN wafers. A novel dry etching process with an Al-Os mask and self-aligned process
was employed to ensure steep mesa sidewalls and high-quality gate-channel interfaces. Experimental
results demonstrated a maximum non-resonant responsivity (Rv) of 7.76 kV/W and a minimum
noise-equivalent power (NEP) of 3.11 pW/Hz"0.5 at 300 K. At 77 K, the EdgeFET exhibited
distinct resonant and nonresonant response peaks. The resonant peak center frequency shifted with
the incident wave frequency, which is consistent with the model predictions. The Rv of the
resonance at 259 GHz reached 3.5 times that of the maximum nonresonant frequency. Comparative
experiments revealed that the EdgeFET achieved approximately twice the maximum resonant
responsivity of traditional HEMTs, confirming the efficacy of oblique-mode suppression through
electrical tuning.

Through theoretical modeling and experimental validation, this study elucidates the advantages of
the side-gate AIGaN/GaN HEMT THz detectors. This study provides an innovative technological
pathway for the development of high-sensitivity, low-noise, and compact THz detectors, offering

significant implications for the commercialization of THz imaging and communication systems.
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Abstract text: GaN HEMTs offer an attractive combination of high robustness and competitive low-
noise performance for high-frequency applications, owing to their wide bandgap and excellent
electron transport properties. Recently, GaN HEMTs have emerged as promising candidates for
highly sensitive cryogenic applications, such as radio astronomy and quantum computing. Their
cryogenic noise performance has been shown to be within a factor of 4-8 of state-ofthe-art
technologies, suggesting further improvements through design and layout optimization [1-2].

Gate length (Lg) scaling enhances the cutoff frequency (ft) and reduce noise. However, beyond a
certain threshold, further benefits from Lg reduction may be limited by short-channel effects (SCE).
These effects can be mitigated through design trade-offs depending on epitaxial properties, device
geometry, and operating conditions [3]. However, the cryogenic low-noise performance of GaN
HEMTs has so far been studied only for 0.2-um gate-length designs, highlighting the need to
investigate the impact of Lg variation under cryogenic conditions.

In this study, GaN-HEMTs with Lg ranging from 0.15 to 0.5 um were fabricated and characterized
at room temperature (RT) and 4 K (CT). SCE are found to be more pronounced at CT, as manifested
by increased threshold voltage shift at high VDS, calling for appropriate vertical scaling to mitigate
performance degradation. Based on Sparameters and noise measurements, a small-signal and noise
model was obtained, capturing a consistent gate-length dependence of the device’s cryogenic
behavior. The 0.15-pm design exhibited the best cryogenic noise performance of 6 K (0.09 dB) at 5
GHz.

Additionally, a delay time analysis was carried out to extract the contributions of the access regions,
the region under the gate and the gate field-plates to the total transit delay. The results highlight two
key conclusions. First, noise and ft improvements are attributed to enhanced electron velocity under
the gate, peaking at ~1.2-107 cm/s at CT in the 0.15-pum design. Second, further noise reduction with
decreasing Lg is limited by access resistances and field-plates parastic contributions to transit delay,
by ~10% and 60 %, respectively. These findings provide design guidelines for optimizing the
cryogenic low-noise performance of GaN HEMTs.

References

[1] M. A. Mebarki, et al, IEEE TMTT, 71, 5, 2022.
[2] M. A. Mebarki, et al, pss a, vol. 220, 8, 2023.
[3] G. H. Jessen, et al, IEEE TED, 54, 10, 2007.
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Abstract text: ALGaN/GaN high electron mobility transistors (HEMT) are renowned for their
outstanding performance in high power and high-frequency applications due to their high electron
saturation velocity, high breakdown field and high thermal conductivity. The conventional method
of controlling the operation of the 2DEG channel at AlGaN/GaN interface is achieved using a metal
(e.g. Ni)-schottky gate leading to a metal-semiconductor HEMT (MSHEMT) type device. However,
Ni, being a metal, cannot passivate surface states, leading to threshold voltage instability and current
collapse. Use of gate dielectric such as A1203 or SiNx between metal and semiconductor to reduce
gate leakage and surface passivation leads to issues such as threshold voltage stability, low gate
capacitance leading to reduction of control that gate has over channel. Hence one of the desirable
solutions would be to use a metallic material as gate that can also passivate the surface states on
semiconductor surface.

NDN is a transition metal nitride that exhibits metallic behavior at room temperature and has been
demonstrated to form a Schottky contact with GaN, with a work function ranging between 4.7 and
4.9 eV [1]. Therefore, if NbN is used as the gate contact material in an AlGaN/GaN HEMT, the
resulting device will behave as an MSHEMT.

This work reports NbN as a schottky gate on AlGaN/GaN high electron mobility transistor (HEMT).
We observed a reduction of gate leakage current and three order of magnitude improvement in
ON/OFF ratio for NbN gated HEMT as compared to that of Ni/Au gated control HEMT sample.
This reduction is attributed to passivation of semiconductor surface states by NbN leading to
reduction in trap assisted tunneling. We measured an enhancement of transconductance (maximum)
in case of NbN HEMT (85 mS/mm) as compared to control sample (78 mS/mm) which shows
increase in gate control because of passivation of surface states by NbN. The subthreshold slope is
also seen to decrease from 266 mV/decade for Ni/Au MSHEMT to 72 mV/decade for NbN
MSHEMT. Lastly, our study confirms that the use of NbN as a gate could significantly improve the
performance of all-nitride AlIGaN/GaN HEMT with better threshold voltage stability and reduced
hysteresis in transfer characteristics as compared to the conventional metal gated HEMT.

[1] Wright, John G. et al., APL Materials 10, no. 5 (2022).
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Abstract text: An AlGaN/GaN varactor proof-of-concept is here demonstrated with a highly linear
reverse bias Schottky gate C(V) characteristic. Linearity is essential for low-distortion RF
applications [1], yet conventional GaN varactors often exhibit nonlinear tuning behavior. Given the
widespread use of GaN MMICs in RADAR and 5G applications, integrating fully monolithic
varactors represents a major step forward in RF performance, thus eliminating the need for discrete
components [2]. Hence, parasitic inductive/capacitive effects can be curtailed and thermal
management enhanced.

The tuning range and linearity of the C(V) profile (extracted from S-parameter measurements) is
controlled via F plasma exposure and subsequent annealing prior to Schottky gate formation. The
best results were attained using CF, plasma and 20 min 550 °C annealing, providing both an 80%
larger tuning range C(-4 V)/C(-20 V) = 2.3, and more linear characteristics compared to reference
device without F plasma treatment, with Q(-4 V,50 MHz) = 3.2x10%).

All devices (except the reference) underwent 15 nm SiNy passivation-first deposition, where the
duration of the SiNy gate opening was varied with different degrees of F plasma over-etching (100%,
125%, and 200%; denoted SHORT, MID, LONG) relative to the nominal thickness. F plasma
exposure led to incorporation of charged states, F~ (acceptor state) and O (donor state), impacting
depletion region characteristics. Since both charged states are thermally instable within the annealing
range utilized (550 °C to 800 °C) [3], [4], thermal treatment, (beyond promoting diffusion), plays a
crucial role in charge state modulation.

[1] H. M. Nemati, et al., IEEE Trans Microw Theory Tech, vol. 57, no. 5, pp. 1110-1118, May 2009,
doi: 10.1109/TMTT.2009.2017257.

[2] G. T. Watkins, IEEE Microw Mag, vol. 21, no. 4, pp. 76—86, Apr. 2020, doi:
10.1109/MMM.2019.2963608.

[3]1Y. Cai, et al., IEEE Trans Electron Devices, vol. 53, no. 9, pp. 2207-2214, Sep. 2006, doi:
10.1109/TED.2006.881054.

[4] A. Y. Polyakov et al., J Alloys Compd, vol. 575, pp. 17-23, 2013, doi:
10.1016/j.jallcom.2013.04.020.
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Abstract text: The vertical GaN device architecture, compared to a lateral architecture, can offer
advantages, such as a higher current density and breakdown voltage. Here, an optimization of the
device processing is key for commercializing vertical devices. One of the critical building blocks is
the selective area doping of impurities. The precise control of impurity concentrations and their
profiles can be done using only ion implantation. The major drawback of ion implantation is the
generation of high-concentration point defects due to atomic collisions. Such defects could relate to
the degradation of electric properties and the reliability of devices. Thus, knowledge of annealing
behaviors of point defects is essential. Positron annihilation spectroscopy is a useful technique for
detecting vacancy-type defects in solids. This technique has been used to study process-induced
defects in GaN [1-4]. In the present study, we used a monoenergetic positron beam to study the
annealing behaviors of vacancy-type defects in ion-implanted GaN.

A process for activating Mg and its relationship with vacancy-type defects in Mg-implanted GaN
were studied. Mg and N ions were implanted, and their concentrations in the subsurface region were
on the order of 10" cm™. The sequential implantation of N was found to enhance the activation of
Mg. For N-implanted GaN before annealing, the major defect species were determined to Ga-
vacancy related defects such as divacancy. After annealing after 1000°C, the clustering of vacancies
was observed. Above 1200°C annealing, however, the size of the vacancies started to decrease,
which was due to recombinations of vacancy clusters and excess N atoms in the damaged region,
which was attributed to the origin of the enhancement of the Mg activation.

This work was supported in part by MEXT-Program of R&D of Next-Generation Semiconductor
(JPJO05357), Creation of Innovative Core Technology for Power Electronics (JPJ009777), and JSPS
KAKENHI (JP16H06427 and 21HO01826).

Uedono et al., Sci. Rep. 10, 17349 (2020).
Uedono et al., Sci. Rep. 11, 20660 (2021).
Uedono et al., Phys. Stat. Sol. B 259, 2200183 (2022).
Uedono ef al., Phys. Stat. Sol. B 261, 2400060 (2024).
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Abstract text: GaN is a promising material for power devices due to its wide bandgap, high
breakdown voltage, and high electron saturation velocity. However, the lack of suitable substrates
leads to a high defect density, which results in the degradation of device performance. For p-type
GaN, it is reported that high Mg doping and annealing generate large-scale defects such as (VgaVN)n.
While experimental studies observe these defects, their structural and electronic characteristics
remain unclear. This study elucidates the atomic-scale stable structures and electronic states of
(VGaVn)n using large-scale first-principles calculations.

We employ the large-scale density functional theory (DFT) code "CONQUEST" with
pseudo-atomic orbital basis sets and the multisite support function method to reduce computational
cost. Various (VgaVn)» configurations are examined with a supercell containing 1600 atoms,
considering long-range structural effects and making interactions between vacancies in neighboring
cells negligible. All atoms are fully relaxed until the Hellmann-Feynman forces are reduced below
0.0005 Hartree/Bohr. Defect formation energies and energy gains related to defect aggregation are
systematically analyzed up to n = 6 to clarify the stability of various defect structures.

We reveal that the maximum energy gain for each n does not increase monotonically but
peaks at n =3, decreases at n =4 and 5, and reaches another maximum at n = 6. This suggests that
VeaVn defects tend to aggregate and grow, and the aggregated vacancy is stable especially at n =3
and n =6. For models larger than n = 3, fewer dangling bonds contribute to their stability, and
structures tend to form a void-like shape. Although the number of dangling bonds strongly
influences the stability, there are also notable differences in the stability even among the various
structures having the same number of dangling bonds. Note that, since the DOS differs for each n
and structure, precise optical measurements may be able to identify the defect structures. The
stability of large defects at n = 3 aligns with recent experimental observations, while no reports exist
for n = 6 to our knowledge. This may be due to the lower stability of defects at n =4 and 5.
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Abstract text: Deep-level defects can significantly influence the performance and reliability of
(ADGaN devices by acting as prominent recombination centers [1]. Despite their detrimental
influence, the understanding of these deep-levels is limited, and the complexity increases further
when alloying GaN with aluminium. Thus, understanding and identifying these deep-levels is
critical in optimizing device control and achieving effective growth of dilute AlGa;«N structures.

In this work, we have studied high-quality dilute Al\Ga; <N (x<0.063) samples grown by metal-
organic vapor phase epitaxy (MOVPE) on highly conductive Ammono-GaN substrates [2]. This
material has been characterized using conventional deep-level transient spectroscopy (DLTS) in
conjunction with high-resolution Laplace-DLTS (L-DLTS) [3].

The DLTS spectra reveal an electron emission signal, commonly known as E3, which has been
convincingly attributed to the Feg, (0/-) level [4]. By utilizing L-DLTS, the broad E3 signal in
AlGa;«N can be resolved into discrete electron emission signatures caused by fluctuations in the
number of Al atoms found in the second-nearest neighbour (2NN) shell, centred around the Feg,
impurity atoms. The theoretical probability of the Al concentration in the 2NN shell agrees with the
experimental probabilities extracted from the L-DLTS peak intensities.

Moreover, this work demonstrates that the Fega (0/-) level in dilute AliGa;.N/GaN heterojunctions
acts as a common reference level that is pinned to the vacuum level, as expected for energy
transition levels of transition metals in isovalent compound semiconductors. This knowledge has
been applied to determine the conduction (AE.) and valence band offsets (AE,) as a function of Al
content, revealing band offsets that can be described by the relations, AE; = 1.17x eV and AE, = -
0.95x eV, over the range of dilute Al\Ga <N material studied. These findings agree fairly well with
the experimental results for actual AlyGa;.xN/GaN heterojunctions and theoretical predictions based
on hybrid density functional theory [5].

References

[1] M. Meneghini et al. J. Appl. Phys. 130, 181101 (2021)

[2] R. Dwilinski et al., J. Cryst. Growth 310, 3911-3916 (2008)
[3] A. R. Peaker et al. J. Appl. Phys. 123, 161559 (2018)

[4] P. Kruszewski et al. Appl. Phys. Lett. 123, 222105 (2023)
[5] P. Kruszewski et al. Appl. Phys. Lett. 124, 232103 (2024)
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Abstract text: Power electronic devices are fundamental in electrical energy conversion, with
gallium nitride (GaN) emerging as a key material for next-generation power devices due to its high
breakdown field and superior performance over silicon. However, challenges such as lattice
mismatch, thermal expansion differences, and stress-induced cracking hinder efficient device
fabrication. Selective Area Growth (SAG) has proven to be an effective method for mitigating these
challenges, enabling the growth of thick GaN layers with reduced stress and defect density.

In this work, GaN-layers were grown on 200 mm Si(111) wafers using metal-organic vapor-phase
epitaxy (MOVPE). The structure included AIN and AlGaN buffer layers, and Si-doped GaN layers
to provide lateral conductivity between the anode and cathode in the pseudo-vertical diodes for the
quasi vertical devices. An Al-Os; mask was deposited then patterned, before growing a 10 pm n-
GaN drift layer and 600 nm pGaN layer by localized epitaxy forming mesas 100 pm in diameter.
These structures were then processed into pseudo vertical p-n diodes. In forward bias, the diode
exhibited an ideality factor of 2.5 and an on-resistance (Ron) of 12 mQ-cm?. Under reverse bias, the
device demonstrated a high breakdown voltage (BV) of approximately 800 V. This BV demonstrates
the device robustness despite a dislocation density of about 2.4 X 10® cm™, as determined by
cathodoluminescence (CL) measurements.

To assess the doping distribution and uniformity in the layers, CL mapping was used as a high-
resolution and non-destructive technique. By correlating near-band-edge (NBE) linewidth
broadening with doping concentration, local carrier densities were mapped. The results showed a net
doping concentration of ~2 x 10'¢ cm™ in n-GaN layer and ~1 x 10'7 cm™ near the sidewalls. Mg
doping uniformity was also examined, showing the presence of Mg in the top and on the sidewalls of
the mesa. Scanning spreading resistance microscopy (SSRM) and scanning capacitance microscopy
(SCM) were used to confirm the doping distribution. Additionally, capacitance-voltage (C-V)
measurements corroborated the net doping concentration in the drift layer.

These findings emphasize the potential of SAG for advancing high-power GaN-based electronics by
improving material quality and electrical performance.
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Abstract text: Monolithic integration of red/green/blue (RGB) InGaN-based light-emitting diodes
(LEDs) has progressed for advanced micro-LED displays. One of the integration methods is
epitaxial stacking of RGB InGaN LEDs via tunnel junctions. These devices often suffer from defect
generation due to lattice mismatch of nitride semiconductor alloys. This study aims to investigate
detailed defect characterization of monolithically integrated InGaN LEDs using multiphoton-
excitation photoluminescence (MPPL), which allows nondestructive, three-dimensional defect
imaging.

An InGaN blue/green tunnel junction LED structure was fabricated on a free-standing GaN
substrate by metalorganic vapor phase epitaxy,[1] and characterized by MPPL.[2] First, the
relationship between emission spectra and excitation wavelength was investigated to enhance the
visibility of dislocations in the InGaN well layers. When the excitation wavelength was in the range
of 740—840 nm, the MPPL emission from the InGaN well layers was enhanced compared to that
from a GaN underlayer. This is because the carriers are excited by a two-photon absorption process
in the InGaN layer, whereas they are excited by a three-photon absorption process in the GaN layer.
After optimizing the excitation wavelength, deep luminescence from GaN was relatively suppressed,
and MPPL images clearly showed defect distribution in the InGaN well layers. Next, MPPL imaging
was performed using three photomultiplier tubes and several optical filters and the dark spot
densities of the GaN substrate, blue InGaN well layer, and green InGaN well layer were compared.
The detected wavelength ranges of MPPL emission were 382—388 nm, 419—465 nm and 512-608
nm. We observed the increase of the dark spot densities in the blue InGaN well layer (~10° cm?)
and the green InGaN well layer (~107 cm™?) while no dark spots were observed in the GaN substrate
(<10° cm™?), indicating the direct evidence for misfit strain relaxation by generating additional
dislocations in both blue InGaN and green InGaN with respect to the underlayers. Further
characterization results, including three-dimensional spectral analyses and local emission properties,
will be presented.

[1] T. Saito et al., Appl. Phys. Express 16, 084001 (2023).
[2] T. Tanikawa et al., Appl. Phys. Express 11, 031004 (2018).
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Abstract text: GaN-based nanowires have emerged as promising building blocks for next-
generation optoelectronic devices, owing to their unique combination of wide bandgap, doping and
heterostructuring capabilities, and excellent thermal and chemical stability. Their use as
photodetectors is particularly promising, as their one-dimensional geometry enables a decoupling
between the active area, responsible for optical absorption, and the electrical cross section, which
governs the time response. The high surface-to-volume ratio enhances light-matter interaction but
also makes these devices highly sensitive to surface states, which can hinder linearity and introduce
persistent effects. These limitations can be mitigated by careful engineering of nanowire geometry,
doping profiles, and heterostructure design.

This presentation reviews recent advances in GaN-based nanowire UV photodetectors, examining
fabrication techniques, device architectures, and performance benchmarks. Developments in
nanowire processing now enable a comparison between bottom-up and top-down approaches.
Bottom-up growth allows for nearly defect-free heterostructures with flexible material combinations,
whereas top-down fabrication, based on lithography and etching, provides precise and scalable
control over nanowire dimensions and doping profiles, which are key parameters to ensure device
uniformity and reproducibility.'™

Most GaN nanowire photodetectors adopt a metal-semiconductor—metal configuration, which often
exhibits sublinear photoresponse and response times in the millisecond range. Linearity can be
restored in fully depleted nanowires,* or by engineering the axial internal electric fields. The latter
can be implemented through insertion of heterostructures (polarization-induced field) or p—n or p—i—
n junctions (built-in field).! For example, bottom-up nanowires with embedded GaN/AIN
superlattices achieve bias-tunable spectral selectivity and responsivity enhancements up to two
orders of magnitude. Under reverse-bias, surface-state effects are minimized, yielding a fast and
linear photocurrent response, as demonstrated both in single-nanowire devices and in nanowire
ensembles.'”

In p—n or p—i—n devices, the photodetector performance is expected to improve due to the presence
of the built-in field at the junction. Moreover, in such structures, integrating a p*/n* tunnel junction
enables the use of symmetric metal contacts. Such architectures exhibit diode-like -V
characteristics and improved linearity and speed under reverse bias, both in the case of bottom-up
and top-down fabricated nanowires.*

Finally, planarized nanowire ensembles encapsulated in hydrogen silsesquioxane (HSQ) maintain

the advantages of nanowire geometry, including linearity, spectral selectivity and fast switching,
demonstrating their viability for large-area photodetection solutions.
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Abstract text: UV-C LEDs represent an alternative to toxic mercury lamps, however their
efficiency remains critically low. Wire-based UV-LEDs offer a compelling solution to traditional
planar structures, benefiting from enhanced light extraction, non-polar oriented sidewalls and
reduction of extended defects. While our recent studies have demonstrated the feasibility of GaN
wire-based UV-LEDs,[1,2] this approach is unsuitable for UV-C due to strain issue.[3] As a result,
AIN microwires emerge as an ideal template for future non-polar deep UV-C emitters.

In this work, we demonstrate non-polar GaN/AIN deep UV-C emitters grown on the sidewalls of
AIN pillar arrays using metal-organic vapor phase epitaxy. The process involves three steps. First,
organized AIN pillars with m- and a-oriented hexagonal shapes and varying spacings are fabricated
via top-down etching from AIN templates.[4] Second, an AIN overgrowth is carried out at high V/III
ratio (27000) to achieve smooth sidewalls.[5] Third, ultrathin GaN/AIN quantum wells (QWs) are
grown in a core-shell geometry. Transmission electron microscopy images reveal a QW thickness of
approximately 0.8 nm with the presence of Al-content. Cathodoluminescence (CL) analysis reveals
that the a-plane sidewalls of AIN pillars exhibit strong deep UV-C emission. By decreasing the pillar
spacing from 15 to 2 um, the emission wavelength shifts from 240 to 225 nm. This tuning could be
either attributed to a lower lateral growth rate or an enhanced Al incorporation into the wells in
dense arrays, enabling spectral engineering. Temperature-dependent and time-resolved CL revealed
unique carrier recombination dynamics within the (Al)GaN/AIN QWs attributed to the presence of
trapping levels. Using an integrating sphere, the external quantum efficiency (EQE) of core-shell
AIN emitters is estimated to be 0.2 % at 230 nm under CL excitation. This work provides a new CL
method for EQE measurements to develop high-efficiency UV-C emitters and paves the way for
next-generation deep UV-C devices.

[1] V. Grenier, G. Jacopin, C. Durand et al., Appl. Phys. Lett. 121, 131102 (2022)
[2] L. Valera et al., Appl. Phys. Lett. 122, 141101 (2023)

[3] V. Grenier, G. Jacopin, C. Durand et al., Cryst. Growth Des. 21, 11, 6504 (2021)
[4] L. Jaloustre et al., Mater. Sci. Semicond. Process. 181, 108615 (2024)

[5S]L. Valera et al., ACS Appl. Nano Mater. 7, 10338 (2024)
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Abstract text: Nanowire (NW) axial InGaN/GaN heterostructures are building blocks for light
emitting diodes (LEDs). NWs are free from dislocations due to lateral stress relaxation through NW
sidewalls and therefore, are effective pseudo-substrates for epitaxially growing InGaN axial
nanostructures [1]. InGaN/GaN NW heterostructure based blue/green LEDs have been developed by
many groups. Extending the spectral emission towards red while maintaining high efficiency
requires the growth of high In-content InGaN which is troublesome due to its large lattice mismatch
with GaN producing large internal strain and alloy demixing. This strain makes difficult the
incorporation of high concentration of In atoms in the InGaN lattice and is the controlling force for
the compositional pulling effect in InGaN [2]. Moreover, crystallographic point defects detrimental
for the LED efficiency are prone to appear in InGaN.

In the present contribution, our endeavor is to find an epitaxial strategy to both counterbalance the
compositional pulling effect for achieving In-rich InGaN insertions while at the same time to reduce
the point defects in the InGaN/GaN superlattice grown by PAMBE. For this, an InGaN buffer with
low In content is inserted between the GaN NW base and the InGaN/GaN NW superlattice, this
buffer being separated from the superlattice with a very thin GaN barrier. The influence of the
InGaN buffer growth conditions on trapping the defects from InGaN/GaN superlattice has been
investigated with high resolution cathodoluminescence spectroscopy at room temperature and at 10
K. The optical properties and spatially mapping of the heterostructure along the NW axis are also
investigated. Statistical study of the luminescence spectra recorded for InGaN/GaN NW superlattices
demonstrates a considerable reduction in the point defects spectral signatures at both RT and 10 K
with InGaN buffer. We also show red-emission from the superlattice. The InGaN buffer then
functions as a strain counterbalancing and defect trapping layer to simultaneously compensate the
pulling effect and to reduce the defects in red-emitting InGaN insertions.

References:
[1] M. Morassi et al., Cryst. Growth Des. 18, 2545 (2018)

[2] S. Pereira et al., Phys. Rev. B, 64, 205311 (2001)
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Abstract text: Micro Light-Emitting-Diodes (MicroLEDs) are expected to penetrate the display
market and allow the development of improved augmented reality or virtual reality products.
InGaN/GaN nanowires are very promising for these applications, thanks to their high luminescence
and directivity. However, there is still room for significant improvement in the efficiency of these
3D nanostructures. The shape of the efficiency curve of MicroLEDs is often described as a bell-
shape with a single maximum of performance, which can be displaced to higher or lower current
density, depending on the technical applications. However, recent measurements on test samples
showed a double maximum of efficiency which could not be explained with basic models. This
study presents experimental results along with numerical simulation of a single quantum wells
(SQW) nanowire Light-Emitting-Diodes. Using a Poisson-drift-diffusion solver, the origin of the
double maximum of efficiency will be presented and compared to experimental results. It is found
that the double maximum of efficiency originates from the emission of two different planes of
growth at two different wavelengths. The first maximum of efficiency comes from the emission
from the C plane QW and the second maximum from the semi-polar plane. Based on these results,
possible geometrical modifications are presented in order to optimize the development of nanowires
MicroLEDs.
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Abstract text: The development of advanced functionalities in nitride materials relies on precise
growth control, process optimization, and high-resolution characterization techniques. Focused X-
ray beams provide innovative solutions for correlatively analyzing strain and light emission by
combining micro-Laue diffraction and X-ray excited optical luminescence (XEOL). Additionally,
qualitative x-ray fluorescence mapping giving composition estimation complements strain and
emission analysis.

This work presents recent experimental and analytical advancements at the BM32 beamline of the
European Synchrotron Radiation Facility, focusing on GaN micro-wires with InGaN/GaN multiple
quantum wells (MQWs). By correlating structural characterization—epitaxial relationships, strain,
and orientation—with light emission, we establish comparisons with techniques such as TEM,
EBSD, cathodoluminescence, and photoluminescence. Notably, micro-Laue diffraction enables
high-resolution deviatoric strain tensor measurements down to 10, surpassing EBSD in strain
quantification.

GaN micro-wire emission is studied using XEOL hyperspectral analysis, while local strain variations
and lattice rotations are extracted via micro-Laue diffraction. The technique benefits from a small
beam size (~300 nm), short acquisition time (~1 s), and polychromatic Laue diffraction, allowing
multiple Bragg reflections to be recorded without sample rocking, enabling rapid, high-resolution
strain mapping.

XEOL analysis reveals distinct emission features from the wires, including contributions from
MQWs, near-band-edge peaks, and defect-related bands. Micro-Laue analysis is demonstrated using
diffraction pattern indexing and refinement with the LaueTools software.

By combining these methods, we correlate visible emission with crystalline structure and clarify
growth-induced effects such as shell-induced strain and emission gradients (11.3 meV/um) and
Indium concentration between ~7.8% to ~10.2%. Fast scanning techniques enable statistical sample
characterization, paving the way for production monitoring and systematic screening of
optoelectronic materials and microstructures. Potential applications to various MOVPE-grown
materials will be discussed.
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Abstract text: This presentation will outline recent advances in the development of high Al-content
interband tunnel junction ultraviolet emitters. The high ionization of acceptors, poor hole transport
properties, and the high p-contact resistance to AlIGaN make it very challenging to realize high-
performance emitters, especially in the UV emission wavelength range. Interband tunnel junctions
provide an promising approach to overcome these fundamental challenges by enabling non-
equilibrium injection of carriers in p-type AlGaN layers. This presentation we will discuss recent
advances in realizing highly efficient tunneling injection and their integration into UV LEDs.

We will first discuss the use of heterostructure and polarization engineering to realize

transparent AlGaN tunnel junctions for UVB and UV A emission, tunnel junctions to realize multi-
active region LEDs at these wavelengths, and edge-emitting lasers emitting in the UVA wavelength
range. We will then discuss the design metal-semiconductor tunnel junctions, where we use Al-
based contacts to make contact to p-AlGaN through a thin heterostructure. Finally, we will discuss
out work on realizing tunnel junctions targeting far-UV emission LEDs (< 250 nm), with efficient
tunneling in AlGaN with Al-content > 80%.
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Abstract text: Size reduction of LEDs toward uLEDs has been a hot topic in the visible range
mainly driven by Virtual Reality and Augmented Reality applications. The UV community is slowly
exploring different methods for the fabrication of UV uLEDs, in order to increase the light
extraction, one of the key drawbacks of AlGaN based UV devices. Of course, application is also
driving the fabrication of UV pLEDs, notably for non-line of sight UV communication. So far,
reports focus on top-down plasma etching approach which is known to generate surface damages
and nonradiative recombination centers at the sidewall surface that limit the overall efficiency of
uLEDs.

In this work, we present a novel top-down/bottom-up approach to fabricate AlGaN micropallets on
which AlGaN multiple quantum wells (MQWs) emitting from the UVA to the far UVC wavelength
range have been grown. First, we describe the overall fabrication process of the micropallets which
combines top-down etching, selective thermal etching and bottom-up regrowth. Overall, scanning
electron microscopy and atomic force microscopy (AFM) highlight a c-plane surface without cracks
and pits and with reasonable surface roughness. A dislocation density in the mid 10® cm™ can be
estimated from AFM scans, transmission electron microscopy (TEM) and panchromatic
cathodoluminescence (CL) imaging. Room temperature CL measurements demonstrate that the c-
plane MQWs emission can be tuned from 330 to 230 nm depending on the Al composition and QW
thickness which has been measured by TEM. Hyperspectral CL maps reveal non-uniformities of the
MQWs emission characteristics across the c-plane surface (intensity, linewidth and peak
wavelength) which arise from and preferential island step flow growth. The quality of MQWs is
assessed by measuring the ratio of photoluminescence intensities at room and low temperatures.
Finally, we grow a UVB LED structure and demonstrate the feasibility of transferring a micropallet
array onto a Si substrate for device processing.

In conclusion, the combination of high structural and optical quality, along with the ability to

transfer the micropallet onto a host substrate, holds promise for enhancing efficiency of UV devices
(e.g. IQE, LEE and hence EQE) across the entire UV wavelength range.
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Abstract text: This study explores the complex degradation behaviors of AlGaN-based UV-C light-
emitting diodes (LEDs) under constant current stress and a stable heat sink temperature over a 500-
hour period. Using 2D cathodoluminescence (CL) at each degradation stage, we analyze emissions
from the multiple quantum wells (MQW) layer and the N-AlGaN layer in detail. Peak wavelength
mapping and intensity distribution pseudo-color images enhance our understanding of defect
generation and intensity decline across various layers during degradation. To complement this
analysis, we employ focused ion beam and scanning electron microscopy (FIB/SEM) to visually
inspect defects and observe the deterioration of the P-metal’s Cr/Al layer after 48 hours of
degradation. The CL emission results align closely with the SEM images, offering a comprehensive
visual method to pinpoint defect locations and examine the failure mechanisms of UV-C LEDs.
Additionally, Raman spectroscopy reveals strain relaxation at different stages of degradation,
exemplified by the blue shift of the E>" phonon peak from the P-GaN layer of AlGaN-based LEDs,
measured from various orientations: back, front, and side views. This technique allows us to
thoroughly examine stress relaxation beneath the P-metal while the N-metal remains unchanged.
This comprehensive investigation provides critical insights into the intricate degradation
mechanisms of UV-C LEDs, shedding light on their performance under extended stress conditions.
Furthermore, the spatial distribution of transverse magnetic (TM) and transverse electric (TE)
polarized photons contributing to the luminescence of the MQW structure has been effectively
distinguished using angle-resolved cathodoluminescence (ARCL). The complementary contributions
of TM and TE photons at specific angles are identified through ARCL and validated by finite-
difference time-domain (FDTD) simulations. This distinction offers flexibility in selecting different
emission modes based on application requirements. The presented approach not only opens up new
opportunities for enhanced UV-C light extraction but also provides valuable insights for future
advancements in device fabrication and epitaxial film growth.
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Abstract text: In this study, we investigated the influence of the number of multi-quantum wells
(MQWs) on the performance of either relaxed or strained AlGaN-based 230 nm-band far-ultraviolet-
C (far-UVC) light-emitting diode (LED) using experimental and theoretical studies. The relaxed far-
UVC LEDs were grown by MOCVD on a 4 um thick AIN template on c-plane sapphire.
Subsequently, the heteroepitaxy of undoped AlossGao.1aN buffer (500 nm thick), and a 1.7 pm thick
Si-doped n-AlyssGag.14N buffer layer were grown. The multi-quantum wells (MQWs) consist of a n-
fold (n: 2, 4, 8, 12, and 22) with QW and barrier (1 nm Al 94GagosN barrier with 3.5 nm
Alo,géGao_mN Well), a6 nm ud-Alo_94_>o‘86Gao,06_,o_14N final barrier and a 9 nm thick p-AlN electron
blocking layer. The LED is completed by a 75 nm Mg-doped p-Alp9Gao. 1N layer and finally a p-
GaN layer (75 nm thick) on top.

The threading dislocations (TDs) of AIN are approximately 1x10° cm™. The relaxation ratio (R-
ratio) of the 1.7 um-thick AlGaN (Al=86%) buffer layer grown on ud-AlGaN was 35%. As a result,
the maximum EQE o0f 0.35 % in 232 nm LED was obtained using 4-fold MQWs. As the number of
QWs increases, there is a distinct decline in the EQE, resulting from reduced internal quantum
efficiency (IQE), even though the carrier injection efficiency (CIE) is increasing. This is attributed to
the relaxed MQWs underneath the n-AlGaN layer affecting the Piezo-electric field in the QW. In
contrast, using a coherent structure (low R-ratio: 0%), resulting in high IQE and CIE simultaneously,
which is attributed to the compressed strain of the n-AlGaN layer mitigating the Piezo-electric field
in the QW and p-side layers including the electron blocking layer (EBL). The low R-ratio
underneath the MQWs is also critical for promoting the transverse electric (TE)-mode emission (for
high light extraction efficiency (LEE)).

We investigated theoretically the influence of QW numbers on 230 nm far-UVC LED while
considering a high R-ratio of 35% and TDs (1x10° cm) in n-AlGaN using SiLENSe. The CIE
increases and IQE decreases as the number of QWs increases. Overall, the product of CIE and IQE
is higher with a lower number of 8-fold QWs. On the other hand, for a R-ratio of 0 % referred to as
pseudomorphic growth of far-UVC LED with TDs of 1x10* cm™, both CIE and IQE increase as the
number of QWs increases.
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Abstract text: Hexagonal boron nitride (hBN) is an ultra-wide bandgap 2D semiconductor
possessing a significant potential for DUV applications as a possible alternative to Al-rich aluminum
gallium nitride (AlGaN)-based structures which faces several limitations (high activation energy of
magnesium dopants in the p-doped region, need of an electron blocking layer). So the engineering of
p-doped regions is a major issue for the realization of efficient DUV LEDs. This can be potentially
alleviated by use of p-doped hBN. Indeed, hBN can be p-doped using Mg [1] and it is transparent in
the UV permitting photons to be extracted. Moreover, a favorable band alignment permitting hole
transport from hBN to Al(Ga)N allows h-BN to act as an EBL [2], removing the need for an
additional resistive layer. Consequently, Mg-doped hBN has potential for realization of efficient pn
junctions with n-AlGaN, which will serve as the foundation for integration of DUV MQWs.
p-hBN/n-AlGaN heterojunctions were fabricated using a dry-selective lift-off transfer of Mg-doped
hBN layer on top of n-AlGaN. Electrical contacts were used as mechanical stressors to provide
structural rigidity to hBN layers as well as enabling selective lift-off. These junctions exhibit a
rectifying behavior with a rectification ratio of approximately 3e5 at 3V. When junctions were
forward biased, UV emission around 262 nm was measured. This emission corresponds to
recombinations in the n-AlGaN layer, demonstrating good hole injection in the structure. Full LED
structures were then fabricated by integrating UV MQWs into these junctions. Fabricated UV LEDs
successfully emit around 290 nm serving as a proof of concept for future layer transferred p-
hBN/MQWs/n-AlGaN structures in which the Al-content is increased to go toward DUV emission.
The selective pick and place process used to build these LEDs has multiple advantages. First, it
allows independent optimization of the p-side as well as of the n-side which includes the quantum
wells. Secondly, UV MQWs are protected from the high temperatures needed for high hBN material
quality growth and thus their thermal stability is not affected.

[1] R. Dahal et al., Appl. Phys. Le9. 98 211110 (2011)
[2] G. D. Hao et al., Appl. Phys. Le9. 114 011603 (2019)
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Abstract text: During this decade, many Si-based power devices will be replaced with high-
efficiency and lightweight GaN-based power devices. Increasing information traffic will heighten
the need for high-power, high-frequency devices for ultra-broadband wireless communications.
GaN-based high-frequency devices will be the most promising candidates that meet the demands of
the future data-driven society.

One of the most serious problems hindering the social implementation of GaN-based devices is the
high manufacturing cost. MOVPE is commonly used for the mass production of GaN-based device
structures, but the high cost of raw materials and carbon contamination from the raw materials are its
problems. Our group is attempting to establish an HVPE technique for device fabrication.

For the early commercialization of GaN-based devices, it is necessary to establish a device
fabrication process that is compatible with the Si-device fabrication process. In-plane junctions are
commonly used in Si devices because they can be achieved by ion implantation and damage caused
by ion implantation can be repaired by annealing. For GaN, many types of damage exist, including
anion and cation vacancies and interstitial atoms and their complexes. Therefore, it is difficult to
repair damaged GaN devices by simple annealing techniques. We have attempted to establish an
annealing technique to repair ion-implanted damage under atmospheric pressure and realized p—n
junction diodes that exhibit high reverse voltage and low resistance under forward bias.

The formation of low-resistance ohmic contacts, especially p-layers, is one of the key issues in the
stable operation of high-power devices. We are attempting to achieve a low-resistance ohmic contact
to the p-GaN layer even with a low doping concentration of 10'’cm™ by annealing metallic Mg on
the p-type GaN surface.

In this presentation, I would like to discuss low-cost epitaxial growth and device process.
Acknowledgements: This work was partly supported by JST as part of ASPIRE, grant number
JPMJAP2311, MEXT-program for creation of innovative core technology for power electronics,

grant number JPJ009777, and JSPS KAKENHI grant number JP22H00213. The author thanks all the
members of Amano—Honda Laboratory in CIRFE, Nagoya University for fruitful discussions.
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Abstract text: Vertical GaN-on-Si(111) power devices potentially offer significant advantages over
their lateral counterpart, including higher threshold voltage, increased current density, and higher
breakdown voltage without compromising the device size [1]. Using silicon as a substrate is cost-
effective due to its large diameter and low cost, making it appealing for industrial use. Moreover, the
Si substrate can be locally removed under the active area of the device to realize a fully vertical
current flow [1]. However, challenges remain in the epitaxy of sufficiently thick GaN drift layers on
Si to facilitate high breakdown voltages due to the significant thermal and lattice mismatch inherent
in the heteroepitaxial system.

In this work, GaN-based PN structures with drift layers thicker than 7 um, capable of achieving
1200 V breakdown voltages, are grown on 6 Si(111) substrates using an industrial metal-organic
chemical vapor deposition reactor. Utilizing a novel buffer based on an AIN/AlGaN superlattice that
incorporates islands with optimized geometry, the threading dislocation density is drastically
reduced. This, in turn, allows sufficiently compressive stress to be maintained in the subsequent
active GaN layers during growth, compensating for the thermal mismatch with the substrate [2]. It
was found that the geometry of the islands, which form on V-pits present in the AIN nucleation
layer, can be effectively controlled by adjusting the growth temperature. Leveraging this buffer
concept, crack-free GaN-based PN structures with a drift layer thickness of 7.4 um (10 pm total
thickness) on 6" Si(111) substrates were achieved, with an absolute wafer bow < 50 um and a low
threading dislocation density of 3.6 x 10®cm™[3]. Electrical characterization of fully vertical PN
diodes on this wafer revealed a 1220 V non-destructive breakdown with avalanche capability,
accompanied by a low Rons ~ 0.5 mQcm? [4]. These results pave the way for high-performance
GaN-on-Si vertical power devices operating in the kilovolt range.

[1] C. Huber, et al., PCIM Europe (2023).

[2] S. Michler, et al., Physica Status Solidi (b), 2400019 (2024).

[3] S. Michler, et al., Physica Status Solidi (a), 2400544 (2024).

[4] Y. Hamdaoui, et al., IEEE Transactions on Electron Devices, 10758680 (2024).
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Abstract text: The demand for next-generation kV-class power electronics is rapidly increasing for
applications in electric motor drives, energy storage, power conversion, and energy transportation.
GaN-based vertical diodes and switches, enabled by highly conductive single-crystal GaN
substrates, offer significantly improved efficiency, with Baliga’s figure of merit outperforming
conventional Si-based devices by several orders of magnitude.

A critical requirement for these high-voltage power devices is the development of thick, n-GaN drift
layers with uncompensated doping in the low-10'° cm™ range. Achieving this requires precise
control over the metal-organic chemical vapor deposition (MOCVD) growth process, as
unintentional carbon (CN_NN) incorporation poses a significant challenge to maintaining reliable
doping at such low concentrations.

In this study, it is shown that by tailoring MOCVD growth conditions, carbon incorporation can be
minimized, enabling the controlled formation of low-carbon GaN:Si layers essential for the
realization of high-performance kV-class power devices. Specifically, we demonstrate controlled Si
doping in the 10" ¢cm™ range with room temperature mobility exceeding 1000 cm*/Vs and carrier
concentrations similar to Si doping levels. This was achieved by managing point defects through
chemical potential control (CPC) and defect quasi-Fermi level (dQFL) control to minimize carbon-
related compensation and mobility collapse.

Finally, GaN grown on semi-insulating substrates using both CPC and dQFL control exhibited stable
and controllable doping (5 x 10" to 2 x 10'® cm™) with high mobility (>1000 cm?*/Vs at RT) due to
Cn concentrations below 10" cm™. Finally, temperature-dependent Hall-effect analysis confirmed a
maximum mobility of 4000 cm?*/Vs at 120 K. In combination, these results will enable a new
generation of power diodes.
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Abstract text: Halide vapor phase epitaxy (HVPE) has gained attention for its use of carbon-free
sources and high growth rate, which enables the growth of thick drift layers in a short time with low
impurity concentrations [1]. Our group has reported the vertical GaN p—n junction diode (PND)
grown by HVPE [2]. However, because of the adsorption of Mg source molecules to the reactor
wall, unintentional Mg doping and a slow increase in Mg concentration ([Mg]) occur. In addition,
the Fe concentration ([Fe]) increases rapidly at the p—n interface, which could cause reverse leakage
current. To improve these impurity profiles, we have introduced a new HVPE reactor with an n-type
GaN growth nozzle and a p-type GaN growth nozzle. The n-type and p-type GaN are grown
separately as the wafer holder moves between these nozzles. It enables the supply of the Mg source
to the p-type GaN growth nozzle during n-type GaN growth, which may steepen the [Mg] profile
and prevent the increase in [Fe] at the p—n interface. Hereafter, this reactor is referred to as the
“separated nozzle HVPE” system.

The vertical GaN PND structures were grown using the separated nozzle HVPE system on free-
standing n"-GaN (0001) substrates grown by HVPE. An 8.8-pm-thick n-GaN drift layer with a Si
concentration ([Si]) of 5.2 x10'® cm™ was grown at the n-type GaN growth nozzle. Following the
drift layer, a 0.7-um-thick p-GaN layer with a [Mg] of 1.7x10" ¢m ™ was grown at the p-type GaN
growth nozzle. For the growth of the p-GaN layer, MgO was used as a Mg source. The depth profile
of the [Mg] of the PND structure was characterized by secondary ion mass spectrometry (SIMS). In
addition, vertical PNDs were fabricated to measure the electrical properties of devices.

According to the SIMS results, the [Mg] in the n-type GaN drift layer was 6x10'* cm™ and
increased steeply to 1.1x10" cm™ at the p—n interface within 87 nm without sharp increase in [Fe],
which clearly shows the advantage of using the separated nozzle HVPE reactor. Additionally, the
vertical GaN PNDs with low leakage current were fabricated. The results were comparable to those
grown by MOVPE.

This work was supported by MEXT-Program for Creation of Innovative Core Technology for
Power Electronics Grant Number JPJ009777.

[1] H. Fujikura et al., Jpn. J. Appl. Phys. 56, 085503 (2017).
[2] K. Ohnishi et al., Appl. Phys. Lett. 119, 152102 (2021).
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Abstract text: Gallium Nitride (GaN) conducts electrons more efficiently and withstand higher
electric fields than Silicon (Si). It exceeds the performances of Si in terms of speed, temperature, and
power handling and it is replacing Si-based devices in several radio frequency and power conversion
applications. For the latter, GaN devices offer higher power efficiency, lower switching losses, and
increased power density than Si-based ones, making them ideal for applications like power supplies,
inverters, electric vehicle charging systems, and data centers.

To meet the requirements of innovative industrial and automotive applications, we developed a GaN
lateral high electron mobility transistor (HEMT) on Si substrates for a new range of 1200 V
applications. GaN epitaxy on silicon (GaN-on-Si) presents numerous challenges linked to lattice and
thermal expansion coefficient mismatch between Si and GaN. Growing thick GaN layers of
sufficient quality for the operation of a transistor required extensive optimization of the growth
parameters. In particular, buffer thickness, the super-lattice (SL) thickness, surface condition, wafer
curvature, had to be simultaneously well controlled. There is little information about this kind of
processing, since GaN-on-Si technology is mostly used for applications up to 650 V, while 1200 V
GaN-on-Si devices are still under research due to the challenging thick epitaxy required.

The growth development was carried out at CEA-LETI on a 200 mm AIXTRON close-coupled
showerhead (CCS) metal organic vapor phase epitaxy (MOVPE) tool, using an AIN/AlGaN SL up to
6 um in thickness while maintaining the bow of 200 mm wafers in an acceptable range. At the same
time, improvement of the surface morphology was achieved. These wafers were initially
characterized by vertical IV measurements showing breakdown voltage > 1550 V, as well as
physical characterizations to evaluate crystallographic properties, surface morphology properties and
surface defects.

The wafers were then processed into MOS-HEMT transistors with leakage current through the
substrate <100 nA/mm (25 °C) and <10 pA/mm (150 °C) at 1200 V on MOS-HEMT. A variety of
power and test transistors were analyzed, showing excellent BV vs specific Ro, trade off, comparable
with or better than state of the art HEMTs on silicon, SiC and sapphire substrates.
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Abstract text: Scaling of GaN HEMTs for application to millimeter-wave power amplifiers requires
to re-design device epitaxial layers in order to reduce short-channel effects, at the same time
controlling frequency dispersion due to deep levels and guaranteeing linearity. Currently, electron
confinement and control of substrate current is achieved thanks to a Fe-doped or C-doped GaN
buffer layer below the undoped GaN channel. Unfortunately, both impurities introduce defects in
GaN: Fe enhances the density of a level at approximately 0.56 eV from conduction band, resulting in
significant current collapse due to a dynamic positive threshold voltage shift. C atoms at nitrogen
vacancies (Cn) introduce an acceptor level at 0.8 eV — 0.9 eV from the valence band, responsible for
dynamic on-resistance effects, slow charge redistribution, memory effects and hot-electron
degradation. These parasitic effects become critical for scaled (Lg £0.15 mm) devices, as in general a
trade-off is established between control of short-channel effects and reduction of trap-induced
dispersion phenomena. For these reasons, alternative designs of epitaxisl layers are being
investigated; one option consists in separating the C-doped layer from the channel electrons by
means of an AlGaN barrier, which prevents the interaction of channel electrons with Cy traps; more
radically, in “bufferless” structures a thin undoped GaN channel is grown directly on top of the AIN
nucleation layer, by adopting growth conditions which minimize defectivity.

While deep level effects related with Fe and C compensation have been extensively studied,
characterization of dispersion in devices adopting wide bandgap backbarriers is still limited. Main
results obtained up to now can be summarized as follows: (1) increasing the thickness of the
undoped GaN channel reduces dispersion and current collapse, but short-channel effects are
worsened, thus suggesting that trapping occurs at the channel/backbarrier interface; (2) good control
of dispersion and short-channel effects can be achieved by optimizing the Al content in the
backbarrier; (3) after a reverse-bias stress test, devices which adopt a backbarrier show a
transconductance “overshoot” which is due to electroluminescence emission and consequent trap
photoionization, resulting in a dynamic negative threshold voltage shift which occurs during gm
measurements; (4) finally, dispersion effects due to backgating can occur in bufferless devices even
without implying the presence of deep levels, due to charge redistribution (Maxwell-Wagner effect).
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Abstract text: Gallium nitride (GaN) high electron mobility transistors (HEMTs) are essential for
next-generation high-power and high-frequency electronics due to their high breakdown voltage,
electron density, and mobility. However, conventional GaN HEMTs suffer from defects in the buffer
region, which lead to current collapse, threshold voltage drift, and lower current levels.

We investigate the effects of buffer removal on device performance using electrothermal TCAD
simulations in Silvaco Victory. These simulations are calibrated with experimental data from
temperature-dependent TLM and Hall measurements, and verified with I-V measurements on
fabricated GaN-on-Si HEMTs.

Our work uses a lateral AlIGaN/GaN HEMT structure with an 18-nm AlGaN barrier, 150-nm GaN
channel, 1.59-um GaN buffer, and 100-pm Si substrate, with L,=100 nm, Lg=100 nm, and Lg=800
nm. Traps are introduced in both the AlGaN barrier (E1a=0.6 eV, Etp=0.3 eV, N1=1x10'® cm™) and
the GaN buffer (Eta=0.4 eV, N1=5%10'® cm™) [1]. We compare three device variants: a conventional
HEMT, a buffer-free HEMT, and a buffer-free HEMT with a 250-nm AlGaN back-barrier added
beneath the channel.

Buffer removal leads to a significant DC performance improvement, a 20% increase in peak drain
current from 1.2 A/mm to 1.5 A/mm at Vps = 10V and Vgs = 2V, by eliminating deep acceptor traps
that deplete the 2DEG [2]. Adding a back-barrier further enhances the current by 6% (to 1.6 A/mm)
and improves short-channel behavior through better 2DEG confinement.

Overall, our results indicate that removing the buffer and incorporating a back-barrier can
significantly enhance GaN HEMT performance by increasing current density and improving thermal
properties. This approach is promising for more efficient and reliable high-power and high-
frequency applications.
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Abstract text: GaN high-electron-mobility transistors (HEMTs) are promising for microwave
applications due to their high saturation velocity, dense 2DEG density and high critical electric field.
Compared with the heteroepitaxial GaN structures, GaN-based devices on the lattice-matched GaN
substrates with low dislocation density can effectively suppress the current collapse, improve the
reliability, and enhance the RF power performances. The high output power requirement of the
application makes the high operating voltage of the device necessary, which relies on the doping
design of the buffer layer. However, the introduction of impurities can affect phonon-impurities
scattering and thus the thermal conductivity of GaN epilayer. This problem is more significant for
devices on GaN substrates with low thermal conductivity compared to those on SiC substrates.
Therefore, the electro-thermal co-design of the GaN epilayer becomes essential for GaN-on-GaN
HEMTs. How to optimize the electrical and thermal properties simultaneously for GaN-on-GaN
structures is crucial and remains under explored. In this work, we present, for the first time, an
electro-thermal co-design for GaN-on-GaN HEMTs, including (i) the influence mechanism of
impurities on heat transfer, (ii) the modulation of doping on electric field and carrier transportation,
(ii1) the precise characterization of the thermal properties for each GaN layer. A stepped-Carbon
doped buffer was proposed to realize the synergistic modulation of the electro-thermal
performances. Record output power density (Pout) of 15.1 W/mm, 14.8 W/mm with peak power
added efficiency (PAE) of 57.2% and 48.2% were achieved at 2 GHz and 3.6 GHz, respectively. The
comprehensive analysis of the epilayer doping design and the outstanding RF power performance
achieved through the C doped buffer are of great significance for advancing the RF application of
GaN-on-GaN devices in the future.
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Abstract text: High-electron-mobility transistors (HEMTs) based on ultra-wide bandgap Al-rich
aluminum gallium nitride, (AL Ga)N, alloys hold great potential for high-temperature, high-
frequency, and high-power applications, including jet engine, 6G communication, and electric cars.'
Central to the operation of (Al,Ga)N-based HEMT devices is the density and mobility of the two-
dimensional electron gas (2DEG) formed at the channel-barrier interface. In general, these 2DEG
characteristics depend on alloy composition and individual layer thicknesses of the HEMT
heterostructures. However, previous theoretical studies often simplified these dependencies by
assuming a constant 2DEG density over the entire parameter space, neglecting the impacts of
experimental constraints in real devices.’

In this work,’ using self-consistent Schrédinger-Poisson simulations that explicitly incorporate layer
thickness, alloy composition, and strain fields while accounting for experimental constraints, we
reveal strong dependencies of 2DEG characteristics on these device parameters. We demonstrate
that the common assumption of a constant 2DEG density leads to experimentally challenging design
constraints and often misjudges the intrinsic device performance. We reveal a critical trade-off
between 2DEG density and mobility: while a higher Al composition contrast between the channel
and barrier enhances the 2DEG density, it also increases alloy disorder scattering, thereby reducing
mobility. We show that this interplay between 2DEG density and mobility can result in a higher
intrinsic device performance and thereby greater application potential for (Al,Ga)N-based HEMTs
than previously predicted. Specifically, our simulations show that Al-rich (x=0.5-1.0) Al.Ga;-xN-
channel HEMTs outperform conventional GaN-channel HEMTs at and above room temperature for
experimentally feasible structures.

This work thus highlights the importance of detailed device simulations to fully exploit the
application potential of (Al,Ga)N-based HEMTs. By elucidating the trade-offs between 2DEG
properties and device parameters with realistic modeling, this study provides important guidance for
designing next-generation high-performance Al-rich (Al,Ga)N-channel HEMTs.

1. Baca et al., J. Vac. Sci. Technol. A 38, 020803 (2020)

2. Bassaler et al., Adv. Electron. Mater., 2400069 (2024)
3. Mondal et al., arXiv:2502.13809 (2025)
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Abstract text: Over the last decade, normally-off power GaN high electron mobility transistors
(GaN HEMT) found application in many power conversion systems. So far, it has been considered
that GaN lateral transistors do not show avalanche capability, contrary to Si and SiC devices [1], and
this may represent an issue in terms of device reliability.

This paper demonstrates that avalanche operation is indeed possible on 100V E-mode GaN
HEMTs with sub-micrometer gate length, in presence of a weak sub-threshold leakage current. The
dependence of the avalanche voltage on a) gate voltage and b) device geometry is analyzed; also, c)
the positive temperature coefficient of the avalanche voltage is demonstrated.

In "strong" pinch-off (Vgs=-7 V) the devices reach breakdown (BD) at Vps=223 V (Vprr) with
steep current (Ips) increase and consequent catastrophic failure. This failure is ascribed to the
breakdown of the dielectric between gate and drain.

In "reference" pinch-off (Vss=0 V), devices reached BD at Vps=160 V (VavaLr), with no
catastrophic failure. In this conditions, a higher drain-source conduction current is present
(Ips<InA at 100V), compared to Vgs=-7 V (Ins<10pA at 100V). This subthreshold leakage initiates
impact ionization (i.i.), with consequent avalanche process when Vps increases, resulting in a
sustainable increase in Ips. This process “clamps” Vps to Vavar, protecting the device from
dielectric failure.

Measurements as a function of device geometry show that an increase in Lg results in a suppression
of short-channel effects, with consequent decrease in drain-source leakage and increase in Vavar.

We found confirmation of avalanche hypothesis by spectrally resolved electroluminescence
(EL) measurement on devices during off state (Vgs=0 V) constant current stress: Bremsstrahlung
radiation due to hot electron (<2.5 eV) together with 3.4 ¢V band-to-band emission were observed
on the device. This latter EL component demonstrates the generation of holes due to i.i. events [2].

Finally, we demonstrated that Vavar has a positive temperature coefficient. IpnsVps performed at
different temperatures on the same device, by adjusting gate voltage to obtain the same subthreshold
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leakage at all temperatures, show an increase in Vavar with temperature, according to avalanche
theory [3].

[1] 10.1109/APEC.2017.7931015
[2] 10.1109/JEDS.2024.3454334

[3] 10.1063/1.1754731
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Abstract text: Acceptor states in AIN have attracted significant interest due to their critical role in
the modulation of p-type conductivity. Recently, Ishii et al. reexamined the Mg acceptor binding
energy in AIN using photoluminescence (PL) measurements, revealing a significant shallower
energy than previously theorized. Be, another potential acceptor when substituting Al sites, has
received limited attention, with few experimental data available on its acceptor binding energy in
AIN.

In this study, Be-doped AIN was prepared by implanting Be ions into unintentionally doped AIN
epitaxial layers via metalorganic vapor phase epitaxy (MOVPE) on sapphire substrates, followed by
rapid thermal annealing at 1300 °C for 20 minutes. Secondary ion mass spectrometry (SIMS)
analysis confirmed a bulk Be concentration of ~10" cm?,

Temperature-dependent cathodoluminescence (CL) spectroscopy was primarily employed to probe
the optical properties of the doped material. High-resolution near-band-edge CL spectra acquired at
10 K revealed distinct features in Be-doped and undoped AIN. For undoped AIN, spectral peaks
exhibited a ~20 meV blue-shift relative to literature values, attributed to biaxial strain (~—0.2%)
arising from thermal expansion mismatch mismatch between AIN and sapphire. Using elastic
constants and deformation potentials, the total strain-induced bandgap blue-shift was estimated as
~30 meV for fully strained AIN, consistent with our observations.

In Be-doped AIN, two additional peaks emerged at 6.08 eV and 5.96 eV. The 6.08 eV feature is
assigned to the neutral Be acceptor bound exciton (Be’X), with a binding energy of 44.1 meV.
Thermal quenching of the Be®X, luminescence was observed above 60 K and vanished near 100 K.
Arrhenius analysis of the Be®X intensity temperature dependence indicated a two-step activation
mechanism. The activation energy was determined to be 66.4 + 3.3 meV in the high temperature
range (70-100 K) and 7.3 + 1.1 meV at lower temperatures (20-60 K). This behavior suggests an
initial exciton delocalization below 60 K, followed by ionization of the bound exciton at elevated
temperatures. To our knowledge, this is the first comprehensive CL-based determination of the Be
acceptor binding energy in AIN.
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Abstract text: Wide-bandgap semiconductors, such as GaN, AIN, and AlGaN, attract significant
attention due to their numerous applications in optical and high-power devices. However, despite the
successful development of GaN-based technology, efficient p-type doping remains difficult because
Mg, the only currently viable acceptor in these semiconductors, is still somewhat deep in GaN (the
acceptor level is £4=0.22 eV). It becomes too deep for p-type doping in AlGaN with increasing Al
content (E4 = 0.5-0.6 eV in AIN). The Bega acceptor was suggested as an alternative p-type dopant.
There are several reports on conductive p-type GaN:Be, and even p-type AIN:Be, yet these materials
are more often semi-insulating. A shallow acceptor level at £4 = 0.113 eV above the valence band
was experimentally found in GaN and initially mistakenly attributed to the isolated Bega acceptor.
This level is responsible for the photoluminescence (PL) band (called the UVLg.) with the zero-
phonon line (ZPL) at about 3.38 eV.

Here, we present the results of a combined theory/experiment study of the UVLg, band [1], which
was detected in about fifty Be-doped GaN samples grown by metal-organic chemical vapor
deposition (MOCVD) and molecular beam epitaxy (MBE) under various conditions. Our first-
principles calculations, using HSE functional tuned to fulfill the generalized Koopmans’ condition,
attributed this PL band to the Beg.OnBega complex [1], which could be the shallowest acceptor in
GaN with £, =0.113 eV. However, these calculations also predict a dual nature of this acceptor, i.e.,
a coexisting deep level of this defect at 0.34 eV above the valence band. The dual nature of the
Beg.OnBeaa acceptor is predicted theoretically, but no confirmation of it has been currently found in
the experimental data.

[1] M. A. Reshchikov, D. O. Demchenko, B. McEwen, and F. Shahedipour-Sandvik, “Identity of the
shallowest acceptor in GaN”, Phys. Rev. B 111, 045202 (2025).
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Abstract text: Hydrogen plays a crucial role in GaN growth and processing. It can form electrically
neutral complexes with acceptors during growth, which significantly increases acceptor
incorporation. For example, post-growth annealing is necessary for the dissociation of Mgg.H
complexes to activate Mg acceptors and achieve conductive p-type GaN. In this work, we
demonstrate that other acceptors, such as C and Be, also form complexes with hydrogen similar to
Mg. The effect of thermal annealing of GaN on photoluminescence (PL) was investigated. In
samples moderately doped with Be, the Bega-related yellow luminescence (YLge) band intensity
decreased by up to an order of magnitude after annealing in N, ambient at temperatures 7, = 400-
900 °C. We explained this by the release of hydrogen from unknown traps and the passivation of the
Bega, acceptors. A similar drop of PL intensity at 7,,, = 350-900 °C was observed for the Cn-related
YL1 band in unintentionally C-doped GaN. It was attributed to the passivation of the Cx acceptors
by hydrogen released from unknown defects. In this case, the formation of the CxH; complexes was
confirmed by the observation of the rising BL2 band associated with these complexes. At 7, > 900
°C, both the YLg. and YLI1 intensities in GaN:Be and GaN:C were restored, which was explained by
the removal of hydrogen from the samples. Experimental results were compared to the first
principles calculations of complex dissociation and hydrogen diffusion paths in GaN.
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Abstract text: P-doping and its activation is a well-known hurdle in GaN that has primarily been
overcome by introducing magnesium (Mg) during epitaxial growth (MOCVD or MBE), followed by
an annealing to diffuse out hydrogen particularly for MOCVD processes [1]. This problem is
especially acute in buried selective-area p-type structures required for vertical GaN devices such as
current aperture vertical electron transistors (CAVET) and MOSFETs [2,3]. Prior work has
implemented buried p-layers or current blocking layers via implantation or regrowth [4]. These are
both complex processes that may create defects, necessitating a careful look into more gentle
processes. Diffusion is one such process that has recently been explored as a potential method of
achieving p-type doping in GaN [5,6].

Our previous work has demonstrated that annealing a Mg-doped spin-on-glass (SOG) source can
effectively diffuse Mg into gallium oxide and lead to up to 1 kV current blocking capability [7]. In
this work, we investigated the viability of SOG-based diffusion as a cost-effective method to achieve
selective-area p-doping in GaN.

Performing this diffusion process at 1000 °C resulted in a Mg concentration >1e18 cm™ up to 0.7 um
into GaN substrates. The electrical properties of the diodes fabricated using this diffusion process
were measured and compared to reference Schottky barrier diodes without Mg diffusion. Under
forward bias, Mg-diffused devices exhibited a turn-on voltage of 4 V whereas reference SBD
exhibited a turn-on voltage of 0.7 V, indicating creation of a built-in potential by the Mg diffused
layer. Under reverse bias, reference SBDs exhibited breakdown voltages of ~50 V. Mg diffused
diodes demonstrated higher breakdown voltages, with repeatable values of ~170 V for samples
diffused at 1050 °C and ~400 V for samples diffused at 1000 °C.

Mg-diffused diodes also exhibited 430 nm electroluminescence, an emittance that has been seen in
GaN pn junctions due to the presence of an Mg-acceptor level.

1. Nakamura, S et al (2000) The Blue Laser Diode, Springer, Berlin, Heidelberg
2. Chowdhury, S et al (2008) IEEE EDL, 29(6), 543-545
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Abstract text: Magnetic semiconductors based on III-V compounds, particularly GaN and AIN
doped with transition metal ions, have garnered significant attention for their potential in spintronic
and quantum applications. These materials enable the manipulation of electron spin in devices such
as spin-valve transistors, field-effect transistors, and light-emitting diodes. One of the major
challenges in spintronics is achieving room-temperature ferromagnetism, and GaMnN has emerged
as a promising candidate due to its high-temperature ferromagnetic response. Understanding the
behavior of Mn impurities in GaN is crucial, as Mn can exist in multiple charge states, influencing
magnetic interactions.

GaN:Mn has been extensively studied using magnetometry techniques like SQUID to explore its
magnetic properties. For example, magnetization measurements on highly resistive bulk GaN:Mn?**
have revealed strong magnetic anisotropy with significant zero-field splitting [1,2]. This zero-field
splitting is so pronounced that it is undetectable by conventional EPR methods, often rendering the
material "EPR-silent." However, EPR studies on GaMnN thin films have provided valuable insights
into the local electronic structure of Mn ions and the spin Hamiltonian parameters [3].

Recently, we have developed uniqe high field/high frequency EPR ellipsometry to probe defects in
wide and ultrawide band gap semiconductors, offering improved sensitivity and the ability to obtain
the full polarization response of a sample [4,5]. In this work, we employ this new method using our
state-of-the-art, in-house-built terahertz ellipsometer to investigate Mn-doped GaN single crystals.
We have determined for the first time a zero-field splitting on the order of 200 GHz, explaining why
Mn?*" was previously considered ‘EPR-silent’ by conventional EPR techniques. We have also
obtained the spin Hamiltonian parameters for Mn** in GaN, providing insights into the charge state,
local site symmetry, Jahn-Teller effects, and interactions with the local environment. Additionally,
we establish the temperature dependence of the spin Hamiltonian parameters. These news insights
advance our understanding of Mn impurities in GaN and open up opportunities for controlling
electron spin.

[1] A. Wolos et al., Phys. Rev. B 70, 245202 (2004).
[2]J. Gosk et al., Phys. Rev. B 71, 094432 (2005).

[3] S. Marcet et al., Phys. Rev. B 74, 125201 (2006).
[4] V. Rindert et al, Phys. Rev. B 110, 054413 (2024).

[5] V. Rindert et al, Phys. Rev. Lett. 134, 086703 (2025). Editor Suggestion, Featured in Physics.org
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Abstract text: Polarization fields play a crucial role in nitride-based devices: sometimes as a
nuisance (suppressing efficiency of light emitters), sometimes as a functional enhancement
(increasing the density of two-dimensional carrier gases in transistors). Accurate knowledge of
polarization constants is critical for analysis of experiments and for device design. Some years ago
we identified deficiencies in the calculation of polarization fields in simulation tools, related to the
choice of the zinc-blende phase as a reference for the spontaneous polarization of wurtzite [1].
However, since the current implementations contain fwo errors that to some extent cancel, most
modeling has continued to use the zinc-blende-referenced approach. This has, unfortunately, led to
major confusion in the analysis of polarization in AIScN alloys. Correct referencing of spontaneous
polarization (relative to a layered-hexagonal phase) is essential for consistent interpretation of
ferroelectricity in AlScN alloys [2]—and indeed for rigorous modeling of polarization in general.

I will describe how first-principles calculations based on the Modern Theory of Polarization provide
a consistent framework for modeling polarization in alloys [3] and at interfaces [4]. In addition to
AIScN, I will present for AIBN, and for LaN, a binary compound that is potentially ferroelectric [5].
Work performed in collaboration with Cyrus Dreyer, Haochen Wang, Zekun Wu, Andrew Rowberg,
Suhyun Yoo, Mira Todorova, Jorg Neugebauer, and Simon Fichtner, and supported by SUPREME
(SRC/DARPA), DOE, and ARO.

[1] C. E. Dreyer, A. Janotti, C. G. Van de Walle, and D. Vanderbilt, Phys. Rev. X 6, 021038 (2016).

[2] S. Fichtner, M. Yassine, C. G. Van de Walle, and O. Ambacher, Appl. Phys. Lett. 125, 040501
(2024).

[3] H. Wang, N. L. Adamski, S. Mu, and C. G. Van de Walle, J. Appl. Phys. 130, 104101 (2021).

[4] S. H. Yoo, M. Todorova, J. Neugebauer, and C. G. Van de Walle, Phys. Rev. Appl. 19, 064037
(2023).

[5] A. J. E. Rowberg, S. Mu, M. W. Swift, and C. G. Van de Walle, Phys. Rev. Mater. 5, 094602
(2021).
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Abstract text: Research on wurtzite (wz) ScxAll-xN alloys is currently a topic of high interest due
to their enhanced piezoelectricity and ferroelectricity, making them candidates for acoustic wave
resonators in next generation 5G receivers and high electron mobility transistor (HEMT)structures.
Although numerous devices are already fabricated and analyzed, the growth of single crystalline
films is still not sufficient and fundamental physical processes, such as band gap bowing or phonon
behavior, are not yet described adequately. We investigate single crystal wz-ScAIN layers (c-plane
with =350 nm thickness) on AIN/Si templates grown by molecular beam epitaxy, which yields
detailed insights into materials properties of wz-ScAIN alloys. Raman spectroscopy, infrared and
near infrared to ultraviolet spectroscopic ellipsometry (IR-SE and UV-SE) are employed to
determine phonon frequencies and band gaps. We find that the ordinary transverse optical (TO)
phonon frequencies decrease linearly with increasing Sc content, which coincides with the linear
decrease of the lattice parameter @ measured by x-ray diffraction. High Sc-contents lead to increased
and seemingly asymmetric broadening of the ordinary phonon resonance, which indicates the
existence of a second phonon arising at higher alloy concentrations. We interpreted this as evidence
of a 2-phonon behavior in wz-ScAIN alloys, similar to what has been previously observed in wz-
AlGaN alloys, although it follows unclear trend. The dielectric loss function is indeed utilized to
obtain the longitudinal optical (LO) phonon frequencies, where we can obtain both the ordinary and
extraordinary LO-frequencies. The Born-effective-charges are calculated from the determined TO
and LO-frequencies and correlated to the measured piezoelectric coefficient. Additionally, the
optical constants of ScAIN layers are determined from UV-SE, where absorption edges are correctly
derived using the inflection point method instead of the widely used Tauc-plot method. Utilization of
the latter is dangerous in the vicinity of an indirect band gap and additional high alloy broadening,
which appears at increasing Sc content. Thus, this method has to be avoided when absorption edges
are derived in ScAIN alloys.
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Abstract text: The shared common element and small lattice constant mismatch (0.4% with GaN)
make scandium nitride (ScN) a logical material to combine with group III nitride semiconductors in
alloys such AIScN, and in heterojunctions (e.g., GaN/ScN). In contrast to the group III nitrides, ScN
has a cubic rock salt crystal structure, an indirect bandgap (E, = 2.0), and high thermal stability.
Interestingly, ScN has the propensity toward a large density of nitrogen vacancies [1].

The present study was undertaken to identify and quantify vacancy-type defects in ScN by positron
annihilation spectroscopy [2]. The ScN crystals were grown by physical vapor transport (PVT), i.e.,
the sublimation of scandium metal at high temperature (~2000°C) in a nitrogen atmosphere, initially
on a tungsten (100) single crystal seed [3]. PVT is able to grow thick (>1 mm), free-standing ScN
crystals with the (100) orientation of the highest structural perfection, and free of contamination
which is present with transporting agents. ScN crystals grown by PVT are n-type with an electron
concentration of 2.2 x 10*' cm?, and a room temperature electron mobility of 73 cm2/V-s, and a
thermal conductivity of 50 W/m-K [4].

The average positron lifetime measured at temperatures 200-600 K in the ScN crystals is constant at
a value of 145 ps. When the temperature is decreased to 50 K, the average lifetime drops to 125 ps.
The positron lifetime spectrum contains two components, of which the longer is roughly 250 ps. The
temperature behavior of the positron lifetime is indicative of the coexistence of vacancy-type defects
and negatively charged non-open volume defects (so-called negative ions). The relatively long
vacancy-related lifetime component strongly suggests that the vacancy defects in question are Sc
vacancies, possibly complexed with N vacancies. As the positron data further suggest the lattice
lifetime of ScN to be 120-125 ps, the concentration of these Sc vacancies can be estimated as 5 x
10'® cm™. High-energy particle irradiation experiments are underway for more detailed identification
of the vacancy-type defects in ScN.

[1] Y. Kumagai, N. Tsunoda, and F. Oba, Phys. Rev. Applied 9, 034019 (2018).
[2] F. Tuomisto and I. Makkonen, Rev. Mod. Phys. 85, 1583 (2013).
[2] H. A. Al Atabi et al., Appl. Phys. Lett. 113 122106 (2018).

[3] H. Al-Atabi ef al., Appl. Phys. Lett. 116 132103 (2020).

193



PC-Tue-B9* - X-ray Spectroscopic Characterization of Surface Oxidation of SCAIN Thin Films
Grown by Sputtering on GaN

2. Physics and characterization

Hikaru Sasaki'

Akihira Munakata®, Masaki Kobayashi3, Ryota Yamamoto*, Sawaki Sato*, Atsushi Kobayashi4,
Takuya Maeda'

! Department of Electrical Engineering and Information Systems, The University of Tokyo, Tokyo,
113-8656, Japan

? Department of Electrical Engineering and Information Systems, The University of Tokyo, Tokyo,
113-8656, Japan

3 Department of Electrical Engineering and Information Systems, The University of Tokyo, Tokyo,
113-8656, Japan, Center for Spintronics Research Network, The University of Tokyo, Tokyo 113-
8656, Japan

* Department of Materials Science and Technology, Tokyo University of Science, Tokyo, 125-8585,
Japan

Abstract text: SCAIN is attractive as a material for a barrier layer of a GaN HEMT, due to its wide
bandgap, strong polarization and capability of epitaxial integration with GaN. The surface of SCAIN
readily oxidizes in the atmosphere, which affects the structural and electrical properties [1]. In this
work, we investigate the surface oxidation and chemical bonding states of SCAIN thin films grown
by sputtering, utilizing X-ray photoelectron spectroscopy (XPS) and X-ray absorption spectroscopy
(XAS) measurements.

Two thin films of (a) 57-nm-thick Sco.13Alog7N and (b) 66-nm-thick Sco27Al.73N were epitaxially
grown on GaN/sapphire substrates by sputtering [2, 3]. The samples were exposed to air after the
growth. XPS and XAS measurements were performed at SPring-8 and KEK PF, respectively. For
the XPS measurements, X-rays with photon energies of 850 eV and 1200 eV were used. Escape
depths for 850 eV and 1200 eV are about 1 nm and 3 nm, respectively.

In the wide spectra of XPS, Al 2p, Sc 2p core-levels (CLs) and other reasonable peaks were
observed. For the Al 2p CL spectra of the sample (a), the consistent tailing for higher binding energy
is observed for each photon energy. For the sample (b), the peaks have larger tailing than that of (a),
which increased as photon energy decreased. The Sc 2ps3» CL spectra exhibited two peaks: the Sc-N
peaks (Scn 2p32) and the Sc-O peaks (Sco 2ps3r) [1], and the intensities of Sco 2p3» peaks clearly
increased for 850 eV for both (a) and (b). The peak ratio of Sco 2p32/Scn 2p3.2 significantly increased
as the Sc composition increased. These results suggest that oxidation is mostly pronounced near the
surface (~1 nm), and surface oxidation is enhanced as Sc composition increases.

The Sc-L; and Sc-L3 edges XAS spectra of the samples (a) and (b) (measurement depth ~20 nm)
exhibited the 4 distinct peaks, which reflect the transitions from Sc 2p to e, and to #,g orbitals in the
octahedral (Oy) symmetry [4]. The intensity of the e, peaks increased with increasing Sc
composition. These results suggest that the oxidized ScAIN near the surface has the rock salt-like
crystal structure, and the e, orbitals contribute to surface oxidation.

[1] M. Li et al., APL 121, 111602 (2022). [2] A. Kobayashi et al., APEX 17, 011002 (2023). [3] T.
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(2020).
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PC-Tue-B10 - Electrical properties of CrN layers grown on AIN templates with different
surface orientations by plasma-assisted molecular beam epitaxy

2. Physics and characterization
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Abstract text: CrN is an emerging group-IlIg transition-metal nitride semiconductor due to its
unique combination of mechanical, electronic, thermoelectric, and magnetic properties. The
electronic structure of CrN, particularly its bandgap, remains a subject of ongoing debate, with
reported values ranging from 0.02 to 0.09 eV depending on the measurement technique and sample
quality. It is important to note that the electrical bandgap of CrN is most commonly estimated
through temperature-dependent resistivity measurements, rather than through direct electrical
measurements of the carrier concentration obtained by temperature-dependent Hall-effect
measurements [1,2]. This reliance on resistivity data can introduce uncertainties in the determination
of the bandgap, as it may not accurately reflect the intrinsic electronic properties of this material.

Here, we report on the growth and electrical properties of 75-nm-thick nominally undoped CrN
layers grown simultaneously on AIN(0001)/Al,03(0001) and AIN(11-22)/A1,03(10-10) templates
using plasma-assisted molecular beam epitaxy. High-resolution x-ray diffractometry reveals that the
layer grown on AIN(0001) has a pure (111) surface orientation, while the layer on AIN(11-22)
exhibits a pure (113) orientation. The electrical properties of these layers have been investigated by
Hall-effect measurements performed in the van der Pauw configuration. Measurements at room
temperature indicate that the CrN(111) and CrN(113) layers have electron densities of 2.3x10" cm™
and 2.7x10'" cm™, with corresponding mobilities of 19 cm*V™'s™ and 12 cm?V-'s™, respectively.
Temperature-dependent Hall-effect measurements from 4 to 400 K indicate that both layers exhibit
semiconducting behavior. Additionally, these measurements clearly reveal a Néel temperature of
about 280 K, confirming the antiferromagnetic nature of CrN. Leveraging knowledge from another
transition-metal nitride, ScN [3], we thoroughly investigate the electrical properties of the CrN
layers. We found that the layers exhibit a two-band conduction mechanism with an electrical
bandgap of (0.23 £ 0.01) eV.

[1] Q. Jin et al., Phys. Rev. Mater., 5, 023604 (2021).
[2] S. Kalal et al., Sci. Rep. 13, 1 (2023).

[3] D.V. Dinh and O. Brandt, Phys. Rev. Appl., 22, 014067 (2024).
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GR-Tue-6 - Growth integration of InGaN-based full visible LEDs

1. Growth
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Abstract text: Micro/Nano-LED displays are an emerging device for a next generation data
presenting tool. LEDs have advantages such as high brightness and consequent low energy
consumption but suffer from assembly yields and costs. One of the reasons is a technical difficulty
of mass transfer of element micro/nano-LEDs into display pixels. To overcome this issue, epitaxial
growth integration of element LEDs, instead of mass transfer, is promising. We have recently
demonstrated that three dimensional (3D) structures can be formed through photolithography
followed by reactive ion etching (RIE) and can offer opportunities to realize such growth integration.

GaN layers were grown on sapphire (0001) substrates by metalorganic vapor phase epitaxy
(MOVPE). On top of GaN, photoresist was deposited and was transformed into 3D structures
through gray-scale- or (conventional) photo-lithography with a thermal reflow technique: the former
can produce polyhedral microstructures, while the latter can produce micro lens-shaped structures.
Then, the 3D structure of the photoresist was transferred into the GaN layer by RIE. Interestingly,
the inclination angles of the surfaces of those 3D structures are controllable by adjusting the process
conditions, which makes striking contrast to the case of the 3D structures formed with selective area
growth. InGaN quantum well (QW) emitters were subsequently grown on the GaN 3D structures by
MOVPE. Depending on the inclination angles of the underlying GaN surfaces, InGaN QWs have
different In compositions and thicknesses. The controllability of the surface inclination angle leads
to the controllability of the QW parameters and, consequently, the emission wavelength.

Examples of the fabricated structures include (a) microlens-like structures of which the emission
spans the full visible region, (b) self-alignment of micro-LEDs emitting purple to green spectra on a
stripe with a microlens-like cross section, and (c) integration of multicolor LEDs (or QWSs) on the
slopes of polyhedral structures. We demonstrated that separately formed multiple electrodes on those
3D structures enabled external control of the emission spectrum, suitable for display applications. In
the presentation, we will discuss the status and remaining issues of our proposed methods.
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GR-Tue-7 - Red emitting full InGaN micro-light emitting diodes grown on GaN mesas on Si
substrate for monolithic Red-Green-Blue micro-displays

1. Growth
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Abstract text: Full color micro-displays with a pixel pitch below 10 um are needed for augmented
reality. The InGaN alloy should be used to obtain the three primary colors in a monolithic
integration. When grown on GaN, the IniGa;«N alloy is submitted to an important compressive
strain and is known to strongly degrade for a high InN mole fraction. As an In content of 40% is
needed for an efficient red emission, the strain should be reduced in the whole LED structure by
using a relaxed InGaN pseudo-substrate combined with a full InGaN structure. We have already
demonstrated red emitting InGaN/InGaN quantum wells (QWs) with an In content up to 40% on
different InGaN pseudo-substrates'. Another approach is the growth of the full InGaN structure on
GaN mesas which is compatible with a Red-Green-Blue (RGB) monolithic integration. Indeed,
successive epitaxies can be employed to grow by selective area growth a first blue light emitting
diode (LED) on GaN mesas, then a green one, and finally a red LED structure. 3,5 um diameter blue
and green full InGaN micro-LEDs grown on the same 200 mm Si substrate was already
demonstrated®. For red emission, a relaxed InGaN buffer is necessary to get a high In incorporation
rate. In addition, the adatom diffusion length has to be managed to get the desired LED structure on
mesa top.

An in-plane lattice parameter of 3.212 A was obtained on 3 um diameter InGaN/GaN mesas, which
is enough to enhance the In incorporation rate in the red QWs. Even on 10 um diameter InGaN/GaN
mesas, the in-plane deformation is significant and homogeneous from the centre to near the edges of
the mesas®. Plastic relaxation through the formation of misfit dislocations at the InGaN/GaN
interface is probably at play. Structural investigations are on going.

Depending on the mask design, the In incorporation rate varies. It is directly linked to the In adatom
diffusion length. The QW epitaxy sequence was then modified in order to improve the residence
time of In adatoms on mesa top. After a first optimization, an homogeneous red emission centered at
610 nm was obtained on 4 um diameter InGaN/GaN mesas with a 5 um pitch on Si. The next step
will be the realization of RGB full InGaN micro-LEDs grown on the same 200 mm Si substrate.

'Appl. Phys. Express 14, 092011 (2021)
’Com. Materials 5, 280 (2024)

M. Charles et al., ICNS-14

*Phys. Stat. Sol. RRL 2400241 (2024)
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1. Growth

Huaide Zhang'

Jingxuan Kangl, Oliver Brandt!, Lutz Geelhaar!

! Paul-Drude-Institut fiir Festkorperelektronik, Leibniz-Institut im Forschungsverbund Berlin e.V.,
Hausvogteiplatz 5-7, 10117, Berlin, Germany

Abstract text: Micro-light emitting diodes (n-LEDs) have garnered significant attention in virtual
reality and display technologies. Current u-LED products predominantly utilize blue and green
(In,Ga)N LEDs alongside red arsenide/phosphide LEDs. However, the differences in thermal and
chemical stability between these material systems present challenges for LED integration.

Red (In,Ga)N LEDs are considered a promising alternative. Yet, the large lattice mismatch between
the GaN substrate and the active region with around 40% In content introduces strong strain, leading
to reduced quantum efficiency. Thus, (In,Ga)N pseudo-substrates containing around 25% In with
high strain relaxation are proposed for high-performance red (In,Ga)N LEDs.

In this study, we present a three-step protocol for fabricating relaxed (In,Ga)N pseudo-substrates on
GaN(0001) templates, which is conducted entirely within a plasma-assisted molecular beam epitaxy
system without ex-situ patterning. The key concept is to grow firstly a rough GaN layer under N-rich
conditions, then introduce In still under N-rich conditions to form (In,Ga)N nanowires (NWs), and
ultimately coalesce these NWs into a smooth layer under metal-rich conditions.

The rough GaN layer exhibits a spotty reflection high energy electron diffraction (RHEED) pattern.
In is then gradually introduced to achieve the targeted In content in NWs. During the coalescence
step, the RHEED pattern transitions from spotty to streaky and eventually shows a reconstruction.
Surface morphology analysis using scanning electron microscopy and atomic force microscopy
reveals a fully coalesced layer with a root mean square roughness of 2.3 nm. X-ray diffraction
reciprocal space mapping around the 105 reflection indicates a strain relaxation degree of 80% and
In content of 27%. The photoluminescence spectrum presents an emission band centered at 536 nm,
corresponding to 24% In.

In conclusion, we have developed a straightforward and scalable method for the growth of relaxed
(In,Ga)N layers with a target indium content of around 25%, smooth surfaces, and high strain
relaxation. Unlike other techniques requiring specialized etching steps to create pseudo-substrates,
this three-step growth protocol is cost-effective, simple, and compatible with large-scale production
that holds significant potential for advancing red (In,Ga)N LEDs in p-LED applications.
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Abstract text: In recent years, (Al,Sc)N has emerged as a subject of intense research interest,
particularly within the domain of semiconductor electronics and optoelectronics. Scandium nitride is
a transition metal nitride semiconductor. One of its remarkable properties, besides high hardness,
high melting point high electron mobility and high electro-optical coefficients, is the tunability of the
lattice constant in a wide range.

The fabrication of high-quality quaternary AllnGaN, e.g., for heterostructures lattice-matched to
GaN, is particularly difficult due to the drastic differences between InN and AIN/GaN in bond
strength, resulting in very different optimized growth temperatures.

AlScN is a promising candidate to help overcome these limitations, since AIScN has a large growth
temperature window that is compatible with high-quality AlGaN epitaxy. Therefore, pseudo-
substrates for the growth of lattice matched InGaN can be envisioned by modifying the in-plane
lattice parameter of AIScN.

In this study, we employ conventional MOCVD-made GaN-on-sapphire as substrate for MBE-
grown AlScN and compare as-grown surfaces without and with subsequent InGaN cappings. After
surface preparation (heating, degreasing), a GaN layer has been deposited for two hours at T=720
°C. AlScN layers with different Sc concentrations are grown by molecular beam epitaxy for 30
minutes in N-rich growth conditions [1,2]. Samples are subsequently overgrown by InGaN with
layers with a thickness of ~100 nm. An improved lattice matching due to AIScN pseudo-substrates
leads to an improved structural quality of InGaN. MBE growth was monitored in situ by reflection
high-energy electron diffraction (RHEED). High-resolution X-ray diffraction (HRXRD) provides
structural insights like phase purity, layer quality, strain and lattice constants. Atomic force
microscopy (AFM) of the InGaN indicates smooth surfaces with RMS ~1.6 nm. Photoluminescence
(PL) studies reveal the optical response of the grown structures, while microscopic features are
resolved by cathodoluminescence (CL) hyperspectral imaging. The potential of AIScN as a pseudo-
substrate for lattice-matched InGaN with high Indium content will be discussed.

[1] M. T. Hardy et al., IEEE Trans. Semicond. Manuf. 30, 475-479 (2017)

[2] J. Casamento et al., Apl. Phys. Lett. 117, 112101 (2020)
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Semiconductor Growth
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Abstract text: The expansion of nitride semiconductor applications, such as LEDs, lasers, and high-
power electronics, requires MOCVD systems that can precisely control crystal growth while
maintaining high throughput. In this context, the MOCVD process has conflicting requirements. For
high-quality GaN or high-indium-content InGaN deposition, relatively high pressures are necessary.
However, increasing pressure leads to enhanced parasitic growth, resulting in deteriorated crystal
quality and uniformity. Conversely, lower pressures improve the thickness and composition
uniformity of AlGaN and control the carbon concentration in GaN. The optimal MOCVD system for
flexible control of nitride semiconductors must handle pressures from low to atmospheric while
maintaining high-flow velocities through narrow channels. The challenge is to meet these
requirements effectively in both R&D and mass production. Taiyo Nippon Sanso's MOCVD system
achieves this with a high-flow-velocity system using triple gas injectors in a horizontal reactor with a
flow channel height under 10 mm, and a gas control system operating from low to atmospheric
pressure. In addition, zone-divided resistive heating technology allows the system to accurately
regulate temperatures even for large diameter wafers as well as wafers that deform into concave or
convex shapes during high-temperature processes.

The system's effectiveness was demonstrated with AlGaN growth. Using the SR4000 MOCVD
system for a single 4-inch substrate, we controlled the Al composition in AlGaN by adjusting the
TMA to total MO supply ratio (TMG + TMA) linearly. This method maintained a favorable Al
composition distribution (in-plane max-min < 1.5%) and thickness distribution (in-plane max-
min/average < 5.0%) for 40% to 80% Al composition. The same approach applies to the UR26K
MOCVD system, a large-scale production system for 6 x 8-inch substrates. Optimizing growth
conditions achieved an Al composition distribution (in-plane and inter-plane max-min < 0.2%) and
thickness distribution (in-plane and inter-plane max-min < 1.0 nm, average: 18.1 nm) in the AlGaN
barrier layer of AlGaN/GaN HEMT on Si. We will also discuss the flow channel effectiveness using
numerical simulations and InGaN crystal growth characteristics.
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OD-Tue-6 - Growth of UVC LEDs and lasers

3. Optical devices
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Abstract text: AlGaN-based UVC light emitting diodes (UVC-LEDs) near 265 nm are on the verge
of replacing mercury discharge lamps for water, air and surface disinfection. Far-UVC LEDs (<240
nm) have already shown great promise in skin-safe inactivation of multidrug-resistant pathogens.
UVC-LED:s in the disinfection band between 250 nm and 280 nm exhibit high output powers and
lifetimes exceeding 10.000 hours, whereas at shorter UVC wavelength the external quantum
efficiencies (EQE) and lifetimes rapidly deteriorate. AlGaN-based UVB and UVC edge-emitting
laser diodes are still in their early development phase, but exciting concepts for vertically emitting
UVC lasers have recently been demonstrated.

In particular, photonic crystal surface emitting lasers (PCSELs) and vertical surface emitting lasers
(VCSELSs) offer high beam quality with a narrow far-field. For PCSELs a nanometric sized hole
pattern is etched into the device. Overlap of the optical mode with the quantum wells and the
photonic crystal as well as the detuning to the gain peak are important for low lasing thresholds
which are in the range of 3 MW/cm? under optical pumping. To realize VCSELs we remove the
substrate by photoelectrochemical etching to realize dielectric high reflectivity mirrors on both sides
of the cavity yielding optically pumped lasing thresholds < 0.5 MW/cm?, thanks to an accurate
control of the detuning. Both laser concepts are promising but the transfer into electrically driven
devices is very challenging.

A key technology to realize electrically driven laser diodes and efficient UVC LEDs is distributed
polarization (DPD) p-type doping. It allows us to achieve high hole densities and conductivity for
layers with high aluminum mole fraction beyond 70%. Comparing the operation voltages of LEDs
with and without DPD layers, we found no significant increase up to a DPD layer thickness of 320
nm, which is in contrast to Mg doped Alp¢Gao72N layers where > 20 V are reached for just 200 nm
thick layers. CV-measurements show “acceptor” densities > 5x10'7 cm™ depending on the Al
content gradient in agreement with theoretical calculations. Also, DPD-LEDs are stable at high
current density > 80 kA/cm? — making the DPD suitable for laser diode operation.

In summary I will discuss the roadmap to achieve advanced UVC LEDs and laser diodes, including
the analysis of their internal efficiency parameters.
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OD-Tue-7 - Size-Dependent Efficiency in UVB and Far-UVC pLEDs probed by
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Abstract text: Far ultraviolet (UV)-C (<240 nm) light-emitting diodes (LEDs) are gaining
increasing interest for disinfection applications. However, their efficiency remains low (<2%)
compared to blue and UV-C LEDs, partly due to limited light extraction. Recently, uLEDs have
been shown to significantly enhance extraction efficiency in this specific spectral region [1].
Surprisingly, the external quantum efficiency (EQE) increases as the uLED diameter decreases, even
down to 1.5 pm, contrary to the trend observed in blue pLEDs, where EQE drops due to non-
radiative surface recombination [2].

To understand this unexpected behavior, we studied two pLED structures grown by MOVPE on
sapphire. The first targets the UVB region (~310 nm) with an Alg24Gag 76N/Alg 32GagesN multi-
quantum well (MQW) active region. The second is designed for far-UVC emission (~235 nm) with
an Alo.72Gag3sN/Alg s3Gag. 17N MQW active region. The uLED structures were etched following the
process described in Ref. [1]. To probe the optical properties of these uLEDs at the nanoscale, we
performed time-correlated cathodoluminescence (CL) spectroscopy. This technique provides <50
nm spatial and <30 ps temporal resolutions [3].

First, for UVB uLEDs, we observed strong carrier localization that prevents carriers from reaching
etched surfaces where they would potentially recombine non-radiatively through surface
recombinations. Accordingly, the CL lifetime varies from 500 ps in localized centers to 100 ps
elsewhere, with a positive correlation between CL intensity and lifetime, indicating defect density
variations across the uLED. For far-UVC pLEDs, we observed that the overall CL intensity
increased with decreasing size, consistent with the improved light extraction observed in electrically
injected devices. CL energy mapping showed a blueshift near etched surfaces, attributed to strain
relaxation. In contrast to blue uLEDs [2], the lifetime increases near the edges, which could possibly
result from strain relaxation. The extremely short lifetime (80—180 ps) suggests a short carrier
diffusion length, which could explain why surface recombination at the mesa edge does not
represent a considerable loss channel in UVC LEDs.

[1]J. Rass et al., Appl. Phys. Lett. 122, 263508 (2023)
[2] S. Finot et al., ACS Photonics 9, 173 (2021)

[3] P. Saenz de Santa Maria Modrofio et al., ACS Photonics 11, 2406 (2024)
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Abstract text: AlGaN-based far-ultraviolet-C (far-UVC) light emitting diodes (LEDs) (A < 240nm)
are effective and beneficial light sources for skin-safe disinfection, particularly for the eradication of
multi-drug-resistant germs, as well as for gas sensing (e.g. NO, NH3).

The use of a polarization doping layer (PDL) is an effective solution to achieve a reasonable hole
injection into the active region of far-UVC LEDs. In this study 226nm far-UVC LEDs with different
thicknesses and AlGaN composition gradients in the PDL are compared w.r.t. their electro-optical
characteristics and lifetimes. The heterostructures were grown by metalorganic vapor phase epitaxy
on double growth and double annealed AIN/sapphire templates. In a first experiment LEDs with a
constant PDL thickness of 100nm and different PDL composition gradients were compared.
Therefore, we changed the Al mole fraction during growth of the PDL linearly from the start value 1
to the end values 0.8, 0.75, 0.5 and 0.2. Electroluminescence measurements of front-end processed
wafers show a slight increase of emission power (EP) with decreasing Al mole fraction for end
values from 0.8 to 0.5. However, a further reduction to 0.2 leads to a significant reduction in EP at
50mA from 0.2mW to only 0.03mW (on-wafer). In a second series, LEDs with the same slope in the
PDL but with different thicknesses of the PDL (from 80nm to 320nm) are compared. In this case
LEDs with a PDL thickness larger than 100nm show an increase of operation voltage and a decrease
of EP which can be explained by a reduced hole injection into the active region. The LED with the
thickest PDL of 320nm does not shows any luminescence. Lifetime measurements show a 3-times
higher L70-lifetime for the best sample.

To explain the changes in EP, voltage, and lifetime we will present a detailed analysis of the electro-
optical characteristics of the different LEDs and correlate this with simulations of the LED
heterostructure. This will make it possible to set clear design parameters for a p-side with an
efficient hole injection into the active region of far-UVC LEDs.

Finally, selected LED chips were flip-chip-mounted on planar AIN ceramic submounts and
measured in an integrating sphere (cw, at 20°C). A peak external quantum efficiency, peak wall plug
efficiency, voltage, and EP at 200mA of 0.3%, 0,2%, 9.6V, and 2.1mW, respectively, were
determined.

206



OD-Tue-9 - A 265 nm Deep-Ultraviolet Micro-Light-Emitting Diode Array with Emission
Areas of Less than 10 pm in Diameter

3. Optical devices

Yuma Yamaguchi'

Shigeya Kimura', Tetsuya Miyagawa’, Rei Hashimoto?, Shinji Saito?, Shinya Nunoue'

! Corporate Research and Development Center, Toshiba Corporation, Kawasaki, Kanagawa, Japan
? Corporate Manufacturing Engineering Center, Toshiba Corporation, Isogo-ku, Yokohama, Japan

Abstract text: We developed deep-ultraviolet (UV) micro-light-emitting diode (LED) arrays with
emission areas of less than 10 um in diameter. The external quantum efficiency (EQE) of the LED
array with emission areas of 2 pm in diameter reached 8.5 % emitting at a wavelength of 265 nm.
For AlGaN-based UV-LEDs of conventional size, the EQE decreases with decreasing wavelength.
This is due to an increase in the transverse-magnetic polarized light component and a decrease in
light extraction efficiency, as well as a decrease in current spread due to higher resistance.
Improvement of these issues can be expected by miniaturizing and arraying the LED elements. The
EQE of LEDs with emission wavelength of around 280 nm has been reported to reach 20%, while
the efficiency of LEDs with wavelength below 265 nm is about 8% at best. We aim to improve the
efficiency of UV-LEDs of wavelength 265 nm, which is considered effective for sterilization, by
further miniaturization of the abovementioned micro-LEDs.

AlGaN-based UV-LED layers were grown on Al,O3(0001) by metal-organic chemical vapor
deposition. Deep-UV micro-LED arrays of 16 x 16 and 32 X 32 with 24 um pitch were fabricated
with devices separated by 2 um in diameter. To compare the effect of device miniaturization, micro-
LED arrays with emission areas 4, 6, and 8 um in diameter per element were also fabricated. In each
device, n-type and p-type electrodes were individually connected by p-metal and n-metal narrow
wires, respectively. We confirmed that the light emitted from all elements at emission peak of 265
nm without abnormality in the micro-LED arrays. EQE versus current density curves for the micro-
LED samples with the emission areas of 2 and 6 pm in diameter revealed that the EQE of micro-
LED arrays with 2 um mesa reached 8.5 % at highest and was higher than that of 6 pm mesa
throughout the entire range. This is attributed to the finer separation of micro-LEDs, which increases
the light extraction at the mesa edge surface. Another reason is that the current density uniformity
per array can be improved by limiting the areas where the current does not flow, which is a problem
with large-area LEDs.
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Abstract text: Far-UVC light emitting diodes (LEDs) (A <235 nm) can be used for applications
such as sensing of gasses (e.g. NO) or the skin-safe eradication of pathogens, of which many require
fiber coupled sources. Their widespread use has been hampered so far by the devices’ low
efficiencies, which are in the range of a few percent. One of the main obstacles in achieving high
power and highly efficient far-UVC LEDs is their low light extraction efficiency (LEE), since a
large part of the generated photons, in particular the laterally emitted transverse magnetic (TM)
polarized photons, are trapped inside the chip and subsequently absorbed. Furthermore, the light is
emitted in a wide angle from the chip’s backside and its sidewalls. The low LEE, the wide emission
angle, and the narrow acceptance angle of UV -transparent fibers (NA = 0.22) makes it inefficient to
couple the light into fibers.

One effective way to increase the LEE and thus the external quantum efficiency (EQE) is to use
arrays of micro LEDs with small diameters and approximately 45° inclined and reflective mesa
sidewalls to redirect the TM polarized photons towards the chip backside. Using this approach, the
LEE could be increased by a factor of 2-3 and peak EQEs of up to 2.7 % at 234 nm emission
wavelength were demonstrated [1].

Another advantage of this approach is the reduction of the far field emission angle, which together
with the higher LEE increases the power that can be coupled into optical fibers. We studied quartz
fibers with diameters of 400, 600, and 910 pm as well as a bundle of 7 x 500 um fibers, and
measured the optical power from conventional far-UVC LEDs and micro LED arrays transmitted in
the fibers. The transmitted power increases both with increasing fiber diameter and decreasing pixel
diameter, without any advantage from the fiber bundle. The transmitted power through a 910 um
fiber from a 234 nm LED operated at 20 mA increased from 13 pW for a conventional large area
LED to 55 uW for a 1.5 um micro LED array. While a large part of this enhancement is due to the
increased LEE, the smaller far field emission angle further increases the transmission efficiency
(transmitted power vs. overall emitted power), reaching 5.6 % for the 1.5 pm micro LED array as
compared to only 3 - 4 % for the large area chips into a 910 pm fiber.

1) J. Rass et al., Semicond. Sci. Technol. 40 015019 (2025)

208



Power Electronics 1 (Enhanced Performance)

2025-07-08
13:30 - 15:00
Power Electronics 1 (Enhanced Performance)

209



ED-Tue-11 - The Status of AIN Electronics and Optoelectronics Including the Important Role
of Alternative Synthesis

4. Electronic devices

W. Alan Doolittle'

Habib Ahmad', Sangho Lee', Emily N. Marshall', Paul-Stephen Hutchinson-Maltaghati'
! Georgia Institute of Technology, School of Electrical and Computer Engineering

Abstract text: AIN is an emerging semiconductor that can offer dramatic and short-term
exploitation in power switching, high temperature electronics, RF electronics and optoelectronics
facilitated by breakthroughs in doping technologies enabled by low temperature, non-equilibrium
epitaxy. Defect and impurity compensation can be reduced by controlling the surface chemistry with
lower compensating vacancy concentrations being a key driver for lower temperature growth.
Contrary to common understanding, low-temperature, metal-rich vacuum processes are shown to
have higher diffusion lengths than high temperature nitrogen-rich methods. This feature can be
utilized to inhibit silicon-DX center formation without compromises in crystal quality. First
principles calculations identify the valence split off band as the dominant hole band, and because of
its anomalous position above the heavy and light hole bands, an impurity band forms at dopant
concentrations similar to GaN even with a deeper isolated acceptor energy. This anomalous band
structure facilitates hole mobilities that are substantially higher than possible with GaN. AIN hole
concentrations of ~4.4 x 10'"® cm™ and 0.045 W-cm resistivity, and electron concentrations of ~6 x
10" cm?, and ~0.02 W-cm resistivity are shown and offer substantial promise for future generations
of AIN bipolar electronic and optical devices.
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Abstract text: Bidirectional switches (BDSs) are transistors that can conduct the current and block
the voltage in both polarities, contrary to traditional transistors that only works in one direction.
Traditional implementation of BDSs, such as anti-series, anti-parallel or diode-bridge BDSs, can be
realized with gallium nitride (GaN) high-electron-mobility transistors (HEMTs), however, they do
suffer from the same weaknesses as their silicon counterparts: they require a complex GaN-IC
process flow to integrate the diodes, and they suffer from a voltage offset caused by the turn-on
voltage of the diodes. The most promising BDS topology for GaN is the dual-gate p-GaN BDS,
which, however, still requires two gate drivers to be operated.

The single-reference BDS is a bidirectional switch that only requires one gate driver and can be
fabricated using the same GaN discrete process flow of the HEMT. It has been fabricated in imec’s
650 V GaN technology on a 200 mm SOI substrate, featuring two p-GaN gates (controlled together)
to reach normally OFF behaviour and 4 metal field-plates (FPs) at gate and reference contacts to
spread the electric field during OFF-state operation and protect the gates. The device has been
designed with multiple variations of the channel length and reference-connected field-plate design,
and targets an operating OFF-state voltage of 650 V.

On-wafer measurements are performed using a Keysight B1505A power device analyser. The gates
are controlled via a dedicated driver board which has been designed in-house around a commercial
GaN HEMT gate driver for half-bridge applications. Results show good performance in both
operating directions, with a symmetric resistance in ON-state (Ron) as low as 22 Qmm for a channel
length of 24 um, OFF-state leakage current of ~20 nA/mm at +650 V and a hard breakdown voltage
of that exceed 1 kV for positive polarization and -800 V for negative polarization. The hard
breakdown is limited by the field-plate configuration for negative bias. The threshold voltage (V)
is equal to 2.5 V, in line with the Vty of the HEMT realized with the same process flow. Preliminary
high-temperature reverse-bias (HTRB) stress are also performed for 10 ks at 650 V and 150 °C,
showing a degradation of the Ron always lower than 13%.
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Abstract text: Compared to traditional discrete implementations, monolithic integration effectively
reduces interconnect parasitic effects, enabling higher operating frequencies. Additionally, the
minimized output capacitance of power devices contributes to reduced switching losses. This paper
presents a 650 V GaN integration platform developed by PH Laboratory. The 650 V GaN HEMT on
this platform exhibits 50% lower Ciss/Coss/Crss (111 pF/26 pF/0.8 pF at Vps=400 V, f= 100 kHz)
compared to commercial 650 V GaN HEMTs M2 significantly reducing switching losses. The E-
HEMT achieves Vru = 1.3 V, Ron = 10.8 Q-mm and a breakdown voltage of 843 V at Ip =1
HA/mm.

The platform provides a comprehensive passive component library comprising five key elements:
MIM capacitors, M/2DEG capacitors, p-GaN capacitors, 2DEG resistors, and metal resistors.
Characterization of 2DEG resistors reveals 0.38 -mm contact resistance and 347.5 €/sq sheet
resistance measured via transfer length method (TLM), complemented by metal resistors with 17
Q/sq sheet resistance. This wide resistance range (347.5 Q/sq vs. 17 Q/sq) accommodates diverse
circuit requirements while eliminating area inefficiencies caused by repeated winding in traditional
designs. For capacitive components, the p-GaN stack capacitor achieves 111 nF/cm? at 6 V bias with
an effective oxide thickness (EOT) of 37 nm, reaching a maximum density of ~162 nF/cm?. This
high capacitance density directly reduces capacitor footprint, optimizing layout area. Additionally,
MIM capacitors attain 20 nF/cm? and M/2DEG capacitors reach 13.1 nF/cm?, matching industry-
reported benchmarks ©*! while enhancing design flexibility through process co-integration.

[1GS66508B Datasheet, GaN Systems, Ottawa, ON, Canada, 2020. [Online]. Available:
https://www.gansystems.com. 2’ SGT65R65AL Datasheet, STMicroelectronics, Geneva,
Switzerland, 2023. [Online]. Available: www.st.com. B/ X. Li et al., “GaN-on-SOI: Monolithically
integrated all-GaN ICs for power conversion,” in I[EDM Tech. Dig., San Francisco, CA, USA, Dec.
2019, pp. 4.4.1-4.4.4, doi: 10.1109/IEDM19573.2019.8993572.
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Abstract text: Power amplifiers for upcoming mm-wave 5G and 6G networks must achieve
exceptional performance in terms of power density, gain, efficiency, and linearity. While GaN-based
High Electron Mobility Transistors (HEMTs) have shown strong capabilities, ultra-wide bandgap
semiconductors like AlIGaN may offer further enhancements. Thanks to their higher breakdown
electric field (greater than 8 MV/cm), AlGaN materials are expected to provide a superior Johnson
figure of merit, resulting in higher power densities and efficiencies at mm-wave frequencies.

Here, we have demonstrated an Al 7Gag3N-channel HEMT with a doped AlogsGag.1sN barrier. The
epitaxial structure was grown by MOCVD on two different substrates: sapphire and AIN for
comparison. A doped graded Al,Ga;xN (x = 0.85—0.3) layer was grown on top of the barrier to ease
the formation of ohmic contacts.

The devices were fabricated with Ti/Al/Ni/Au contacts, annealed at 875 °C in a N, environment.
The graded layer was etched away under the gate using reactive-ion-etching and Ni/Au gates were
deposited. A contact resistance of ~8 Q-mm was measured in devices on both substrates. Sheet
resistance of 10 kQ/o and 6 kQ/o were extracted from transfer length method (TLM) measurements
for the channel on sapphire and AIN substrate respectively. The higher sheet resistance on the
sapphire substrate can be attributed to more dislocations on sapphire compared to AIN. A maximum
drain current of 0.5 A/mm was obtained on the sapphire substrate and 0.93 A/mm on the AIN
substrate. In pulsed conditions, the maximum current on the sapphire substrate increased to 0.6
A/mm while that on the AIN substrate increased to 0.96 A/mm. The devices on both the substrates
showed a good on/off ratio in the range 10°-10°,

In conclusion, we have demonstrated AlpssGao.1sN/Alp7GagsN HEMTs with record high current
densities. AIN substrate leads to fewer dislocations in the channel as compared to sapphire and has
better thermal conductivity as can be inferred from the pulsed I-V characteristics. Future work
involves further optimizing the graded contact layer as well as improving the contact resistance to
fully leverage the potential of the Al-rich AIGaN material system.

This work is partially supported by DEVCOM Army Research Laboratory and DEVCOM Army
Research Office under contract/grant number SPC1000007046 | GR129057.
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Abstract text: With the increasing prevalence of artificial intelligence, data centers already consume
2% of the world’s electricity, a number which is predicted to double by 2026 [1]. Key to the
efficiency of powering these data centers are high speed and low on-resistance power switches for
which p-GaN-gate high electron mobility transistors (HEMTs) are highly promising due to their high
breakdown voltage, low on-resistance, and normally-off operation. However, while >650V p-GaN-
gate HEMT power switches have been heavily researched, there is little work that has explored the
potential of p-GaN-gate HEMTs for critical, energy intensive low-medium voltage applications,
such as the 48V-12V DC-DC power converters in data centers.

In this work we demonstrate a scaled p-GaN/Aly,Gao sN/GaN (80/15/100 nm) HEMT with a p-GaN
[Mg] doping of 3x10" cm™, and a 100 nm AlgsGao92N back barrier grown via metal organic
chemical vapor deposition (MOCVD) on an 8 inch Si substrate by SOITEC. This work features
several novel process modules to maximize performance as a scaled power device: 1) a self-aligned
Schottky tungsten gate to maintain alignment between the gate and the p-GaN island which is
increasingly difficult at scaled gate lengths 2) regrown contacts with a self-aligned source to
minimize Lgs and contact resistance 3) a back barrier to minimize short channel effects and 4) an all-
refractory CMOS compatible metallization for robust fabrication and operation with a high thermal
budget. Devices with L-g/Lsp/Lgp = 575/2000/1075 nm demonstrated a maximum drain current of
1.15 A/mm, an on-off current ratio exceeding 10%, a threshold voltage of 0.97 V, on-resistances as
low as 1.1 Q-mm, and breakdown voltages exceeding 140 V which make them highly promising for
use as medium-voltage power switches.

References

[1] Eren Cam et al., “Electricity 2024,” International Energy Agency, January 2024. [Online].
Acknowledgements
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Abstract text: Porous GaN fabricated by electrochemical etching (ECE) is now deployed in a wide
range of contexts including LEDs, sensors, and piezo-electric nanogenerators'. ECE is typically
conducted by immersing an n-type GaN thin film into an acidic etchant solution and applying an
anodic bias relative to a counter electrode. The resulting oxidation of GaN is thought to be driven by
free holes, which can be formed in an n-GaN layer by Zener tunneling at high electric fields. Small
pits associated with threading dislocations (TDs) have been suggested to raise the local field,
initiating etching?.

We have etched 1 um films of n-doped GaN with dopant densities ranging from 1.8 x 10'® to 2.8 x
10" cm™. For the most highly-doped samples, even etches of very short duration show uniform
nucleation of etch pits across the surface, with no evidence of the involvement of TDs. However, for
lower doping densities at lower etching voltages even samples that have been etched to completion
show surfaces indistinguishable from unetched material. However, focused ion beam tomography
reveals sub-surface pores branching from a central core. Back-scattered electron imaging in SEM
reveals a morphology consistent with that seen in etching of distributed Bragg reflectors (DBRs)
when etching occurs through nominally-undoped layers via TD pathways'. Since Zener tunneling
requires high doping in order to create a narrow depletion region so that a reasonable probability of
tunnelling arises, observation of TD-mediated etching in low doped samples at low voltages (and in
undoped layers in DBRs) may suggest that acting as a field concentrating asperity is not the only
role a TD plays in etching. Either increased dopant incorporation at the vicinity of the TD core, or
the vulnerability of strained or dangling bonds to attack by the etchant may play a significant role.

TD-mediated etching in either DBRs or thick doped layers creates distinctive pore morphologies,
and in DBRs the interplay between TD etching through undoped layers and widespread etching of
the doped material, leads to complex etchant pathways between layers. Hence, it is vital to fully
understand the role of TDs in order to design fabrication routes that can realise desirable
microstructures for applications.

! PH Griffin & RA Oliver, J Phys D Appl Phys, 2020, 53 383002.

2WI Tseng et al., J Phys Chem C 2014, 118 29492
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Abstract text: The presence and interaction of dislocations in III-nitride layers has been intensively
investigated over the years as a metric of layer quality, but also in the context of strain-engineering.
Averaged dislocation densities and their correlations can be derived from appropriate modeling of
XRD profiles [1], while a cross-correlation analysis of high-resolution electron backscatter
diffraction (HR-EBSD) patterns can provide maps of the resulting local strain distribution in III-
nitride layers [2]. We use HR-EBSD-derived strain maps of two GaN epitaxial films, with threading
dislocation densities r of 5x10® and 1.8x10'° cm™, to study correlations in the dislocation arrays.
From the analysis of X-ray diffraction line profiles, we expect that the dislocation strain is screened
by the surrounding dislocations to reduce the elastic energy. Since the dislocation strain follows the
universal law e=r', we find that the autocorrelation functions of the strain and rotation components
measured by EBSD decay logarithmically at distances smaller than the screening distance R and
become zero at larger distances, yielding R with a notably higher accuracy than from fits to XRD
profiles. Distances R of 2 um and 0.3 um are obtained for the two samples, respectively. The
experimental results are confirmed by Monte Carlo simulations of the strain and rotation maps
performed by creating pairs of dislocations with opposite Burgers vectors, with the mean distance
between dislocations in a pair equal to R. The pairs overlap and cannot be distinguished as separate
dipoles. We find that, according to R p'?, the dislocation strain is screened by only 4 neighboring
dislocations in both samples. In addition, we observe a strong anisotropy in the strain maps of the
sample with high dislocation density, measured with a small step size of 20 nm. We show that this
can be attributed to an anisotropic resolution of the EBSD measurement due to the 70° inclination of
the incident electron beam, which is well reproduced in the Monte Carlo simulations by averaging
over an area of 20x200 nm?. The effect of this finite resolution is also observed in the
autocorrelation functions in form of a deviation from the expected logarithmic relationship at
distances below 200 nm. [1] Kaganer, Sabelfeld, Acta Cryst. A 70, 457, 2014. [2] Vilalta-Clemente,
et al., Acta Mater. 125, 125, 2017.
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Abstract text: GaN threading dislocations accumulate charge with density and sign varying
according to their dislocation type and the dominant charge carrier. Leakage current due to these
dislocations has a deleterious effect in the performance of GaN electronic devices. Previous
transmission electron microscopy studies have used electron holography to determine electric
potential profiles across individual dislocations and the implied charge density. The electron
holography experiment, however, requires careful setup and specialized equipment to produce useful
results. We demonstrate measurement of local electric field and charge density of GaN threading
dislocations using precessed 4D-STEM differential phase contrast (DPC). Electric field associated
with the dislocations deflects electrons as they pass through the lamella, causing a corresponding
shift in the center of mass of the direct beam. Precessed scanning smooths the dynamical diffraction
due to strain associated with the dislocations, improving signal:noise in the DPC signal. 4D-STEM
additionally allows near-simultaneous dislocation Burgers vector identification by virtual dark field
imaging. This approach can be applied broadly to other material systems such as oxides where
dislocation charge is responsible for the speed of ionic diffusion.
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Abstract text: Threading dislocations (TD) in GaN are especially relevant for the efficiency of
GaN-based devices. In the present work, individual threading dislocations are investigated by high-
resolution electron backscatter diffraction (HR-EBSD) and cathodoluminescence (CL) spectroscopy
with high spectral resolution. These measurements are carried out on the same threading dislocation
to correlate the results.

The sample under investigation is a high-purity, C-plane GaN layer grown by molecular beam
epitaxy on a commercially available bulk GaN substrate. The TD density of this layer is estimated
by panchromatic cathodoluminescence mapping to be less than 10° cm™. The low TD density makes
it possible to measure on individual dislocations without the necessity to consider direct interactions.

Kikuchi patterns are mapped on the sample with a step size of 20 nm by EBSD. From cross
correlation analysis of these patterns using the software CrossCourt, the local strain around the TD is
extracted. It is shown, that the dislocations introduce a local elastic strain and rotation on the order of
3x107 and 3x107 rad, respectively for their individual tensor components. The experimental results
will be compared with theoretical strain calculations around TDs.

On the same dislocations, hyperspectral cathodoluminescence (CL) maps are acquired at different
temperatures with a step size of 20 nm and a spectral resolution of 0.2 nm. Apart from the reduction
of the emission intensity near the dislocation induced by the piezoelectric fields of TDs with an edge
component, at room temperature, the emission wavelength is shifted by approximately 0.25 nm
around the dislocation. This asymmetric shift has been previously measured in [1,2], but now is
correlated for the first time with a direct, localized measurement of the strain underlying the local
bandgap change. Previous HR-EBSD measurements have been reported only on clustered nanopipe
dislocations with a 4 times larger strain contribution [3].

References:
[1] Lahnemann et al., Phys. Rev. Applied 17, 024019 (2022).
[2] Kaganer ef al., Phys. Rev. Applied 12, 054038 (2019).

[3] Ernould et al., Materials Characterization 194, 112351 (2022).
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Abstract text: Gallium nitride (GaN) is a well-known wide-bandgap semiconductor, with
remarkable electronic, optical and thermal properties, which enable efficient blue light-emitting
diodes (LEDs), as well as the development of long-lifetime blue lasers. A novel class of materials
based on GaN have been reported by the introduction of a third element in the lattice, to synthesize
alloys with tailored physical properties. Introduction of BN in III-N compounds has recently
emerged as a viable approach for lattice, band gap, refractive index, strain, and polarization
engineering, which provides new opportunities for device applications. In this work, BxGai.«N
epilayers with boron content, x, up to 5.6% were grown on SiC substrates by metalorganic chemical
vapor deposition (MOCVD). X-ray difraction reciprocal space maps around the symmetric (0002)
and asymmetric (11-24) reflections allowed evaluation the lattice constants and in-plane lattice
mismatch with respect to the underlying substrate. According to our results, introduction of boron
causes the decrease of BGaN lattice constants, which reduces the relative lattice mismatch with the
underlying substrate, and implies the decrease of misfit dislocation density'. However, our results
also indicate that the crystallite size of BGaN decreased significantly (by two orders of magnitude)
with increasing boron content, while both the tilt and the twist of crystallites increased. Such
transformation generated an increase of both screw and edge threading dislocations even despite the
reduced lattice mismatch. Moreover, the interplay in the extended structural defects such as
dislocations and the point defects is discussed, by correlating the X-ray diffraction with positron
annihilation spectroscopy results. The microstructure degradation with increasing boron content is
also reflected in the broadening of the Raman modes, as well as in the increase of yellow
luminescence in PL spectra. The presented results on BGaN ternary alloys are important for the
further development of boron-containing nitride materials grown on various substrates.

! Romanitan et al., J. Appl. Cryst. (2024). 57, 1815-1822.
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Abstract text: Nitride ferroelectric semiconductors, such as ScAIN and BAIN, exhibit giant
remanent polarization, ultrahigh Curie temperature, and significantly enhanced electromechanical
coupling, piezoelectric, and nonlinear optical properties. These unique characteristics make them
promising candidates for next-generation intelligent and multifunctional optoelectronic and
electronic devices. However, the presence of interfacial dead layers with irreversible polarization
remains a critical challenge, limiting their performance and integration. While dead layers in
ferroelectrics have been associated with defect formation, interfacial strain, and compositional
nonuniformity, direct experimental evidence for these mechanisms in nitride ferroelectrics remains
absent.

In this work, we achieved high-quality, single-crystalline, fully epitaxial ferroelectric SCAIN/GaN
heterostructures using plasma-assisted molecular beam epitaxy (MBE). Bipolar switchable
polarization was demonstrated through detailed electrical measurements and scanning transmission
electron microscopy (STEM) analyses, revealing the presence of an interfacial dead layer with
unswitchable polarization near the SCAIN/GaN interface. The mechanisms underlying dead layer
formation were investigated using STEM, electron energy loss spectroscopy (EELS), and theoretical
calculations. Our findings indicate that nitrogen vacancies (V) together with compressive strain
near the SCAIN/GaN interface elevate the ferroelectric switching energy barrier and degrade
dielectric properties, suppressing polarization reversibility. This work provides direct insights into
interfacial dead layer formation in ScAIN and highlights the critical role of defect and strain
management in wurtzite ferroelectrics, paving the way for their integration into next-generation
electronic devices.
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Abstract text: Nitride-based semiconductors are widely used in high-power electronics,
piezoelectric devices, and non-volatile memory. Among them, Aluminum Scandium Nitride
(AIScN) has emerged as a promising ferroelectric material, with Scandium (Sc) playing a key role in
switching. Incorporating Sc into Aluminum Nitride (AIN) lowers the energy barrier for polarization
reversal while maintaining the wurtzite structure and shifting it to a layered hexagonal'. Since Sc
dictates these features, understanding the nanoscale distribution of Sc is crucial, as its variations
influence AIScN’s structural and functional behavior'?. This work examines molecular beam epitaxy
(MBE)-grown AlScN-based heterostructures using atom probe tomography (APT) to investigate
nanoscale elemental distribution and structure. APT provides three-dimensional chemical mapping
with sub-nanometer resolution, revealing compositional fluctuations, atomic-scale clustering, and
interfacial chemistry.

APT analysis of Alo.ssSco.3aN reveals a non-uniform Sc distribution, with 2D contour plots (2DCP)
showing regions where Sc concentration exceeds 46%. Frequency distribution analysis (FDA)
confirms Sc clustering, while radial distribution function (RDF) analysis indicates short-range
ordering, where Sc favors self-clustering. Previous study shows a hexagonal-to-cubic transition
above 46% Sc?. Given these findings, the observed Sc-rich regions suggest phase change. These
atomic-scale features may contribute to structural distortions and polarization switching behavior, as
deviations from the expected phase introduce localized energy barriers affecting domain wall
mobility. Additionally, APT depth profiling shows a gradual compositional transition rather than a
sharp boundary in the interface, impacting strain and elemental intermixing. These nanoscale
insights aid in optimizing material stability, growth processes, and interface engineering for nitride-
based devices.

1. S. Fichtner et al., ‘AIScN: A III-V semiconductor-based ferroelectric’, J. Appl. Phys., vol. 125,
no. 114103, 2019.

2. C.-W. Lee et al., ‘Defects and oxygen impurities in ferroelectric wurtzite AliScN alloys’, Appl.
Phys. Lett., vol. 125, no. 022901, 2024.

3. M. Akiyama et al., ‘Enhancement of Piezoelectric Response in Scandium Aluminum Nitride
Alloy Thin Films Prepared by Dual Reactive Cosputtering’, Adv. Mater., vol. 21, pp. 593-596,
2009.
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Abstract text: The discovery of ferroelectric properties in wurtzite-type materials overturned the
common believe that AIN and GaN-based materials do only belong to the group of pyroelectric
materials. However, recent research on chemical and structural engineering demonstrated the advent
of ferroelectric properties in, e.g., Sc- and B-alloyed AIN thin films.[1,2] Their high spontaneous
polarization and impressive scalability below 10 nm make them ideal candidates for low-power
memory devices and ferroelectric transistors based on nitride and CMOS technologies.

A fundamental understanding of the structure-property relationships in these ferroelectrics, i.e. the
correlation of the domain nucleation and propagation within the material and the electrical behavior,
will enable the optimization of its properties. In this respect, recent efforts have described possible
switching pathways [3] and interface phenomena [4].

In this abstract, the role of crystal quality on the ferroelectric properties of MOCVD -grown and
sputtered AIScN/GaN heterostructures is studied and interface phenomena, such as epitaxial strain
are examined. Aberration corrected scanning transmission electron microscopy enabling atomic
resolution investigations were performed on a JEOL NeoARM 200F microscope operated at 200 kV
using the high-angle annular dark field and annular bright field detectors. The local chemical
structures were studied by energy-dispersive X-ray and electron energy-loss spectroscopy.

Based on the overall crystalline coherence in these films, we reveal distinct differences in the
domain morphology, nucleation and propagation. As for sputtered layers, ferroelectric switching
commences with atomic reconstructions at the GaN interface, whereas nucleation at the top Pt
electrode interface is observed in case of the MOCVD grown layer. Based on these findings the
significance of defect engineering in wurtzite-type ferroelectrics is evident and in the focus of
scientific research on future ferroelectric non-volatile memory devices and novel ferroelectric I1I-N
heterostructures.

[1] Fichtner, S.; et al. Journal of Applied Physics 2019, 125 (11), 114103.
[2] Hayden, J.; et al. Phys. Rev. Materials 2021, 5 (4), 044412.

[3] Lee, C.-W.; et al. Science Advances 2024, 10 (20), eadl0848.

[4] Skidmore, C. H.; et al. Nature 2025, 637 (8046), 574-579.
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Abstract text: The emergence of ferroelectricity in wurtzite materials in concert with their excellent
compatibility to III-N technology promises to advance the functionality of next-generation II1I-N-
based devices.[1] For instance, ferroelectric switching of AIScN can be exploited to achieve tunable
normally-off operation as well as non-volatile memory functionality in GaN high electron mobility
transistors.[2] In general, III-N-based ferroelectric memories feature inherent temperature and
radiation resistance suitable for extreme environment applications. Furthermore, the recent
demonstration of ferroelectricity in AIScN/GaN heterostructures grown by metal organic chemical
vapor deposition (MOCVD) promises the seamless integration of ferroelectric functionality by the
standard growth method of III-N devices.[3] However, the introduction of Sc into MOCVD reactors
remains challenging.

In this contribution, we report on reducing the Sc content from 28 at.% down to 0 at.% in
ferroelectric AI(Sc)N grown on n-type doped GaN by sputter epitaxy and MOCVD. We investigate
the evolution and correlation of lattice-parameter, epitaxial strain and the ferroelectric properties
such as coercive field and remanent polarization with decreasing Sc content, revealing room
temperature ferroelectricity also in AIN/GaN heterostructures grown by both sputtering and
MOCYVD. Prior, ferroelectric switching of AIN was reported only at elevated temperatures[4] or if
grown on SrTiO3 templates[5]. We relate the ability of polarization reversal to the presence of
epitaxial strain by combining advanced X-Ray diffraction analysis and atomically resolved
transmission electron microscopy with transient current measurements. Furthermore, we reduce the
AIN film thickness from 100 nm down to 5 nm, which allows us to correlate the electrical response
to the thickness dependent strain state, revealing ferroelectricity in MOCVD-grown pseudomorphic
ultrathin AIN(5 nm)/GaN heterostructures. We thus demonstrate the availability of ferroelectric AIN
for III-N technology.

[1] Schonweger et al., Adv. Funct. Mater., 32 (2022)
[2] Yang et al., IEEE Electron Device Lett., 44 (2023)
[3] Wolff et al., Adv. Phys. Res., 3 (2024)

[4] Zhu et al., Appl. Phys. Lett. 9, 119 (2021)

[5] Hasegawa et al., Appl. Phys. Lett., 123 (2023)
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Abstract text: AlGaN/GaN high-electron-mobility transistors (HEMT) have enabled breakthroughs
in high-power and high-frequency electronics. AIScN and AIYN provide a higher polarization
gradient than AlGaN and hence increased sheet charge carrier density (ns) of the two-dimensional
electron gas (2DEQG) if employed as barrier layers. Understanding the 2DEG properties of these
HEMT structures and the factors that influence them is essential for further optimization and the
development of new device designs.

Here, we report the contactless determination of 2DEG properties in AIScN/GaN and AIYN/GaN
HEMT structures using the Terahertz Optical Hall Effect (OHE) [1]. These structures are grown on
sapphire or 4H-SiC substrates by metalorganic vapor phase epitaxy and feature ~10-nm thick barrier
layers with Sc and Y contents ranging from 4.6% to 17.3% and 3.3% to 8.2%, respectively [2,3].
The OHE measurements were performed at magnetic field of B = 2.82 T and temperatures of 10 —
370 K. The room temperature (RT) OHE results reveal n; of 2 — 3 x 10" cm ™2 for all AIScN HEMTs
and mobility parameters of p = 640 — 700 V(s.cm) ' . For the ATYN HEMTSs the mobility was found
to be higher, p = 730—-1000 V(s.cm) ', but for a slightly lower n; in the range 1.2-2.2x10" cm™2 .
These results are corroborated by eddy-current sheet resistance and contactless Hall measurements.
At low temperatures the mobility parameter increases and reaches p = 4000 V(s.cm)' and p = 2000
V(s.cm)' for AIYN/GaN and AlIScN/GaN HEMTS, respectively. The analysis indicates that at low
temperatures the mobility is mostly limited by interface roughness scattering. The RT 2DEG
electron effective mass parameters (m”* ) was determined to be m* = 0.30 — 0.35m,, in agreement
with results for AlGaN/GaN HEMTs [1, 4]. The low temperatures (10 — 130 K) OHE yielded 2DEG
effective mass m" = 0.21—0.27my, much closer to the typically accepted value of 0.23 for bulk GaN
[5]. The causes for the increase of the 2DEG effective mass with temperature are discussed in detail
and possible explanation, associated with polaron effects and a deviation from the classical Drude
model is proposed.

References

[1] P. Kiihne, et el., IEEE Trans. Terahertz Sci. Technol. 8, 257 (2018).
[2] L. Streicher, et al., APL Materials 12, 051109 (2024)

[3] L. Streicher, et al., Adv. Fun. Mat. 34, 2403027 (2024)

[4] S. Knight, et al., J. Appl. Phys. 134, 185701 (2023).

[5] N. Armakavicius, et al., APL Mater. 12, 021114 (2024).
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Abstract text: Organo-metallic vapor-phase epitaxy (OMVPE) is a leading technique for growing
thin, high-quality epitaxial layers of III-V nitride semiconductors like GaN and its alloys, widely
used in optical and electronic devices such as LEDs and HEMTs. Despite its broad application,
OMVPE remains highly complex, involving intricate interactions among chemical reactions,
thermodynamics, surface kinetics, and mass and heat transport. A major challenge lies in
understanding the atomic-scale mechanisms that dictate surface morphology evolution and defect
formation during growth. Building on the work of Burton, Cabrera, and Frank (BCF), epitaxial
growth at the atomic level can be described through the interactions of surface steps, step kinks, and
terrace adatoms. Gaining deeper insights into these mechanisms not only advances theoretical
modeling but also enables precise control over surface and interface properties, crucial for
optimizing device performance.

To address these challenges, we have developed a novel in-situ, time-resolved instrument for
observing Group III nitride epitaxial film growth via OMVPE [1]. Leveraging advanced synchrotron
x-ray techniques and coherent x-ray beams, our system enables in-situ analysis of atomic-scale
island arrangements and surface steps by tracking the evolution of complex diffraction patterns [2,3].

In this talk, I will present our recent experiments on the influence of GaN off-cut direction and angle
on atomic step kinetics during (In)GaN growth. In-situ surface X-ray scattering results, compared
with a BCF model [4], reveal that growth kinetics are rate-limited by Ga diffusion across terraces,
with faster incorporation at A steps. The findings also indicate that steps are non-transparent and
step-step repulsion is asymmetric between a and [ terraces. Adding hydrogen to the carrier gas helps
mitigate this asymmetry. Additionally, pre-flowing TMIn without growth reveals no indium
observed at either A or B step edges. However, during growth, indium is observed at the B step
edge but not at the A step edge. This methodology provides a detailed understanding of GaN
homoepitaxy in step flow growth mode and offers insights into achieving uniform InGaN alloy
growth.

[1] Rev. Sci. Instrum. 88, 035113 (2017). [2] Nat. Phys. 15, 589-594 (2019).[3] Nature
Communications, 12(1): 1721 (2021).[4] Physical Review B, 110(19), 195303 (2024).
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Abstract text: Light emitters based on GalnN/GaN quantum well structures have revolutionized
todays lighting. This revolution was achieved in part by managing the defects, such as extended
defects and point defects. Only recently, the latter has gained more attention, since they could be
non-radiative centers. In this context, two aspects need clarification: the identification of the defect,
and the control of its density in the active region.

We investigate non-radiative recombination in GalnN/GaN single quantum wells (SQWs) with
various emission wavelengths and its relation to the growth conditions of different layers within the
structure.

We observe that the non-radiative lifetime in the SQW increases with increasing underlayer
thickness, corresponding to a complementary error function profile of the point defect density as
described by a diffusion model, regardless of whether the underlayer contains indium or not.
Additionally, the non-radiative lifetime depends exponentially on the growth temperature of the
buffer layer, underlayer and cladding layer. The results combined are strong evidence that point
defects diffuse during IlI-nitride growth. A forward diffusion in the growth direction is observed,
with a diffusion coefficient in the range expected for semiconductors. The activation energy
represents the migration barrier of the defect, which is consistent with the nitrogen vacancy in n-type
GaN. Thus, this is likely the native defect which is diffusing during growth, and acts as a non-
radiative center in the QW.

Furthermore, the presence of vacancies lead to various phenomena, like group III interdiffusion at
interfaces, self-diffusion, out-diffusion, impurity diffusion and void formation, which have been
proposed as thermal degradation and decomposition mechanisms. Thermally activated diffusion
increases the density of vacancies in the QW, enhancing non-radiative recombination. Those
vacancies could then either mediate other diffusion processes or agglomerate to form voids, if
present at high density.

Therefore, the processing conditions of each layer can be properly varied aiming at further reduction

of vacancy diffusion into the QW. This has the potential to be beneficial to all emission
wavelengths, enhancing performance and reliability of I1I-nitride-based light emitters.
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Abstract text: InGaN LEDs are promising as high-efficiency, full-color light sources. However, the
emission efficiency of red LEDs is significantly lower than that of blue and green LEDs. Larger In
compositions for longer-wavelength emissions tend to degrade the crystalline quality of InGaN
quantum wells (QWs) due to the formation of surface defects. In this study, we demonstrate a
substantial reduction in surface defects, including trench defects, on red InGaN QWs by utilizing
vicinal GaN (0001) surfaces.

Sapphire (0001) substrates with off-angles of 0.3° or 1.0° toward the [1-100] direction were used.
The red InGaN QWs were simultaneously grown on both substrates by metal-organic vapor phase
epitaxy. The epitaxial structures consist of an undoped GaN (u-GaN) underlayer (4 um), a twenty-
period Ing.0sGag.osN (2 nm)/GaN (5 nm) superlattice, and a single InGaN (3 nm)/AIN (1 nm)/GaN
(10 nm) QW.

Nomarski optical microscopy confirmed that the u-GaN underlayer on the 0.3°-off substrate exhibits
a smooth surface morphology, whereas that on the 1.0°-off substrate shows a rough surface
morphology due to step bunching. Surface morphology observations of the overgrown InGaN QWs
by scanning electron microscopy revealed that surface defects, including small V-pits, large V-pits
surrounded by anomalous growth islands, and trench defects are densely distributed across the entire
area of the QW on the 0.3°-off substrate. In contrast, for the QW on the 1.0°-off substrate, the
surface defect density varies depending on the surface undulation. Atomic force microscopy
analyses showed that both anomalous growth islands and trench defects are significantly reduced in
local regions with off-angles exceeding approximately 1°. These results suggest that preferential
step-flow growth on vicinal surfaces with high step densities, which inherits the atomic ordering of
the underlayers, suppresses the formation of basal stacking faults associated with the trench defects
and of the anomalous growth islands. Finally, micro-photoluminescence spectral imaging at room
temperature demonstrated that a part of the defect-reduced regions on the 1.0°-off substrate exhibit
enhanced red emission intensities compared to the QW on the 0.3°-off substrate with high defect
density. These findings provide a pathway toward the development of high-quality and highly
efficient In-rich InGaN light-emitting devices.
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Abstract text: The efficiency of InGaN/GaN quantum wells (QWs) in blue light-emitting diodes is
significantly influenced by surface defects (SDs) originating in the high-temperature (HT) GaN
buffer and forming non-radiative recombination centers (NRCs) in the QW [1]. While an InGaN
underlayer (UL) prevents SDs from reaching the QW [2], the nature of these defects, their migration
and incorporation processes into the QW remain barely understood.

In this study, we explore the possible migration pathways of these SDs from the HT-GaN buffer into
the QW, considering two potential mechanisms: diffusion [3] and surface segregation [4]. Both
mechanisms predict an exponential decay of the defect concentration in the UL as a function of the
thickness, making difficult to discriminate between the two phenomena. However, diffusion should
lead to an an increase of NRCs in the InGaN QW upon growth interruption (GI) before the QW
growth, whereas surface segregation phenomenon does not. Photoluminescence measurements on
samples with increasing GI durations reveal no degradation in QW efficiency, supporting surface
segregation as the dominant migration mechanism.

Furthermore, we investigated the effect of introducing a HT-GaN layer—acting as a source of
defects—either above or below the QW. When the HT-GaN layer is underneath the QW, a dramatic
efficiency drop is observed. On the contrary, when the HT-GaN layer is deposited on top of the QW,
there is no significant change in efficiency compared to a reference sample without this additional
layer. This indicates that SDs from the HT-GaN layer do not migrate downward to the QW. If
diffusion were the primary mechanism, defects from the upper HT-GaN layer would still be
expected to reach the QW, contradicting the experimental results. In contrast, in case of surface
segregation, defects would migrate toward the surface, reaching the QW only if the defect source is
located below it. This observation supports surface segregation as the dominant migration
mechanism of HT-GaN SDs into the InGaN QWs where they degrade the efficiency.

References
[11Y. Chen et al., Appl. Phys. Lett. 118, 111102 (2021).
[2] C.Haller et al., Appl. Phys. Lett. 111, 262101 (2017).

[3] R. de Vasconcellos Lourencgo et al., AIP Advances,14(4):045122, 2024.
[4] C.Haller et al., APL, 113(11):111106, 2018.
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Abstract text: InN has a direct bandgap of 0.7 eV and a reported theoretical electron mobility of
>10,000 cm*/Vs at room temperature, making it a potential candidate for applications in infrared
optoelectronics and high electron mobility devices. However, it remains challenging to achieve high
quality InN growth via MOCVD without plasma-assistance. We have achieved this capability
through application of a growth supersaturation model to the InN growth reaction, resulting in nearly
atomically flat InN layers with crystalline quality equivalent to the template (GaN/sapphire).

In this study, we extend our investigation of MOCVD InN growth to InN integration in III-Nitride
heterostructures. As a model structure, we consider a GaN/InN/GaN quantum well (QW). First, an
in-situ InN decomposition study is conducted, determining the maximum stable temperature for InN
to be approximately 650°C. The growth of GaN on InN is thus investigated at temperatures up to
600°C. Gallium condensation on the surface is observed due to the significantly lowered activation
of NH3 in the growth reaction at low temperature. It is shown that modulation of the Gallium species
flow rate can suppress metal condensation without the introduction of a flow modulation epitaxy
scheme. Using optimized GaN on InN growth conditions, transmission electron microscopy (TEM)
measurements show a well-defined InN QW within GaN. There is evidence of InGaN formation,
corroborated by x-ray diffraction results. The InN layer is also shown to increase in roughness from
bilayer surface steps (~0.5 nm) to a nearly 5 nm surface roughness. The GaN supersaturation model
is utilized to compensate for the significantly lowered growth temperature while achieving similar
thermodynamic conditions as in typical GaN growth (i.e. growth at 1000°C). This results in a state-
of-the art InN QW with flat interfaces at both the top and bottom and a nearly 100% pure InN layer.
In summary, the MOCVD growth of a GaN/InN/GaN QW has been investigated as a model for InN
integration in I1I-Nitride heterostructures. It is shown that the system temperature must be kept
below ~650°C to avoid total InN decomposition. GaN growth is optimized under these conditions
via the supersaturation model to produce equivalent quality material as typical GaN growth
conditions near 1000°C, as well as limit InGaN formation within the QW.
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Abstract text: (Synopsis)

The predicted device lifetime of 275-nm-band AlGaN-based deep-ultraviolet (DUV) light-emitting
diodes (LEDs) on a (0001) Al,O3 substrate was greatly improved by decelerating the degradation of
carrier injection efficiency (CIE) during the operation, which was accomplished by decreasing the
concentration of nonradiative recombination centers (NRCs) comprising vacancy clusters in Mg-
doped p-AlGaN layers.

(Contents)

An increasing demand for antivirus has accelerated the research on AlGaN-based DUV LEDs, as
DUV radiation inactivates fungi, bacteria, and viruses. Although the optical output power (P,) is
increasing, the device lifetime is less than the visible LEDs. There are two degradation modes in
AlGaN DUV LEDs: (1) a rapid reduction in P, by 20-30% by the operating time (Z,p,) <100 h and (II)
a gradual reduction down to 60-70% for #,, > 100 h. Because the initial degradation occurs only in
DUV LEDs, several research groups have intensively investigated the mechanisms [1,2]. We have
carried out aging experiments on 275-nm-band AlGaN LEDs to clarify the origins of initial [3] and
slow [4] degradations, and concluded that initial P, reduction was due to CIE deceleration caused by
the depassivation of initially H-passivated preexisting NRCs in Mg-doped p-AlGaN layers. Also,
vacancy clusters comprising a cation vacancy (V) and nitrogen vacancies (V) were ascribed to the
origins of the NRCs.

This time, modified LEDs with low Mg concentration p-AlGaN layers were fabricated to decrease
the NRC concentration, and the aging with forward current (/r) of 350 mA (66 A/cm?) and the
junction temperature (7;) of 65 °C was carried out. As a result, the initial degradation became nearly
a half amount. By using improved MQWs, a predicted lifetime >30,000 h is obtained. Here, room-
temperature photoluminescence lifetime, which represents the nonradiative lifetime, of the improved
MQW:s did not change until 8,000 h. The result is consistent with the model [3,4] that internal
quantum efficiency of the MQWs does not change by our aging conditions.

This work was supported by MOE program for implementation of innovative infection-control and
digital technologies with low CO; emissions, Japan.

1) F. Piva et al. Photon. Res. 8, 1786 (2020). 2) J. Glaab et al. JAP 131, 014501 (2022). 3) S.
Chichibu et al. APL 122, 201105 (2023). 4) Y. Honda et al. SPIE PW2025 13366-47.
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Abstract text: The development of UVC LEDs with short wavelengths < 235 nm (far-UVC LEDs)
opens up new applications and can represent a compact alternative to gas discharge lamps, which are
conventionally used in this spectral range. For example, the concentration of nitrogen oxide can be
measured using far-UVC LEDs, as it has a characteristic absorption line at 226 nm. In addition, far-
UVC radiation can inactivate pathogens (e.g. multi-resistant germs) while not penetrating deep into
the skin. These LEDs could therefore be used for skin-friendly disinfection on humans.

Unfortunately, the use of state-of-the-art far-UVC LEDs is currently constrained by their
comparatively low emission power (= 1 mW) and short lifetime (< 1000 h). The lifetime results from
the operation-induced decline in emission power. It will be shown that lifetime and emission power
can be significantly influenced by the heterostructure design. They often show an anti-correlation,
which is typically related to processes that take place in the semiconductor layer structures.

Our studies also show that, in addition to the semiconductor layer design, a hermetic package has an
influence on the reliability of far-UVC LEDs. For example, it reduces the likelihood of sudden
catastrophic failures (CF), where the emission power abruptly drops to zero and the LED is usually
subsequently short-circuited. However, we have also found a hermeticity-related degradation effect,
resulting in a faster decrease in the emission power. Depending on the operating conditions the
hermeticity can cause an additional emission power reduction of up to 60 %. At the same time, the
hermeticity does not affect the electrical characteristics. Thus, it was concluded that there must be an
additional degradation mechanism that takes place outside the semiconductor layers. The
examination of the LED chips by energy dispersive X-ray spectroscopy (EDX) and by spectroscopic
ellipsometry reveals that a carbon-containing contamination layer forms on the surface of the
sapphire substrate during operation of hermetically sealed LED chips. It reduces the transmittance
and thus the light extraction efficiency. Furthermore, a recovery of the emission power was observed
when the hermetic package was opened, which is explained by the regression of this contamination
layer.
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Abstract text: Far-ultraviolet C (far-UVC) light has attracted much attention because it can
inactivate bacteria and viruses without harming human bodies. However, far-UVC light-emitting
diodes (LEDs) currently suffer from low external quantum efficiencies (EQEs) and short lifetimes.
Several studies have reported improved current injection efficiencies (CIEs) in far-UVC LEDs by
modifying the active layer structure [1,2]. We achieved higher EQEs in 230 nm far-UVC LEDs by
employing a double-heterostructure (DH) with a thick emission layer instead of multiple quantum
wells (MQWs) [3]. In this study, the performance differences between MQW-based and DH-based
far-UVC LEDs were compared at different wavelengths. In addition, the dependence of DH-based
far-UVC LED lifetimes on emission layer thickness was investigated.

Several MQW-based and DH-based far-UVC LEDs were fabricated on c-plane face-to-face
annealed sputter-deposited AIN (FFA Sp-AIN) [4]. 20MQWs (barrier width: 3.2 nm, well width: 2.1
nm) or a thick (107 nm) emission layer with a uniform Al composition was used as the active layers
of far-UVC LEDs emitting at 226 nm and 232 nm. In addition, DH-based far-UVC LEDs emitting at
230 nm with different emission layer thicknesses (39 nm to 117 nm) were prepared.

The EQEs of DH-based far-UVC LEDs were higher than those of MQW-based far-UVC LEDs for
wavelengths of 226 nm and 232 nm. The EQE enhancement ratio by using double heterostructure
was higher for 226 nm far-UVC LEDs (2.6 x) than 232 nm far-UVC LEDs (1.2 x). The EQE
enhancement ratio agrees well with the CIE enhancement ratio simulated by SiLENSe for both
wavelengths. Ly lifetime of DH-based far-UVC LEDs (A=230 nm) was increased from 3 min to 236
min using a thicker emission layer (stress current /syress was 60 A/crnz). Relationship between Presst
and normalized EQE suggests Auger recombination is related to the lifetime at higher ess.
Therefore, a reduced carrier density with a thick emission layer may be the reason for the increased
Ly lifetime.

[1] M. Jo et al., Appl. Phys. Lett. 120, 211105 (2022). [2] H. Kobayashi et al., Appl. Phys. Lett. 122,
101103 (2023). [3] K. Uesugi et al., Appl. Phys. Express 17, 042008 (2024). [4] H. Miyake et al., J.
Cryst. Growth 456, 155 (2016).

This work was partially supported by JSPS KAKENHI [22H01970], NEDO intensive support for
young promising researchers [21502153-0].
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Abstract text: Over the last years, UVC LEDs have enabled cost-effective and efficient disinfection
systems and tools [1], [2]. In this work we investigate the optical degradation kinetics of 265 nm
SQW LEDs [3], focusing in particular on the non-monotonic and current-dependent optical power
variation, with the aim of identifying the root causes of the optical instability of solid-state UVC
emitters.

By leveraging a series of accelerated lifetime tests (ALTs), coupled with conventional opto-electrical
characterizations and deep-level optical spectroscopy (DLOS) analyses, we found that i) during
ageing, the emitted ouput power varies non-monotonically and current dependently, showing an
increase (positive ageing), during the first stage of stress. We also found that ii) the positive ageing
process is non-recoverable, and that iii) the subsequent decay (negative ageing) is correlated with the
increase in concentration of a deep level located at Ec — 2.5 eV.

To pinpoint the physical origin of the positive ageing process, we coupled the experimentally
obtained defect properties with a numerical simulation framework built on Sentaurus Synopsys,
calibrated on similar devices to reproduce with high accuracy their current-voltage characteristics
[4]. Based on this, we first demonstrated that the positive ageing is associated with the formation of
negative fixed charge at the interface between the last barrier (LB) and the undoped interlayer (IL):
this process improves holes injection, ultimately promoting radiative emission within the active
region. Then, we reproduced the overall optical power trends, both at low and high measuring bias
levels, by considering the cumulative effect of nonradiative recombination centers originating within
the QW, which decrease the optical power, and of the aforementioned negatively charged centers at
the IL/LB interface, which act in the opposite direction.

The degradation model proposed within this work was found to well describe the experimental
behavior of the UV-LEDs, thus contributing to increase the current understanding of the lifetime-

limiting mechanisms affecting state-of-the-art AlGaN-based UVC LEDs.

[1] 10.3390/ELECTRONICS10141703; [2] 10.1038/s41598-021-94070-2; [3]
10.1063/1.5010265/35677; [4] 10.1063/5.0144721/2884739
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Abstract text: The safety and efficacy of far-UVC radiation (<240 nm) for indoor pathogen
inactivation has spurred research on far-UVC light sources. While nitride LED technology promises
to replicate the advantages of visible and near-UV LEDs like compact size, low operating power,
and tunable wavelength, a major challenge is the sharp decrease in efficiency and lifetime (at
practical current densities) at shorter wavelengths (high Al content). Perhaps this degradation is
linked to the increased point defect incorporation during high Al-content AlGaN growth or to a
greater susceptibility of point defects (or point defect complexes) to be activated by high current at
high Al composition. The precise mechanism is unknown, and, in this study, we are investigating the
impact of multi-quantum well (MQW), electron blocking layer (EBL), and graded-AlGaN hole
injection layer (HIL) variations on 240-nm LED lifetimes. The LEDs were grown on AIN substrates
using a low-pressure, resistive-heated, horizontal-flow metalorganic chemical vapor deposition
(MOCVD) which achieved step-flow morphology and pseudomorphic growth. Cross-sectional
transmission electron microscopy corroborated the high-quality epitaxial growth. The Si-doped
Alo.79Gao 21N n-contact layer exhibited a sheet resistance of 405 Q/o. TLM contacts on the p+ GaN
contact layer showed a linear I-V behavior confirming an Ohmic contact formation. LEDs exhibited
a sharp electroluminescence with FWHM of ~11 nm. Accelerated constant-current degradation tests
[1] were conducted in the range of 0.7 to 4 kA/cm? (corresponding to a forward voltage ranging from
7.9 to 11.3 V, respectively, at the start of the test). A 12-fold reduction (from 520 to 42 seconds) in
L50 lifetime (50% drop from the initial output power) was observed for the 6-fold increase in
current density. Notably, increasing the HIL start composition from 90% to 95% Al led to 2.5 and 5
times decrease in the L50 lifetime at 0.7 and 4 kA/cm?, respectively, which supports the hypotheses
that point defects at higher Al content are susceptible to higher degradation rates for far-UVC LEDs.

[1] Zhang et al., physica status solidi (a), 221 (2024) 2300946.
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Abstract text: Historically, the silicon-derived JEDEC product qualification has served as a baseline
for GaN power device qualification in the industry. Nevertheless, it has been widely acknowledged
that JEDEC standards may not always be sufficient to guarantee reliable operation over the device's
lifetime. To address this challenge, Infineon has been actively working to elevate the quality and
reliability of GaN devices to match the standards of silicon-based devices, and has taken an active
role in the JEDEC JC-70 WBG committee to drive new standards for GaN power devices. In this
work, we will describe our general approach to high-voltage GaN power device reliability.
Specifically, we will explain how Infineon's GaN qualification is based on condition-specific
stresses and does guarantee the required lifetime and quality.

The proof of fitness for use in industrial applications ultimately relies on lifetime models extracted
for both intrinsic and extrinsic branches. First, we will discuss the methodologies for intrinsic
lifetime extraction using two examples: off-state stress and hard switching stress. The former is a
more straightforward approach, whereas the latter employs a sophisticated stressor model based on
switching locus variation.

Secondly, to assess off-state extrinsic failure rates we have conducted large-scale Early Life Failure
Rate (ELFR) studies on several hundred thousand parts. This has enabled us to extract a specific
extrinsic reliability model and determine an extrinsic failure rate below 1 FIT (failure in time) for
typical use conditions and a 15-year lifetime. Furthermore, this work shows how ELFR studies can
be also beneficial during technology development to investigate the root cause of this extrinsic
behavior. By designing specific ELFR studies with devices with different geometries, it is possible
to identify the key elements responsible for such early failures and eliminate them before entering in
the mass production phase.

Thus, by developing and refining advanced methodologies for GaN power devices, we can create
robust and reliable parts that are suitable for widespread adoption in high-end industrial applications

241



ED-Tue-17% - 2.7kV Enhancement-Mode GaN-on-Si Multichannel Tri-gate junction HEMT
using SiO2/p-doped NiO as gate oxide

4. Electronic devices

Amirhossein Esteghamat'

Zheng Hao', Mohammad Rezaei', Kai Chengz, Walid El Huni?, Huseyin Cakmak®, Gilberto Curatola
Curatola®, Samir Mouhoubi®, Elison Matioli'

! Ecole Polytechnique Fédérale de Lausanne, Lausanne, Switzerland

2 Enkris Semiconductor Inc., Suzhou, China

’ Huawei Nuremberg Research Center, Nuremberg, Germany

Abstract text:  Multi-channel GaN high electron mobility transistors (HEMTs) utilizing a stacked
two-dimensional electron gas (2DEG) channels show superior on-state performance in comparison
to conventional single channel HEMTs due to increased carrier concentration while maintaining
high mobility within each channel. However, achieving enhancement-mode (E-mode) operation in
such structures remains challenging due to this high carrier concentration. Tri-gate structure utilizing
the gate Schottky contacts was shown to reach E-mode behavior, however the full depletion of
electrons required highly scaled fins, down to 15 nm.

This work presents an E-mode multi-channel tri-gate junction HEMT using a novel gate dielectric
stack composed of 2.5 nm SiO:z and 120 nm p-doped NiO. The SiO: layer acts as a protective barrier
during NiO sputtering, while the p-doped NiO introduces a large built-in potential at its interface
with GaN, depleting electrons in the 2DEG and enabling positive threshold voltage (Vi =0.7 V at 1
nA/mm) for fin-widths of 40 nm — nearly 3-times larger than previous works. Electrical
characterization reveals a high breakdown voltage of 2.7 kV at 1 pA/mm and a low on-resistance of
2.8 mQ-cm?. The gate dielectric stack combined with tri-gate structure results in a superior gate
control, reduced leakage current, and enhanced Vy, stability. The double sweep characteristic of the
device shows an on/off ratio of 107, a subthreshold slope (SS) of 6063 mV/dec, and a threshold
voltage shift (AVu) of less than 0.05 V. Unlike conventional undoped oxides, NiO induces a charge
depletion region, preventing excess electron accumulation and eliminating interface charge trapping.
This results in a stable threshold voltage (V) with minimal hysteresis, enhancing device reliability.
Additionally, the favorable band alignment of NiO suppresses electron spillover into the oxide,
further reducing trapping effects. The small SS parameter, which is near to the theoretical limit, is
related to the effective gate control over the channel in the tri-gate structure.

The proposed approach enables E-mode operation with larger fins, which results in low on-
resistance together with high breakdown voltage. This result outperforms conventional GaN HEMTs
and surpasses the 4H-SiC limit, significantly advancing the potential of GaN HEMTs for high-power
applications.
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Abstract text: In recent years, the rapid growth of artificial intelligence has increased the need for
more efficient and reliable grid electronics, where medium-high voltage (5—50 kV) power systems
play a key role. To achieve the required blocking voltage, these systems often stack multiple power
devices. However, this stacking approach not only demands advanced driving circuitry but also
brings about reliability challenges due to electromagnetic interference (EMI) [1]. Although there is
significant interest in optically controlled power devices, most developments have focused on
photoconductive switches, which are mainly suited for pulsed-power applications due to the lack of
efficient continuous ultraviolet light sources. Infrared optical switches have also been implemented
to mitigate EMI issues in a cascode configuration [2]; however, such integration can add complexity
and introduce parasitic inductances to the switching circuit.

In this work, we propose a monolithic optical cascode based on a p-GaN epitaxial structure.
The device comprises an optically controlled, enhancement-mode (E-mode) p-GaN HEMT, which is
monolithically cascaded with a depletion-mode (D-mode) high-voltage HEMT. This design
decouples the optical control from the voltage-blocking capability of a lateral HEMT, enabling the
scaling of the Lgp in the low-voltage optical switch to enhance the device's optical gain while
preserving the voltage-blocking capability of the D-mode device. Upon illumination, carriers are
generated in the depletion region in the E-mode device, turning on the cascode. In the p-GaN
optical switch, we utilized an ohmic gate for efficient hole removal and demonstrated a sub-ms
turn-off time with an optical gain exceeding 10* A/W. By leveraging the cascode structure, the
breakdown voltage is enhanced without compromising the optical gain. Initial experimental results
have successfully demonstrated a monolithic cascode capable of switching up to 150 V without
persistent photoconductivity. Future work will involve simulations to further understand the carrier
dynamics and experimental design optimization,

References
[1] S. K. Mazumder et al., IEEE Trans. on Power Electronics, 31, 6562-6574 (2016).

[2] A. Mojab, et al., IEEE Transactions on Electron Devices, 64, 3, 796-804 (2017)

This work is supported in part by U.S. Office of Naval Research under Grant N00014-22-1-2468.
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Abstract text: Background:

Achieving a high-performance GaN power FETs with MIS structure requires balancing normally-off
operation with high electron mobility. In inversion channel MISFETs, increasing channel Mg doping
raises the threshold voltage (¥1r) but degrades channel electron mobility due to impurity scattering
1 Power GaN-MISFET, as the next generation power devices, have become particularly important
to reduce channel resistance while maintaining reliable operation. Therefore, we propose applying
the floating gate (FG) structure to GaN power MISFETs. By controlling Vru through electron
injection into the FG structure, positive Vry shift while maintaining channel mobility is
simultaneously realized.

In traditional silicon memory MOSFET, as many P/E cycles as possible have been studied. But in
this work, we studied the extension of charge retention after a one-time electron injection without
increasing interface states.

Experiments:

FG capacitors were fabricated on a lightly doped n-GaN wafer. The FG structure (Si0,/SiN/SiO;
stack), formed by PECVD SiO; and SiN deposited by sputtering, followed by Ni/Au anode and Al
cathode deposition via RH. After that, we injected electrons using voltage pulses and measured the
capacitance-voltage characteristic.

Results:

First, we evaluated the density of SiO,/GaN interface states before and after electron injections
through the Terman method. The results indicate that pulse amplitude of 8 MV/cm (The electric
field strength applied to the tunnel-SiO, during pulsing) or lower do not lead to an increase in
interface states. This result indirectly demonstrates that, in MISFETs applications, an appropriate
pulse intensity does not degrade the interface quality of MISFETs channel, which allows channel
mobility to be well maintained.

Additionally, by measuring the Vs time dependence under different pulse amplitudes, we found
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that, while a higher pulse amplitude results in a larger Vg shift even up to 11V, the time dependence
Vs significantly reduces. This is because a stronger pulse causes severe damage to the tunnel-SiO;
layer, accelerating charge loss, which is assisted by trap-assisted mechanisms. And when the pulse
intensity is below 6 MV/cm, the samples exhibit a good charge retention, with the charge loss
predicted to be only 26.2% after ten years.

[1] R. Tanaka, et al., Applied Physics Express, 12, 054001, (2019)
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Abstract text: High temperature (HT) electronics has received much interest recently due to many
critical emerging applications in geothermal energy, hypersonic flight, deep oil drilling, and space
exploration. Due to their low intrinsic carrier concentration, wide-bandgap semiconductors such as
silicon carbide (SiC) and gallium nitride (GaN) are fundamentally better suited for HT operation,
especially beyond the typical 250°C temperature limit of standard silicon and silicon-on-insulator
(SOI) technology. GaN in particular is especially promising due to its superior transport properties
over SiC and its widespread availability in the lighting, power, and RF domains; however, at HT,
GaN HEMTs typically suffer from significant gate leakage and gate metal diffusion, both of which
significantly reduce device performance and reliability.

To reduce these two effects, this work demonstrates a high performance, all refractory AIGaN/GaN
HEMT with a rhenium-based schottky T-gate metallization and a tungsten ohmic metallization. The
fabricated device has an Ion/Iosr = 1.3x10° at 500°C, which, to the best of the authors’ knowledge, is
the highest on/off ratio at 500°C of any AlGaN/GaN or SiC device reported in the literature.
Furthermore, the maximum on-current of 0.9 A/mm is also amongst the highest reported at 500°C.
This is possible due to several key contributions which include 1) a refractory rhenium-based gate
metallization with a high schottky barrier height due to rhenium’s high work function; 2) regrown
n"" GaN contacts with a novel self-aligned sputtered tungsten liftoff process using SiO, for the
ohmic metallization; 3) a HT stable ALD AION dielectric layer that serves as both an etch stop for
the gate formation as well as a HT passivation layer. Additionally, the device is analyzed for
multiple high temperature measurement cycles to understand the stability of the structure and
metallization. Thus, this work progresses AlGaN/GaN HEMTs HT performance towards realization
of truly thermally-hardened, robust HT RF devices.
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Abstract text: An important material property of III-nitrides utilized in heterostructure design is the
built-in polarization. Since GaN primarily crystallizes in the wurtzite structure, which breaks
inversion symmetry along the c-axis [0001], opposite surfaces along this direction exhibit drastically
different physical and electronic properties. This characteristic can be leveraged for specific
applications. However, since polarization is dictated by the substrate polarity, the use of a single
wafer has traditionally implied only one alignment of polarization in the devices grown on top of it.

In this work, we propose leveraging the unique advantages of the GaN material system, its wide
range of possible applications, and access to high-quality bulk substrates [1] to develop a new
method for the monolithic integration of electronic and optoelectronic devices on the same wafer. By
utilizing consecutive epitaxial growth processes on both polarities of GaN substrates, i.e., the
gallium face (0001) and nitrogen face (000-1), it is possible to achieve structures with distinct
physical and chemical properties on the same bulk crystal.

We demonstrate the monolithic integration of a metal-polar light-emitting diode (LED) and a
nitrogen-polar high electron mobility transistor (HEMT) [2]. We show pulse operation of the LED
controlled via biasing the HEMT. Additionally, an alternative device using a similar concept is
presented, namely the use of both polarities for a double-sided LED. Due to higher indium
incorporation for nitrogen-face growth, yellow-amber emission was obtained for that growth, while
blue emission was achieved for Ga-polar growth.

The obtained integrated structures can pave the way for new applications and completely new device
functionalities.

[1] K. Grabianska, P. Jaroszynski, et al., Electronics, 9 (2020).

[2] L. van Deurzen, E. Kim, et al., Nature, 634 (2024) 334,
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Abstract text: We fabricated polygonal nanoholes in the top p-GaN layer of the InGaN/GaN
light-emitting diode, followed by the deposition of Au/Al metal thin film within the nanoholes to
create metal microcavities, thereby constructing the surface plasmon structure. The findings indicate
that with increased current injection, the light output of the LEDs rose by 46%, accompanied by a
shift of the gain peak position towards the plasmon resonance energy. The maximum enhancement
factor increases to 2.38 as the coupling distance decreases from 60 nm to 30 nm. Interestingly, time-
resolved photoluminescence data showed that the spontaneous emission decay time lengthened due
to the plasmon coupling, suggesting the presence of a new plasmon coupling mechanism. Finite-
Difference Time-Domain simulation results show that the electric field is localized at certain
locations around the metal microcavity, generating a new type of shape-sensitive plasmon, named
Cavity Plasmon here. This intense localization leads to a longer lifetime and enhances the
recombination efficiency of excitons. We discuss several unique properties of the cavity plasmon
generated by the polygonal metal microcavity with several specific angular shapes. The results
demonstrate that the cavity plasmon generated by the polygonal metal microcavity is a highly
promising technique for enhancing the light emission performance of of relevant semiconductor
optoelectronic devices.
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Abstract text: The impact of the built-in field on the transport properties of charge carriers and/or
excitons is directly investigated comparing identically grown InGaN/GaN quantum well (QW)
structures with and without a p-n junction. In cathodoluminescence (CL), the primary electron beam
generates excess electron hole pairs partially forming excitons according to the Saha equation (dilute
e-h plasma). The built-in field of the p-n junction separates the generated excess carriers in the space
charge region reducing their radiative recombination. In contrast, the neutral exciton is not affected
by the electric field while its dipole character gives direct access to the field gradient. However, the
simplistic assumption of perturbation theory is no longer appropriate as the electric fields involved
may exceed the critical field strength for exciton dissociation. We will discuss our results in the
Blossey model [1].

A direct nanometer-scale correlation of the structural and optical properties by means of CL directly
performed in scanning transmission electron microscope (STEM-CL) at low temperatures (T = 17
K) of InGaN QWs is presented on identically grown wells embedded into a p-n junction and
undoped GaN layers. The QWs are sandwiched between a p-n junction formed by Si-doped GaN
with [Si] = 7x10"¥¢m™ nominal Si-concentration and Mg-doped GaN with [Mg] = 2x10' cm™. For
comparison, nominally identical QWs were placed in an undoped structure.

STEM-CL linescans taken along the growth direction reveal striking differences for the QW
emission within p-n junctions as compared to the undoped sample: below the first QW in the n-GaN
layer, the emission peak is at 437 nm and jumps abruptly to longer wavelengths at (Apecak = 445 nm).
For the InGaN MQW embedded in undoped GaN, the spectral change of the QW emission is
completely contrary. Here, the QW peak jumps to shorter wavelength (from Apcak 445 nm to

439.8 nm). Despite the usual assumption of different In concentration in the first quantum film, this
is contradictory to the opposing spectral shift. Furthermore, a clearly different carrier/exciton capture
results: while in the p-n diodes the capture is limited to the vicinity of the space-charge region, the
nominally undoped structure shows a distinct long-range transfer.

[1]1 D. F. Blossey, Phys. Rev. B 2, 3976 (1970).
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Abstract text: There is an emerging need for electronics able to operate in harsh thermal
environments (500°C to >800°C) that outperform current commercially available high-performance
devices. The ultra-wide-band-gap (UWBG) material system AIN/AlGaN has been proposed as a
platform for devices in extreme thermal environments. UWBG materials exhibit lower intrinsic
carrier concentrations than WBG materials, which results in substantially reduced leakage currents at
elevated temperatures. AIN films of 450 nm of thickness were deposited on 2-inch c-plane sapphire
substrates, with -0.2° misorientation toward [100] direction, by RF sputtering. These templates were
annealed at ~1700 °C using a “face-to-face method”' to minimize AIN decomposition and avoid
contamination from the environment. The face-to-face annealed (FFA) AIN templates were used as
substrates for subsequent AIN MOVPE' depositions of 200, 550, and 1550 nm.

HR-XRD shows that the FFA Sp-AIN layer deposited on the sapphire substrate has a very sharp
interface and appears to be almost fully relaxed; the crystalline quality of this AIN film is very high
as indicated by a full width at half maximum (FWHM) of 39.6 arcsecs; the FWHM of homoepitaxial
films continues to improve with thickness. Raman scattering measurements show the FWHM of all
allowed phonon lines decrease asymptotically with increasing homoepitaxial film thicknesses, while
the line-intensities increase linearly, and the Raman-shifts decrease asymptotically. The 4K CL
spectra of the FFA template and the three epitaxial films clearly show the incorporation of impurity
related point defects” reduce drastically with increasing film thicknesses. SIMS depth profile is
scheduled to identify the chemical nature of the impurities. The 4K CL spectra of the 1550 nm
epitaxial film clearly show an emission band associated with the annihilation of excitons®.
Preliminary 4-point probe resistivity measurements show the sample is highly resistive CGW/0);
more detailed data will be presented. These results clearly verify the high crystalline quality of the
homoepitaxial films and their potential use for high-temperature development.

(1) K. Uesugi et al., Appl. Phys. Express 12 (2019) 065501 (2019) ; (2) T. Nagashima et al., Appl.

Phys. Express 5 (2012) 125501; (3) E. Silveira et al., J. Crystal Growth 281 (2005) 188.
Work supported by the Office of Naval Research
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Abstract text: The next generation of displays will use micron-sized light emitting diodes (micro-
LEDs) emitting red, green and blue colours as individual pixels. The holy grail for micro-LEDs is to
cover all three colours with III-nitrides. The main challenge is the red-emitting InGaN LEDs. The
large lattice mismatch between the InGaN quantum wells (QWs) and the GaN buffer layer causes
strain and defects, which significantly reduce the efficiency of micro-LEDs. We have investigated
the optical properties of red micro-LED structures based on submicron-sized InGaN platelets.

The platelets are grown by selective area growth from a regular array of submicron-sized holes in a
mask on GaN/sapphire substrates by metal-organic chemical vapour deposition in a three-step
process: I) Growth of InGaN pyramids; II) Chemical mechanical polishing to make a template with a
flat top surface; III) Growth of a stack of layers comprising: 1) A lower barrier matching the
template in composition; 2) A single QW with higher indium content; 3) A top barrier matching the
template in composition. Optionally, a transition layer with a slightly higher indium content than in
the barrier is grown below the QW to promote indium incorporation into the QW.

The optical properties were studied by hyperspectral cathodoluminescence (CL) imaging at room
temperature. The QW emission dominates the spectrum, with contributions from the other layers:
The GaN substrate; the barriers; and the transition layer. The identification of the emission peaks
was done by the ratio of peak intensities and apparent shape of the emitting area at different
acceleration voltages, different penetration depths.

When imaging the QW emission in top view, we observe dark lines in a significant portion of the
platelets. As the different layers emit at different wavelengths, these dark lines can also be observed
when imaging the barrier emission. Most of the dark lines appear in the different layers, with some
minor shifts in position. A combined transmission electron microscopy and CL study of the same
platelets identified the dark lines in the CL images as stacking mismatch boundaries (SMBs), where
an ABAB stacking meets an ACAC in the c-plane. Since SMBs reduce the efficiency of light
emission, it is essential to identify the origin of the defects and to eliminate the source. The latter
will be demonstrated in the presentation.

253



254



Novel devices

2025-07-08
15:30 - 17:00
Novel devices

255



OD-Tue-16B - Far-Ultraviolet Second Harmonic Generation from AlGaN-based Waveguides

3. Optical devices

Ryuji Katayama'

Masahiro Uemukai', Tomoyuki Tanikawa'

! Graduate School of Engineering, The University of Osaka, Suita, Osaka Japan

Abstract text: The invention of InGaN blue light-emitting devices completed the set of high-
brightness, energy-efficient, compact, and long-lifetime LEDs for the primary colors, enriching our
lives and enabling new applications. However, far ultraviolet (FUV) wavelengths remain
inaccessible to semiconductor light emitters. A high sterilization efficacy of FUV light, especially
below 230 nm, allows for human skin surface irradiation without deep tissue damage, offering a
novel infection prevention method beyond vaccines and masks. FUV lasers also serve in
semiconductor manufacturing for inspection and processing. Yet, excimer lamps and AlGaN LEDs
suffer from low efficiency and short lifetimes, necessitating new FUV light sources.

Our lab aims to generate FUV light by halving the wavelength of a high-efficiency, long-lifetime
blue laser using a wavelength conversion device. We chose AlGaN semiconductors for the
wavelength conversion crystal due to their strong optical nonlinearity comparable to ferroelectrics,
surpassing CsLiBsO1o and f-BaB,04, with chemical stability and high optical damage resistance for
high power. Despite this, efficient wavelength conversion in non-ferroelectric, optically isotropic
semiconductors was deemed impossible, leaving AlGaN’s nonlinearity unexplored. But we
fabricated novel (Al,Ga)N-based optical waveguide devices with inverted crystal orientations (i.e.
polarity inversion) via epitaxial growth combined with oxidation [1,2], or wafer bonding [3], and
successfully demonstrated wavelength conversion [4]. We also proposed a novel “Transverse Quasi-
Phase Matching (TQPM)” device structure for high-efficiency conversion by strongly interacting
artificially modulated nonlinear polarization, achieved by introducing polarity inversion along the
stacking direction, with high-order transverse mode electromagnetic waves of the harmonic [5].

This presentation will cover the world’s first 229 nm FUV second-harmonic generation from a
semiconductor device [6], efficiency enhancements via multiple polarity inversions [7] and internal
field enhancement using strained-layer superlattices [8], and the demonstration of an all-nitride FUV
light source pumped by a custom-made InGaN DFB laser [9].

[1] K. Ikeda and R. Katayama et al., phys. stat. sol. (b) 2400161 (2024).

[2] K. Shojiki et al., J. of Cryst. Growth 574, 126309 (2021).

[3] N. Yokoyama and R. Katayama et al., Jpn. J. of Appl. Phys. 61, 050902 (2022).

[4] H. Ishihara and R. Katayama et al., Jpn. J. of Appl. Phys. 61 SK1020 (2022).

[S]N. Yokoyama and R. Katayama et al., Appl. Phys. Express 15, 112002 (2022).

[6] H. Honda and R. Katayama et al., Appl. Phys. Express 16, 062006 (2023).
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[7] T. Tamano and R. Katayama et al., Appl. Phys. Lett. 126, 032108 (2025)
[8] S. Malik and R. Katayama et al., ACS Crystal Growth & Design, accepted.

[9] T. Fukamachi and R. Katayama et al., Appl. Phys. Express 17, 052004 (2024).
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Abstract text: Inactivation of viruses, disinfection of germs, sterilization of the human body,
sensing, and many more diversified global applications are all made possible by far-ultraviolet (UV)
radiation. Because of their greater transparency and optical nonlinearity in the far-UV range, AIN
and AlGaN materials have proven highly beneficial for applications involving wavelength
conversion devices, thanks to their enormous bandgap energy reaching up to around 6.1 eV, or
around 210 nm. We successfully demonstrated the 230 nm far-UV SHG in a vertical non-inverted
AIN/AlGaN superlattice structure. The estimated bandgap energy was approximately 5.79 eV, and
the bandgap energy difference between AIN and AlGaN in a superlattice structure was
approximately 0.41 eV [IWN 2024]. The objective for developing a strained-layer superlattice (SLS)
AIN/AlGaN non-inverted waveguide was to increase the bandgap difference inside the AIN/AlGaN
SLS structure, which in turn enhanced piezoelectric polarization, thus modulating the ds; and third-
order non-linear effects[1]

A sapphire substrate was used to grow an ultra-thin layer of AIN (<90 nm) that was prepared by
sputtering and subsequent face-to-face annealing (SP-FFA). On top of this layer, an AIN/AlGaN
SLS was grown using metal-organic vapor phase epitaxy (MOVPE). Based on the XRD results, the
AIN layer is 4 nm thick, and the AlGaN layer is 2 nm thick. The AIN molar fraction in AlGaN was
78%. The waveguide has a thickness of ~270 nm to satisfy the modal dispersion phase matching
condition between the fundamental wave of 458 nm for the TM00 mode and the second harmonic
(SH) wave for the higher mode (TM02). The finite difference method determined the electric field
distributions and effective refractive indices of the fundamental and SH-guided modes. Improving
the piezoelectric polarization inside the SLS AIN/AIGaN directly affected the nonlinear optical
coefficient y@er . As a result, the nonlinear coupling coefficient kappa (k) was increased to 7.74 W~
2 ¢cm in this work. The higher value of kappa might be useful in reducing the length of the device.
Furthermore, an SHG demonstration will be reported.

Reference:

Shin, W. J., Wang, P., Sun, Y., Paul, S., Liu, J., Kira, M.,. & Mi, Z. (2022). Enhanced Pockels effect
in AIN microring resonator modulators based on AlGaN/AIN multiple quantum wells. ACS
Photonics, 10(1), 34-42
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Abstract text: With the fast development of artificial intelligence (Al), Internet of things (IOT), etc,
there is an urgent need for the technology that can recognize, store and process a staggering amount
of information. AIScN has unique advantages due to its immense remnant polarization, superior
temperature stability and good lattice-match to other IlI-nitrides. However, due to the large band-
gap, strong coercive field, low photo-generated carrier generation and separation efficiency of the
AlScN, it is difficult for itself to accumulate enough photo-generated carriers to induce polarization
inversion, limiting its application in in-memory sensing and computing. To address this issue,

an electro-optic duplex memristor on a AIScN/i-n GaN hetero-structure based Schottky diode is
proposed. This two-terminal memristor shows excellent electrical and opto-electrical

nonvolatility and reconfigurability. At both modes, the current on/off ratio can reach the magnitude
of 10", and the resistance states can be effectively reset, written and long-termly stored. At electrical
mode, the resistance state change originates from the ferroelectric polarization inversion of the
AIScN in the hetero-structure, which influences the depletion region width and electron transport
barrier height of the device. At opto-electrical mode, the memory window can be controlled by the
illuminating light intensity due to the photocunductive effect of the i-GaN layer and the photo-
generated carrier induced electron transport barrier reduction effect, which can regulate the partial
bias applied to the AIScN layer. However, it is challenging to realize optical multi-state due to its
limited light sensitivity for AIScN. Therefore, we further fabricate a AIScN/p-i-n GaN
heterojunction optoelectronic synapse, overcoming the limitation by leveraging hole capture at the
AlIScN/p-GaN hetero-interface. The novel structure maintains excellent memristor characteristics,
realizing an on/off ratio of over 9.36x10°. More importantly, the device can mimic synaptic
characteristics essential for artificial vision systems, achieving an image recognition accuracy of
93.7% with a weight evolution nonlinearity of 0.26. This approach not only extends the applications
of AIScN in optoelectronics but also paves the way for advanced artificial vision systems with image
preprocessing and recognition capabilities.
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Abstract text: Ultraviolet (UV) light sources find many applications, such as curing of different soft
matters, plant growth, medical treatments including wearable devices, etc. For some of them
flexibility and stretchability bring valuable advantages. Nanowires (NWs) thanks to their small
cross-section are ideal active material for flexible LEDs. Moreover, their crystal quality exceeds that
of thin films, which is particularly important in the UV domain where the material quality remains a
major issue. Furthermore, nanowire geometry potentially enhances light extraction efficiency.

In this work, we present a demonstration of flexible UV-A and UV-B LEDs based on GaN NWs
with core-shell GaN/AlGaN quantum wells embedded in n-p AlGaN junction finished by a p-GaN
shell. The NWs were encapsulated into polymer matrices, contacted with single-walled carbon
nanotubes (SWCNTs) patterned films acting as pixel electrodes. The NWs were grown by MOVPE
on c-sapphire substrates, the cathodoluminescence and electroluminescence were first investigated
on single wires [1,2]. Then, polymer-embedded NW composite membranes with a 1 cm2 area were
fabricated. Their electroluminescence at low bias starts with a broad emission around 388 nm (3.195
eV) attributed to donor-acceptor pair recombination of p-GaN accompanied with a weak broad
yellow band at 550 nm (2.25 eV) arising from defects in the GaN core. When the bias is increased,
the QW UV emission appears at about 13 V and rapidly becomes dominant. This UV emission peaks
from 3.54 eV (350 nm) to 4.1 eV (302 nm) depending on the radial GaN/AlGaN quantum well
thickness and barrier content [3].

An optimization of the transparent flexible contact was performed: pre-stretched SWCNTSs patterned
into a meander shape were selected as the best flexible and stretchable contact to the UV membrane
LEDs. Electrical stability was tested under cyclic loads in two directions up to 10% stretching,
demonstrating that after a few cycles the SWCNTSs meander electrodes adopt a configuration that is
insensitive to stretching. The developed UV LEDs were tested as a source for luminophore and
phosphor excitation producing orange and red luminescence, respectively [3]. This paves the way for
flexible compact UV LEDs to be employed in sensing, detection of fluorescent labels or light
therapy.
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[1]10.1063/5.0101591
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Abstract text: [II-nitride Micro light-emitting diode (u-LED) has been regarded a candidate for
next-generation display technologies such as augment-reality glasses due to its high luminous
intensity and robustness. Recently, p-LEDs are considered as the information carrier for co-
packaged optics in data communication. However, as the distance among the chips is brought to
proximity, the optical cross-talk to adjacent pixels has been a limiting factor for the overall
performance at the module level. Therefore, it’s critical to reduce the divergence angle of the
emission pattern of the u-LED by external packaging methods or integrated nanostructures.

GaN-based metasurface collimator (MC) is designed to tailor the spherical wavefront into the plane
wave for the dipole emission on its focus. According to finite difference in time-domain (FDTD)
simulations, the divergence angle in the far field can be reduced from Lambertian ~120 degrees to be
less than 10 degrees, and the normal intensity is enhanced to more than 5 folds. However, dipoles
are distributed randomly within the quantum wells and the actual effectiveness has to be evaluated
experimentally. In this report, we integrated MC mosaics with different widths on the backside of
the u-LED epitaxy by sequential laser lift-off, electron-beam lithography, and dry-etching. Angle-
resolved photoluminescence (PL) showed that the LED epi with 4 um MC mosaic has a 2.9 times
power enhancement along the normal direction than those without MC. However, that with 8 pm
mosaic is only enhanced 1.2 times. The PL divergence angle was reduced by 24 degrees with the 4
pm MC mosaic but only 16 degrees with the 8 um MC mosaic. We attributed the significant impact
of the mosaic dimension to the effective collimating area for the MC and the active region. More
detailed design methodology and future optimization strategies will be discussed during the
conferences.
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Abstract text: Understanding the thermodynamics of nitride semiconductor surfaces is crucial for
controlling growth and defect incorporation. However, many surface properties are inaccessible to
direct experimental observation, making theoretical modeling essential. Density Functional Theory
(DFT) is widely used to study surface reconstructions, adsorption, and impurity incorporation, but its
conventional zero-temperature approach limits applicability to real growth conditions.

We improve ab initio thermodynamics by incorporating vibrational contributions via first-principles
phonon calculations, enabling a more accurate determination of free energy, entropy, and chemical
potential as functions of temperature and surface coverage. The surface free energy differs
significantly from standard DFT energy, particularly for adsorbate-covered surfaces, leading to
substantial changes in phase stability. We demonstrate how previously established surface phase
diagrams are modified when vibrational contributions of adsorbates are considered [1].

We examine IlI-nitride surfaces under conditions relevant to Molecular Beam Epitaxy (MBE) and
Metalorganic Vapor Phase Epitaxy (MOVPE), refining predictions under both metal-rich and
ammonia-rich environments. By analyzing metal-covered surfaces, we achieve quantitatively
accurate predictions for the MBE growth window, which opens when the adlayer transitions from a
pseudo-crystalline to a liquid-like state [2]. We also explain differences in Si and Ge incorporation
into GaN and InGaN during MBE growth by analyzing their chemical potential changes when
adsorbed on metallic layers. Understanding the temperature- and coverage-dependent variations of
surface free energy allows us to predict the stability of other adsorbates, such as As on GaN(0001)
[3].

Using DFT, we found significant differences in adsorption and diffusion between Al and Ga lattice
sites on AlGaN surfaces. We constructed potential energy surface maps to identify preferred
adsorption sites and used the Nudged Elastic Band method to determine diffusion barriers and
migration pathways, refining these properties at high temperatures relevant to AIGaN growth by
MOVPE.

[1] P. Kempisty, Y. Kangawa, Physical Review B 100, 085304, 2019.

[2] P. Kempisty, K. Kawka, A. Kusaba, Y. Kangawa, Materials 16, 5982, 2023.
[3] M. Grodzicki, P. Kempisty, et al., Vacuum 233, 113956, 2025.
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Abstract text: UV lamp research focuses on two germicidal spectral ranges: 260-270 nm and 220-
230 nm, with the latter being safer for humans. Mercury lamps (254 nm) remain the standard, while
non-toxic alternatives like KrCl excimer lamps (222 nm) and AlGaN-based LEDs suffer from low
efficiency, which promps interest in alternatives like cathodoluminescent lamps. These devices use a
cold cathode-generated electron beam to excite a semiconductor active region, inducing radiative
recombination.

Here, we present a study on 500-nm-thick stacks of ultra-thin GaN/AIN quantum wells (QWs)
grown by plasma-assisted MBE on AIN-on-sapphire. The QW dimensions are tailored to cover the
280-230 nm spectral range. Results are compared with similar structures containing AlGaN/AIN
quantum dots (QDs) [1].

The growth process begins with the deposition of 170 nm of n-type GaN, which helps dissipate
charges and minimizes the formation of conical defects responsible for bimodal luminescence [2].
Then, a 45-period QW superlattice is deposited, with a period consisting of 1-5 monolayers (MLs) of
GaN and 8.8 nm of AIN. A growth interruption under N flux is introduced after the deposition of
AIN to consume the Al excess. For the GaN layers, the Ga excess evaporates during the growth of
the following AIN layer.

Our results highlights the critical role of the substrate temperature in the radiative performance of
QWs. Optimal conditions are achieved at approximately 720°C, the ideal growth temperature for
GaN. Higher temperature induce triangular cracks, leading to spectral broadening. Furthermore, to
ensure a planar surface morphology during the growth of AIN barriers, it is essential to maintain an
AI/N ratio greater than 1.2.

By reducing GaN deposition time, we obtained thinner QWs, with the emission shifting from 380 to
230 nm as thickness approaches 1 ML. Cathodoluminescence (CL) measurements indicate that the
internal quantum efficiency (IQE) increases as the QW thickness decreases, reaching a maximum for
1 ML QWs. QWs emitting at 300 nm exhibit distinct TE polarization, whereas those emitting at 236
nm do not display any preferred polarization. In the disinfection range, the power efficiency of QWs
and QDs appears to be comparable. Regarding light polarization,

[1] Cafias et al. ACS Photonics 10, 4225 (2023); [2] Canias et al. ACS Nano 18, 11886 (2024).
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Abstract text: Recently, AIN-based electron devices have attracted significant attention due to the
large breakdown electric field and high thermal conductivity of AIN. Pseudomorphic AIN/GaN/AIN
heterostructures grown on high-quality AIN substrates take advantage of the low dislocation density
and enhanced 2DEG carrier density, making them ideal for power or RF HEMTs. While the Cornell
University group has successfully grown AIN/GaN/AIN structures using MBE [1], adopting
MOVPE is more suitable for industrial applications. Our group has recently reported the
pseudomorphic growth of 21-nm-thick GaN on AIN (0001) substrates using MOVPE [2], as well as
the 2DEG characteristics of AIN/GaN/AIN heterostructures grown [3]. However, pseudomorphic
growth was only achieved when using very small miscuts of less than 0.1°, whereas larger miscuts
led to lattice relaxation. Moreover, smaller miscuts tend to induce island-like growth, which may
degrade the 2DEG characteristics. Therefore, achieving pseudomorphic growth on substrates with
larger miscut angles is crucial for improving 2DEG quality.

In this study, we focused on optimizing the growth conditions of the AIN buffer layer. It was found
that reducing the buffer layer growth temperature to 950°C resulted in an waving step structure on
the surface. By growing an AIN (9 nm)/GaN (12 nm) heterostructure on this AIN buffer layer under
the same conditions as our previous study, we successfully achieved pseudomorphic growth even on
substrates with larger miscut angles such as 0.2°. Comparative analysis of Hall-effect measurements
on samples with different miscut angles revealed that substrates with larger miscut angles exhibited
superior 2DEG properties. Furthermore, while we previously used tri-methyl gallium (TMGa) for
growth, we speculated that tri-ethyl gallium (TEGa) might offer advantages in terms of impurity
reduction and therefore switched the precursors. As a result, in combination with optimized miscut
angles, Hall-effect measurements at room temperature showed an electron mobility of 528 cm?/Vs, a
sheet carrier concentration of 2.3x10"* cm2, and a sheet resistance of 507 Q/sq. These results
demonstrate the strong potential of MOVPE growth for AIN/GaN/AIN heterostructures.

[11Y. Chen et al., APL 125, 142110 (2024).

[2] A. Yoshikawa et al., JJAP 63, 060903 (2024).
[3] A. Yoshikawa et al., J. Appl. Phys. submitted.
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Abstract text: AlIGaN/GaN high electron mobility transistors (HEMTs) are essential components in
high-power and high-frequency applications. These capabilities are driven by HEMT device scaling
technologies which enable high electron density of the two-dimensional electron gas (2DEG) and
short gate-to-channel distance, achieved through use of high-Al-content ultra-thin barrier layers. The
barrier layer plays a crucial role on the HEMT transport properties. However, precisely controlling
its thickness and composition remains challenging due to the diffusion effects at the elevated
temperatures of metalorganic chemical vapor deposition (MOCVD) [1]. Uncontrolled Ga/Al
redistribution results in deviations in barrier thickness and composition, interface blurring and
ultimately, degradation of the 2DEG properties.

In this work, we develop the growth process for ultrathin (sub-10 nm) and high Al-content (up to
80%) AlGaN barrier GaN HEMT structures by hot-wall MOCVD. Advanced characterization
involving scanning transmission electron microscopy (STEM) and energy-dispersive X-ray
spectroscopy (EDS), enable experimental determination of the Al profiles revealing deviations from
the intended structures with Al content of 50%, 70% and 100%. Furthermore, numerical simulations
of Al diffusion processes occurring during growth and cooling, highlighted the impact of high-
temperature kinetics and reactor memory effects on the final barrier composition profile. By
combining the experimental observations with the results from Lehighton and terahertz optical Hall
effect (THz-OHE) [2] measurements, we critically analyze and discuss the implications of Al-profile
deviations on the 2DEG properties and device performance.

1. Papamichail et al., Appl. Phys. Lett. 125, 123505 (2024).
2. Armakavicius et al., Materials 17, 3343 (2024).
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Abstract text: One of the challenges in development of AlGaN-based deep-ultraviolet (DUV) laser
diodes (LDs) is the improvement of hole supply into the active region [1]. The only effective method
to overcome this problem so far is the use of distributed polarization doping (DPD) based on
compositionally-graded AlGaN layers.

The DPD is commonly used in practically all DUV LD structures. However, limitations of this
approach are studied in insufficient detail. Growth of the DPD layers inevitably results in mismatch
stress, which can be relaxed via cracking, thus deteriorating the device performance. Here, we
present a study of limitations for DPD approach due to possible cracking, considering state-of-the-
art DUV LD structures [2,3].

For estimation of cracking probability, we use the stress intensity factor (SIF) approach [4]. By
cracking, we imply the mode I crack channeling [5], producing a cracks network, covering the whole
growth surface. We simulate the epitaxy of the structures, calculating evolution of maximum SIF as
a function of crack depth and comparing it with the critical value. Exceeding the SIF critical value
means cracking of the structure.

Two LD structures were described in [2]: a non-optimal Sample 1 and optimized Sample 2. Authors
of [2] adjusted the composition of DPD-layer by band-diagram modeling, and experimentally
obtained a strong improvement of the device efficiency and output power, explaining the result by
electronical reasons only. Our simulations predict cracking of the DPD-layer in Sample 1, in contrast
to Sample 2. So, cracking can also be a reason for deterioration of LD performance and should be
considered during structure optimization.

Investigation of the structure from [3] shows, that it was well-optimized, regarding its potential
cracking. The maximum SIF for this structure is close, but does not exceed critical value. Based on
the structure design, we have examined its sensitivity to variations of thicknesses and compositions
of various layers. The applied approach can be also helpful for optimization of DPD layers in DUV
light-emitting diodes.

[1] M. Iwaya et al., Jpn. J. Appl. Phys. 61, 040501 (2022)
[2] R. Kondo et al., Appl. Phys. Lett. 121, 253501 (2022)
[3] T. Omori et al., Appl. Phys. Express 13, 071008 (2020)
[4] A. Romanov et al., Int. J. Mat. Res. 98, 8, 723 (2007)
[5] J. Hutchinson, Z. Suo, Adv. Appl. Mech. 29, 63 (1992)

268



UV Lasers and LEDs with enhanced carrier injection

2025-07-08
15:30 - 17:00
UV Lasers and LEDs with enhanced carrier injection

269



OD-Tue-16A - Low-Threshold Current (~25 mA) AlGaN-Based UV-B Laser Diodes Utilizing
Refractive Index Waveguide Structures on Lattice-Relaxed AlIGaN

3. Optical devices

Motoaki Iwaya'

Takumu Saito', Rintaro Miyake', Ryota Watanabe', Sho Iwayama', Satoshi Kamiyama', Tetsuya
Takeuchi', Hideto Miyake?, Koichi Naniwae®

! Meijo University, Nagoya, Japan

2 Mie University, Tsu, Japan

3 Ushio, Inc., Gotenba, Japan

Abstract text: UV-B light (wavelength: 280—315 nm) has numerous applications, including the
treatment of skin diseases. In particular, there is a strong demand for the development of compact,
highly efficient, high-output AlGaN laser diodes. We have successfully achieved room-temperature
pulsed lasing by utilizing high-quality, lattice-relaxed AlGaN crystals and applying polarization
doping to the p-type AlGaN cladding layer. Additionally, our recent studies have revealed that
enhancing the abruptness of the heterointerface between the electron blocking layer and the p-side
optical waveguide layer improves carrier injection efficiency. However, compared to visible GalnN-
based laser diodes operating in the violet, blue, and green regions, UV-B AlGaN-based laser diodes
still face challenges, particularly high threshold currents.

In this study, we investigated the fabrication and evaluation of refractive-index-waveguided UV-B
AlGaN-based laser diodes with a ridge structure designed to enhance lateral optical confinement.
Theoretical calculations using the equivalent refractive index method indicated that etching down to
the vicinity of the active layer effectively strengthens lateral optical confinement. However, a trade-
off was observed: as the etching depth approached the active layer, the proportion of non-functional
devices exhibiting current leakage increased significantly. Within the experimental scope, it was
suggested that stopping the etching near the interface between the p-side optical waveguide layer and
the electron blocking layer was optimal, balancing both superior device characteristics and high laser
oscillation yield.

Based on these findings, we fabricated a prototype laser diode under the optimized conditions. A
prototype laser diode with an optimized structure successfully achieved pulsed lasing at a threshold
current of 25 mA (corresponding to a threshold current density of 3.1 kA/cm?) at room temperature
in a device with a 300-um-cavity-length without edge coating. This represents a remarkably low
threshold current for the UV-B region, comparable to that of visible violet, blue, and green GalnN-
based laser diodes. Furthermore, near-field analysis experimentally confirmed that the ridge
structure significantly improved lateral optical confinement. In this presentation, we will discuss
these device characteristics in detail.
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Abstract text: The performance of AlGaN-based deep UV laser diodes (LDs) has been improving,
but their carrier injection efficiency (1);) remains low at ~10%, far below that of visible and infrared
LDs [1,2]. Additionally, the characteristic temperature (To) of UV-C LDs is ~107 K [2], less than
half that of visible LDs, indicating poor carrier confinement. Simulations suggest that a steep and
large AIN mole fraction difference of 0.55 between the p-side waveguide layer and the electron-
blocking layer (EBL) in the UV-B LD could enhance n; to ~90% [3]. However, solid-phase diffusion
may unintentionally form a graded AIN mole fraction layer at these interfaces. While low-
temperature growth has been reported to mitigate this [2-4], the impact of graded layer thickness and
AIN mole fraction differences on UV-B LD performance remains unclear. This study investigated
these effects.

We fabricated five UV-B LD samples (lasing wavelength of ~302 nm) with graded layer thicknesses
of2,5,9, 15, and 29 nm by fixing the AIN mole fraction difference between the EBL and p-side
waveguide layer at 0.55 and adjusting growth conditions. The graded layer thickness was measured
using Z-contrast scanning transmission electron microscopy. 1; was estimated from the reciprocal
dependence of external differential quantum efficiency on cavity length. To was determined from the
change in threshold current when the device temperature was varied between 10°C and 70°C.

The analysis results showed n; values of 22%, 18%, 23%, 7%, and 9% for graded layer thicknesses
of2,5,9, 15, and 29 nm, respectively. Reducing the graded layer thickness from 29 nm to 2 nm
increased 1;, demonstrating that n; in UV-B LD exceeding 20% can be achieved experimentally. A
reduction in threshold current density was also observed. Furthermore, for 2 nm, To reached 208 K,
comparable to that of blue LDs (150-300 K), indicating that enhancing the heterojunction barrier
between the EBL and p-side waveguide layer is highly effective. However, discrepancies between
experimental and simulated ; values suggest room for further improvement, requiring additional
verification.

[1]R. Kondo et al. Appl. Phys. Lett. 121, 253501(2022).
[2] Z. Zhang et al. Appl. Phys. Lett. 124, 061109 (2024).
[3] T. Saito et al., Phys. Status Solidi A (under review).

[4] T. Saito ef al., Appl. Phys. Lett. (in print).
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Abstract text: Deep ultraviolet AlGaN-based UV-LEDs emitting below 250 nm have attracted
much attention for their wide applications. In the UV spectral range, especially in the deep-UV 200
— 250 nm, low hole injection efficiency brought on by a confluence of high Mg activation energy
and limited hole mobility in the p-AlGaN layer as well as control over non-radiative recombination
channels pose major challenges. A comprehensive characterization on nanoscale to address each
individual layer with a detailed analysis of the carrier transport is required to further understand and
improve such devices.

The UVC-LED under study was grown by MOVPE on a 4 um thick AIN template on sapphire.
Subsequently to an undoped AlgssGag.14N buffer (about 500 nm thick), a 1.7 um thick Si-doped n-
AlyssGag.14N layer follows. The active region consist of a 4-fold UV MQW (1 nm Aly94GagosN
barrier with 3.5 nm AlossGao.14N well), a 6 nm Al os—0.36Ga0.06—0.14N spacer and a 9 nm thick p-AIN
electron blocking layer. The LED is completed by a 75 nm p-Alp9Gao. 1N layer and finally a p-GaN
layer (75 nm thick) on top, both layers heavily Mg-doped (10*° cm™).

A direct one-by-one correlation of the optical properties with the real structure of the far-UV-LED
emitting at 228 nm is presented using low temperature cathodoluminescence spectroscopy (CL)
directly performed in a scanning transmission electron microscope (STEM) to determine the local
defect density, composition homogeneity - especially the in-plane Al uniformity in the Al-rich
AlGaN layers - strain distribution, and impurity incorporation on nanometer scale. In particular, we
focus on the capture of excess carriers in the active region as well as the identification of non-
radiative recombination mechanisms.

Cross-sectional CL linescans across the active region reveal the characteristic emission of the
individual layers: the n-AlossGao.14N layer exhibits an intense emission at 226 nm, whereas the p-
Alp9Gag 1N shows only weak luminescence at much shorter wavelength (A =214 nm). The
subsequent following p-GaN is highly Mg-doped yielding to a donator-acceptor pair (DAP) band
above 395 nm. The UV-MQW emits at a wavelength of A = 230 nm. The vertical capture of excess
carriers into the UV-MQW is comprehensively characterized.
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Abstract text: Ultraviolet-C light emitting diodes with emission wavelengths shorter than 240 nm
(far-UVC LEDs) are suitable for skin-safe UVC antisepsis [1]. However, the poor p-type
conductivity of Mg-doped AlGaN impedes the hole injection in far-UVC LEDs. Therefore,
distributed polarization doping (DPD) of AlGaN has been explored to circumvent the high ionization
energies of impurity doping [2]. The present study investigates the impact of DPD layers employed
as hole injection layer with different thicknesses (25 — 150 nm) on the net concentration of
polarization charges N (corresponding to the hole concentration) and the external quantum efficiency
(EQE) of far-UVC LEDs with a peak emission wavelength of 233 nm. All LED heterostructures
were grown by metalorganic vapour-phase epitaxy and included a p-type AlGaN DPD layer with a
linear composition grading from AIN to AlosGao2N. Capacitance-voltage (CV) and
electroluminescence (EL) measurements were carried out to determine the depletion width w, N and
EQE. The charge carrier profiles reveal three different regions. In the first region (w < DPD
thickness) N is constant and corresponds to the charge carrier concentration of the DPD layer. In the
second region (w = DPD thickness) N exhibits a minimum, originating from the transition to the
lower band gap p-GaN:Mg layer. Lastly, in the third region (w > DPD thickness) N corresponds to
the doping concentration of the p-GaN:Mg contact layer. Evaluating N in the first region yields an
increase in N from (9.7 £ 0.5) x 10'7 cm™ for the 150 nm thick DPD to (2.5 + 0.1) x 10" ¢cm™ for the
50 nm thick DPD. At the same time the peak EQE (cw, on-wafer) increased from 0.19 % for the
LED with a 150 nm thick DPD to 0.3 % for the LED with a 25 nm thick DPD. The increase of N can
be explained by the stronger composition gradient for thinner DPDs leading to a higher polarization
charge N. Simulations show that a higher N for thinner DPDs leads to a higher current injection
efficiency which explains the increase in EQE. This study shows that distributed polarization doping
of AlGaN is a promising alternative compared to conventional Mg doping for efficient p-type
conductivity and that CV measurements are suitable for the determination of M.

[1] Glaab et al., Sci. Rep., 11, 14647 (2021) [2] J. Simon et al., Science 327, 60-64 (2010)
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Abstract text: An AlGaN-based 230 nm far-ultraviolet-C (far-UVC) light-emitting diode (LED) is
safe to be used in manned environments against viruses, bacteria, and fungi. However, the external-
quantum efficiency (EQE) of far-UVC LEDs is quite low due to the hole leakage, electron leakage,
and low carrier injection efficiency into MQWs. Such hole leakage or electron leakage can promote
non-radiative recombination channels and pose major challenges in the Al-rich far-UVC LEDs.

In this work, a new polarisation-assisted n-AlGaN Electron Injection Layer (EIL) on the n-side (n-
PA) of far-UVC LED was investigated both theoretically and experimentally to generate 3D electron
density. The n-PA based LED under study was grown by MOVPE on a 4 um thick AIN template on
c-plane sapphire. Subsequently, heteroepitaxy of undoped Alo.ssGao. 14N buffer (500 nm thick), a 1.7
um thick Si-doped n-AlossGao.14N buffer layer, and a 30 nm-thin n-side polarisation-assisted (n-PA)
n-Alp 36-097Ga0.14-003N EIL were grown. The quantum well consists of a 4-fold QW (1 nm
Alo.9aGag o6N barrier with 3.5 nm AlpssGao 14N well), a 6 nm ud-Alp.94—.086Gao.0s—0.14N final barrier
and a 9 nm thick p-AIN electron blocking layer. The LED is completed by a 75 nm p-AlpoGao. 1N
layer and finally a p-GaN layer (75 nm thick) on top, both layers heavily Mg-doped (10*° cm™). Our
previous reference LED was similar to the n-PA LED, except for the Flat n-AlGaN EIL part.

When Al-deposition is started from Ga-face crystals and graded from low Al composition (0.86) to
high Al composition (0.97) in n-AlGaN EIL, the polarisation bound charge is positive, and it induces
the generation of mobile 3D electrons. As a result, the EQE and light output power of the polarized
far-UVC LED on-wafer under continuous-wave operation at RT was enhanced to 0.22% and 1.2
mW. More interestingly, the emission wavelength was pulled toward a shorter of 229 nm, and also
the operating voltages were reduced in the n-PA LED. The new n-PA based LED has been
investigated theoretically using the SILENSe simulation model. It was observed that the hole current
density leakage toward the n-side was remarkably suppressed when compared to the conventional
flat n-AlGaN EIL-based LED. Finally, quite improved carrier injection efficiency (CIE) of 58% (n-
PA LED) was observed, when compared to the referenced structure having a CIE of 29% (Flat n-
AlGaN EIL LED).
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Cracking the Code of GaN Crystal Growth: Advances, Challenges, and the Road Ahead

1. Growth
Michal Bockowski'
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Abstract text: This lecture provides a comprehensive overview of GaN crystallization, exploring its
history, current advancements, and future technological directions. GaN has revolutionized the
semiconductor industry, enabling breakthroughs in optoelectronics and high-power, high-frequency
electronic devices. The discussion will trace the evolution of GaN crystal growth, highlighting key
milestones, recent progress, and future prospects.

Various growth techniques will be examined, including halide vapor phase epitaxy (HVPE), high-
nitrogen-pressure solution (HNPS) growth, the sodium flux (Na-flux) method, and acidic and basic
ammonothermal methods. Presently, GaN crystallization is dominated by the Na-flux and HVPE
methods, along with derivatives such as halide-free vapor phase epitaxy (halide-free VPE) and oxide
vapor phase epitaxy (oxide VPE), as well as ammonothermal processes.

Among these, the ammonothermal method—originally proposed by Dwilinski—remains the most
promising. A comparative analysis of acidic and basic ammonothermal growth will highlight their
advantages, limitations, and technological challenges. While ammonothermal GaN yields high-
quality crystals, optimizing growth rates and material quality remains an ongoing challenge. The
integration of ammonothermal and HVPE technologies offers significant potential, despite existing
hurdles. The lecture will also examine the properties of HVPE-GaN grown on ammonothermal GaN
substrates and explore the Na-flux method’s role in seed production for ammonothermal growth.

Scaling GaN crystal growth for commercial applications remains a critical challenge. The
development of larger ammonothermal autoclaves and advanced seed growth techniques is essential,
with 6- and 8-inch GaN wafers dependent on further advancements in ammonothermal scalability.
The lecture will outline the current progress and realistic timelines for these developments.

Finally, the transition from bulk crystal growth to usable substrates requires precise processing
techniques, including wafer cutting and surface treatment. The lecture will conclude by discussing
key applications of GaN substrates in optoelectronic and electronic devices, such as high-power
vertical transistors and laser diodes.
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Abstract text: The integration of III-nitride semiconductors with two-dimensional (2D) materials
presents transformative platforms for next-generation hybrid optoelectronic systems, yet the epitaxy
of wafer-scale transferrable IlI-nitride films with simultaneously high uniformity and low threading
dislocation density remains a critical challenge. Here, we demonstrate a quasi-van der Waals epitaxy
(quasi-vdWE) strategy using engineered 2D material buffer layers to achieve 4-inch transferrable
single-crystal GaN films, highly uniform green light-emitting diodes (LEDs), and ultra-dense
vertical micro-LEDs. We reveal that interfacial bonding hybridization—covalent interactions
synergized with weak vdW forces—critically governs GaN crystallinity: the quasi-vdWE regime
enforces in-plane crystallographic registry, enabling single-crystalline growth, whereas pure vdW or
remote epitaxy regimes yield polycrystalline films due to insufficient interfacial interaction. By
manipulating the atomic configuration at GaN/2D heterointerfaces, we achieve selective nucleation
and growth of metal-polar or nitrogen-polar GaN domains on graphene and h-BN, providing a
versatile platform for both film growth and device fabrication. Furthermore, replacing transferred
few-layer graphene (<3 monolayers, MLs) with epitaxial graphene (=3 MLs) and introducing growth
mode regulation during metalorganic chemical vapor deposition (MOCVD) triggers dislocation
bending and annihilation, reducing threading dislocation densities in metal-polar GaN films from
3x10” em™ to 2x10® cm™. These advances resolve the crystal quality-transferability paradox in
quasi-vdWE, establishing that epitaxial 10-ML graphene buffer layers provide atomically continuous
and weakly coupled interfaces for high-quality GaN growth while maintaining mechanical
strippability. This breakthrough enables the fabrication of 4-inch strippable green LED epiwafers
with excellent wavelength uniformity (c<I nm) and ultra-dense micro-LED arrays (6,350 pixels per
inch, 2-um pixel size) operating at 1x10°® nit brightness. Our work bridges atomic-scale interface
control with wafer-scale manufacturing, paving the way for production of transferrable III-nitride
films, which hold significant promise for applications in ultrahigh-resolution displays and next-
generation optoelectronic devices.
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Abstract text: Deep ultraviolet (DUV) edge-emitting lasers have garnered significant attention due
to their potential applications in sterilization, precision material processing, and optical
communication. While remarkable progress has been made, further advancements in device
performance are essential to unlock their full potential. Key challenges remain, including enhancing
electrical conductivity, improving crystal quality, and minimizing fabrication-induced defects. In
particular, the impact of polarization-induced effects in AlGaN-based heterostructures has become a
critical factor in device design, requiring new approaches to carrier injection and recombination
management.

This talk will discuss recent progress in optimizing DUV laser device characteristics, with a focus on
heterostructure design, carrier injection efficiency, and defect management. Through the
development of laser diodes, we have demonstrated the effectiveness of polarization-enhanced
doping techniques, which has drawn significant attention to polarization-based device designs. This
has led to broader applications beyond lasers, as exemplified by our recent demonstration of high-
voltage PN diodes utilizing polarization doping for both n- and p-type layers. These findings
highlight the potential of polarization engineering in wide-bandgap semiconductor devices, paving
the way for next-generation power electronics and optoelectronic components.

As we move forward, continuous advancements in material engineering and device design will be
crucial not only for the practical realization of DUV lasers but also for the broader development of
next-generation photonic and electronic devices. These efforts are expected to drive innovations in
high-power, long-lifetime devices across a wide range of wavelengths, expanding the frontiers of
semiconductor technology. By further exploring the polarization effects, defect control, and novel
device architectures, we aim to establish a foundation for future breakthroughs in both optical and
electronic applications.
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Abstract text: Hexagonal-BN (h-BN) stands out as a nitride workhorse in the world of two-
dimensional (2D) materials, finding immense application as a passive component in devices (e.g., as
a substrate for other 2D materials), while also providing useful active capabilities (e.g., as an
optically hyperbolic material for mid-IR photonics). The most demanding experiments involving h-
BN utilize bulk crystals. Although these samples provide the highest purity and crystallinity their
size (= 1 mm x 1 mm X% 0.1 mm) is a limitation and current growth techniques lack scalability.
Therefore, to fully realize the various capabilities of h-BN, substantial improvements in bulk crystal
growth capabilities are required. Particularly important is the development of methods which
increase bulk crystal size while also further reducing the concentration of extrinsic impurities and
structural defects. The characteristics of the traveling-solvent floating-zone (TSFZ) technique — a
crucible-free instantiation of directional solidification — make it appropriate for addressing these
issues, provided a compatible flux can be found. While the established Ba-B-N-based flux for h-BN
growth is incompatible with TSFZ due to the GPa level pressures required, recent advances have
demonstrated that high-quality crystals can be grown from transition metal fluxes (e.g. FeCr). This
opens the possibility of applying TSFZ to h-BN. Here, we explore the potential of this technique to
improve the state of bulk h-BN crystal growth with respect to purity, structural perfection, and
crystal size. We present an investigation of a wide range of growth parameters — including flux
composition, gas pressure, and growth geometries — which, guided by efficient first-pass
characterization by X-ray tomography, has led to the first growth of h-BN crystals via TSFZ. The
resulting crystals are characterized by a variety of standard techniques, including Raman and
photoluminescence spectroscopy, demonstrating comparable structural perfection in parallel with
improved purity. This discovery begins an exciting new area of development for bulk crystal growth
of h-BN with the potential to conquer many of the existing challenges related to fully exploiting its
potential.
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Abstract text: Ability to change majority carrier type by doping differentiates semiconductors to
other material classes. In the wide bandgap semiconductors such as GaN, dependence of the
formation energies of charged defects on the Fermi energy is notable. In p-type layers doped with
Mg only a 1% of the incorporated Mg atoms generate holes at room temperature, so to achieve high
density of holes very high amount of dopants is needed, which leads to creation of compensating
point defects including Mg self-compensation [1,2].

It has been shown that above band gap illumination (ABGI) during growth of GaN:Mg thin films by
metalorganic vapour-phase epitaxy (MOVPE) enables control over formation of point defects. It
changes concentration of unintentional point defects such as H, O and possibly nitrogen vacancies
(Vn) by modifying their formation energies. Also Mg ions are no longer compensated by H
introduced during growth, which eliminates the cause for post-growth annealing and leads to
enhanced p-type conductivity [1,3].

In this work we report on ABGI during plasma-assisted molecular beam epitaxy (PAMBE), which is
a hydrogen-free technique. The 360 nm laser with output power of 200 mW as a source of
illumination, was applied through collimator mounted on a UV -transparent viewport of the reactor.
We investigated visible LED structures where ABGI was introduced during p-type layers growth. In
the interest of creating polarization induced hole-doping with high carrier concentration, we decided
to use a Mg-doped graded AlGaN. Two sets of LEDs were prepared: the first one with and without
ABGI during growth in the AlGaN layer, doped with Mg and the second one without any p-type
doping.

We show that by introducing Mg doping into graded AlGaN layers we increase operating voltage of
these devices similarly to reports for MOVPE-grown LEDs [4]. Based on the electroluminescence
measurements we show that ABGI during PAMBE growth prevents compensation from oxygen or
intrinsic point defects/complexes, resulting in remarkably lower operating voltage for examined
samples, while maintaining similar wavelengths and power outputs.

[1] M. P. Hoffmann, et al., 2014, Proc. SPIE

[2] Cai X., et al., 2022, Phys. Rev. B

[3] Z. Bryan, et al., 2013, J. Electron. Mater.

[4] K. Sato, et al., 2021, Applied Physics Express
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Abstract text: Alloying of transition metals (such as Sc and Y) into AIN has attracted attention
because such alloys can be lattice-matched to GaN while providing higher polarization-induced two-
dimensional electron gas (2DEQG) densities compared with the conventional AlIGaN/GaN
heterostructures in high electron mobility transistors. However, the growth with metalorganic vapor
phase epitaxy (MOVPE) is challenging because of the low vapor pressures of the available sources
of Y and Sc.

As a possible alternative, we investigated MOVPE growth of wurtzite aluminum arsenic nitride
(AlAsN). For arsenic, there are three proven precursors AsHs, trimethylarsine, and
tertiarybutylarsine (tBAs) with high vapor pressures. According to our calculations, 8% As in
AlAsyNi.y can be lattice-matched to GaN and would result in approximately twice the 2DEG density
compared to Alo3GaosN/GaN. The 2DEG density would even exceed that of AIPyN.,/GaN
pioneeringly reported by our group with similar strain conditions.

Despite these merits, no reports exist of AlAsyN.,y. Thus, this study investigated the fundamental
growth process of AIAsN by MOVPE on GaN/sapphire templates using tBAs, TMAL and NH3 as
precursors. To explore the full parameter space, AIAsN/GaN heterostructures were grown on semi-
insulating GaN/sapphire templates. We settled for high V/III ratios as we did not observe significant
As-on-Al anti-site formation even with high tBAs or NH; flows. This is because there are no stable
As-N compounds and hence no gas phase reactions. In comparison, the strong reaction between NH3
and P precursors during the growth of AIPyN;., led to a high density of P-on-Al antisite defects when
increasing P or N partial pressure. Instead, we found growth temperature is important for As
incorporation. By lowering the temperature, more As incorporates into AlAsyNi.y due to reduced As
desorption from the surface. For instance, the As content of AIAsyN .y decreases from ~ 2% at 700°C
to nearly zero at 800°C. So far, AlAsN with ~ 1.2% As exhibited the best sheet resistance of 1288
ohm/sq., indicating the formation of 2DEG at the AIAsN/GaN interface. However, surface
roughness and probably point defects in AIAsN need further study for better electrical properties.
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Abstract text: Alloy systems of transition metal nitrides exhibit remarkable properties, making them
highly promising for diverse applications. Among these, SCAIN has emerged significant attention
due to its enhanced piezoelectric coefficient and ferroelectric behavior[1][2]. Inspired by the atomic
similarities of Y and Sc, theoretical studies predict that YAIN could exhibit even superior potential
in piezo-acoustic applications[3][4], which is due to the predicted higher stability of YAIN in
wurtzite structure at high alloy concentrations, up to x = 0.75[3]. However, experimental studies on
YAIN are limited, leaving critical gaps in understanding this material system.

This work focuses on sputter growth of high-quality wurtzite YAIN thin films and their structural,
optical, and electrical characterization. It was observed that strain in basal plane has significant
impact on the structural quality of YAIN. This approach was studied using low-concentration YAIN
as a buffer layer to support higher-concentration layers, effectively reducing strain. This method
proved successful, as the formation of wurtzite-phase films up to x = 0.37 yttrium concentration was
observed[5]. At higher concentrations, formation of amorphous YAIN was observed. The
corporation of Y atoms in the films was proved by band gap measurements, but no specific crystal
structure could be identified for the films. Using the combination of band gap, x-ray diffractometry,
and AFM measurements, it was speculated that amorphization of YAIN before reaching the
theoretical phase transition is one of the main limitations of stabilizing wurtzite structure at high
alloy concentrations. This behavior was not predicted by theoretical studies and was not observed in
similar alloy, ScAIN.

Future efforts aim to achieve higher Y concentrations by engineering growth methods and stabilizing
the wurtzite phase. Understanding the structural phase transition of YAIN and further enhancing its
structural quality is an important step in advancing our understanding of this promising material
system and its potential for next generation device application.

[1]M. Akiyama et al, Adv. Mater, 21, 593(2009)

[2]S. Fichtner et al, J. Appl. Phys. 125, 114103(2019)

[3]A. Zukauskaite et al, J. Phys. D: Appl. Phys 45, 422001(2012)
[4]A. Assali et al, Mater. Today Commun. 26, 102067(2021)
[SIN. Afshar et al, J. Appl. Phys. 136, 185103(2024)
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Abstract text: Recent advancements in I1I-nitride-based solar cells show that incorporating an
amorphous silicon (a-Si) buffer layer enhances the interface quality and photovoltaic efficiency of
[II-nitride on Si heterojunctions. This study reviews the strategies used to enhance the efficiency of
solar cells based on this kind of heterojunctions and examines the influence of the AlInN thickness
and Al content on the structural, electrical, and optical properties of n-AllnN/a-Si/p-Si(100)
heterojunction solar cells to optimize their photovoltaic performance.

Structures were fabricated by reactive RF sputtering, with an a-Si buffer layer of 15 nm deposited at
550°C and 30W (DC) [1]. AlInN layers with different thickness (80, 130, 230, and 330 nm,
corresponding to samples E80, E130, E230 and E330) were grown at the same temperature under
pure N2, with RF powers of PIn = 30W and PAl = 125W. Structural characterization via X-ray
diffraction confirmed crystalline wurtzite phase with no phase separation, yielding an Al mole
fraction of ~0.31. Optical transmittance spectroscopy indicated a bandgap energy ~2.1 eV.

Solar cells with an active area of ~0.7 cm? were fabricated, with 120 nm-thick Al top and bottom
contacts deposited by DC sputtering at 100W and 75W, respectively. Current-voltage characteristics
were measured under dark and AM1.5G solar illumination (1000 W/m?). As the layer thickness
increases, the open-circuit voltage (Voc) and fill factor (FF) initially improve, reaching a peak
efficiency of 2.1%. However, for E230, a slight trade-off between Voc and short-circuit current
density (Jsc) leads to a minor efficiency drop. In the thickest device, E330, further efficiency loss
occurs due to the reduced light transmission of the AlInN, that reduces the amount of light reaching
the depletion region close to the silicon substrate. This optical loss limits the carrier generation,
ultimately decreasing the efficiency of the device.

This study highlights the critical role of the III-nitride thickness for optimizing the performance of
AlInN/a-Si/Si(100) heterojunction solar cells, providing valuable insights for further development of
[II-nitride-based photovoltaic devices.

[1] M. Sun et al. Mat. Sci. Semicon. Proc., 176, 108321, 2024

Financial support was provided by RELY project (MICIU/AEI/10.13039/501100011033 Next
Generation EU/ PRTR) with ref PDC2023-145888-100.
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Abstract text: GaN-based p-i-n photodiodes can provide enhanced UV light detection. One
important variable to understand is the impact of the quality of the native-GaN substrate. In this
work, we present data on top-illuminated ultraviolet Avalanche Photodiodes (APDs) with Shallow
Bevel Mesas (SBMs) edge termination, grown by metalorganic chemical vapor deposition on three
different (0001) n-type GaN substrates with threading dislocation densities < 1E6 cm™. Substrate A
is a free-standing (FS) GaN substrate grown by hydride vapor phase epitaxy (HVPE). Substrate B is
a FS GaN substrate derived from HVPE growth on ammonothermal (AM) bulk GaN seeds.
Substrate C is an AM-GaN substrate. 1 pm n-GaN ([#]=5E18 cm™), followed by 350 nm
multiplication layer of GaN:uid ([n]~2E16 cm™), 295 nm p-GaN ([p]=7E17 cm™), and 25 nm p*-
GaN ([Mg]=1E20 cm™) contact layer were grown simultaneously on the three substrates in a CCS
6x2” reactor.

The APDs were fabricated with SBM edge termination to suppress the sidewall leakage current [1].
Multi-step lithography followed by thermal reflow of the photoresist pattern above 200°C was
implemented to form SBM masks. Cl,/BCls-based inductively coupled plasma etching was used to
transfer the patterned photoresist design to the GaN surface around the device mesas. To reduce the
absorption loss in the p-layer, 150 nm-deep recessed windows were etched into the p-GaN. The
devices were passivated with spin-on glass.

The reverse J-V characteristics of 60 um diameter devices show low leakage current densities below
10™ A/cm? for reverse biases up to 57%, 64%, and 67% of the respective breakdown voltages (BVs)
of -105+1.5,-107 £ 0.2, and -110 £ 0.1 V for devices on Substrate A, B and C respectively. At 1
A/cm?® the maximum gains of 2.1 x 10°, 2.6 x 10°, and 3.5 x 10> were derived under 360nm
illumination, while they are 1.6 x 10% 1.8 x 10°, and 9.1 x 10° under 280nm for Substrates A, B, and
C, respectively.

At room temperature, the devices exhibit average peak photoresponse at zero bias of 167, 137, and
187 mA/W at A =352-354 nm on Substrate A, B, and C respectively. The respective peaks of 174,
147, 207 mA/W correspond to external quantum efficiencies (EQEs) of 64%, 51% and 76%. These
photo response peaks are 40-45% higher than those of the control devices without recessed
windows.

[1] Z. Xu, et al., IEEE Electron Dev. Lett., 71,3761 (2024).
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Abstract text: Hexagonal boron nitride (h-BN) has emerged as a promising material for electronics,
optoelectronics, and flexible devices owing to its dangling-bond-free surface, high optical absorption
efficiency, and exceptional mechanical strength. However, epitaxial growth of h-BN on
heterogeneous substrates introduces significant interlayer strain, resulting in surface wrinkling in
thicker films and severely compromising carrier mobility and film stability. In this work, we
demonstrate that interlayer strain serves as the intrinsic driving force for wrinkle formation in h-BN,
rendering the films metastable. As interlayer strain accumulates proportionally with h-BN thickness,
the surface morphology transitions sequentially through three distinct regimes: wrinkle-free flat
surfaces, micro-wrinkles, and spontaneous exfoliation. By characterizing the interlayer stress
distribution in h-BN and simulating the stress accumulation process, we identify the critical
thicknesses for different morphologies and propose a mechanism for wrinkle formation and
evolution. Interlayer strain progressively weakens the van der Waals interactions between h-BN and
the substrate. As strain accumulates beyond a critical threshold, localized regions decouple from the
substrate, forming micro-wrinkles that partially relieve the accumulated strain. However, the
continued buildup of stress enlarges the wrinkle dimensions, ultimately leading to spontaneous
exfoliation that fully releases the residual strain. By leveraging selective wet etching of the
sapphire/h-BN epitaxial interface using hydrofluoric acid, we demonstrate the successful transfer of
a pristine, wrinkle-free 4 nm h-BN film and the fabrication of high-performance flexible deep-
ultraviolet photodetectors. At 30 V and a light power density of 10.82 uW/mm?, the detector
achieves a responsivity of 1.72 mA/W, a specific detectivity of 2.72x10'* Jones, and on-off ratio of
10°, with a response time in the millisecond range. This work advances the fundamental
understanding of strain engineering in h-BN and offers a pathway for developing flexible and
multifunctional devices.
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Abstract text: Detectors with sensitivity in the UVC and VUV regions are desired for many
applications, including UV Raman spectroscopy and atmospheric observations. Detectors based on
Al-rich (Al > 70%) AlGaN offer the potential to detect UV light (<270 nm) while remaining blind to
VIS/IR light without the need for additional filters (solar blindness).

In this presentation, recent progress in the development of AlGaN-based UV detectors is discussed.
The presented devices were grown on AIN substrates. It is found that using AIN, in contrast to other
substrates such as sapphire or Si, enables larger device areas and excellent performance. The
reduction of threading dislocations achieved with native AIN is crucial for minimizing impurity
incorporation, which is necessary for achieving low dark currents. However, it is also shown that
hillocks, often observed during AlIGaN/AIN growth, are detrimental to device operation.

By adjusting the Al content—and consequently the bandgap—AlGaN-based detectors offer tunable
sensitivity in the 230-270 nm range while naturally extending into the VUV. They effectively reject
solar emission, and compared to SiC-based devices, they provide an orders-of-magnitude
improvement in visible light rejection. Typical VIS/UV light rejection rates exceeding 107 can be
achieved without additional filters. For photons with energies exceeding the bandgap of the
absorption region, quantum efficiencies surpassing 70% are demonstrated, while in the VUV region,
the efficiency drops (due to the increasing bandgap of AlGaN) to 30-50%.

Devices can be operated as simple detectors or as APDs. In the latter case, Geiger-mode operation
and gain exceeding 10° are demonstrated. It is found that the growth conditions and impurity levels
in the absorption/multiplication region drastically impact dark count rates. A reduction in carbon
levels in the multiplication region leads to a four- to fivefold decrease in dark counts (1000 cps).
Finally, the potential of 1D and 2D arrays is discussed. Finally, it is shown that AlGaN-based
detectors can be arranged in arrays for spectroscopy applications.

In summary, recent advances in the development of AlGaN-based UV detectors grown on native

AIN substrates are discussed. The results highlight their potential for various applications, offering
tunable sensitivity in the UVC and VUV range along with high quantum efficiencies.
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Abstract text: Development of large-diameter GaN-on-Si wafers is essential technology for
achieving low-cost GaN power devices. The GaN-on-Si wafers are designed with complex epitaxial
layers to mitigate stress and dislocation caused by lattice mismatch between Si substrate and GaN
crystal. Towards further cost reduction of GaN-on-Si substrates, we are developing substrates based
on step-graded AlGaN buffer layers. The growth rate of our step-graded AlGaN buffer layers was
1.5 times higher than that of conventional AIN/AlGaN superlattices buffer layer. However, we also
found that the rapidly grown GaN-on-Si substrates tend to show low yield due to catastrophic
breakdown when high voltage is applied through the substrates.

In this study, we report a comprehensive analysis of macroscopic defects which cause the leakage
current through GaN epitaxial layers, using multiple GaN-on-Si wafers with different layer structure
and growth conditions. AlIGaN/GaN-HEMT structures including AlGaN step-graded buffer layers
were grown on 200 mm diameter Si substrates by MOCVD. By using a cross-sectional TEM
analysis of a leakage spot, which was determined by emission microscope (EMS) method, grains
embedded in V-pit were observed in the AlGaN buffer layer. In addition, it is found that the
embedded grains tend to form in the early stages of AlGaN buffer layer with low crystal quality. The
electron diffraction images of the observed grains display clear but low symmetric patterns.
Comparing the obtained diffraction pattern with the simulation, it is confirmed that the embedded
grains consist of single crystals whose c-axis is inclined relative to that of a normal crystal. By
suppressing pyramidal hillocks on the AIGaN surface through crystal growth at high temperature,
we have succeeded suppressing the grains significantly. As a result, leakage current was greatly
suppressed and a high breakdown voltage of over 1000 V was obtained for more than 90% of the
samples in GaN-on-Si wafer with high-speed growth. This result indicates that reducing the
promotion of the embedded grains in the buffer layer is important for high reliability of GaN-on-Si
power devices.

This work is based on results obtained from a project, JPNP21029, subsidized by the New Energy
and Industrial Technology Development Organization (NEDO).
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Abstract text: GaN metal-oxide-semiconductor (MOS) field-effect transistors (FETs) are suitable
for power systems with high current capability and high voltage. Interface states and near-interface
traps (NITs) can deteriorate channel carrier mobility and/or the stability of a GaN MOSFET. Here,
we report that the influence of NITs on holes at an AlSiO/GaN interface can be controlled by
inserting an AIN interfacial layer (IL).

MOS samples were formed on an n-type GaN (n-GaN) epitaxial layer grown by metalorganic vapor
phase epitaxy on an n"-GaN substrate. An AIN IL was formed on n-GaN by plasma-enhanced
atomic layer deposition (PEALD). For comparison, a sample without an AIN IL was also prepared.
An AISiO layer was formed by alternating ALD of Al,O3 and SiO> monolayers followed by
annealing to merge them. The thickness of the AIN IL was 0.8 nm. Finally, gate and ohmic
electrodes were formed. The fabricated MOS samples were investigated by sub-bandgap-light-
assisted capacitance—voltage (C—F) measurements. In these measurements, monochromatic sub-
bandgap light was illuminated on MOS samples under a deep-depletion bias with the surface Fermi
level at around 1.9 eV below the conduction band edge (Ec) for 6 s, and C—V measurements were
conducted after turning off the light.

The hysteresis in the dark C—V curves was mainly attributed to the injection of electrons into
interface traps near Ec and was reduced by inserting the AIN IL [1]. The sub-bandgap light can
excite electrons to the Ec of GaN, resulting in the hole capture by deep interface states. The C—V
characteristics of the sample without the AIN IL showed photoinduced negative voltage shifts at the
flat-band capacitance, which increased with photon energy. These voltage shifts increased
monotonically and did not saturate with irradiation time, which cannot be explained merely by the
behavior of interface states and indicated that trapped holes were injected into NITs. By inserting the
AIN IL, we were able to drastically suppress the voltage shift caused by hole injection. Thus, it can
be predicted that the AIN IL suppresses the hole injection into NITs even at the AlSiO/p-GaN
interface in the dark.

This work was supported by the MEXT program (Grant No. JPJ009777).

[1] T. Narita et al., Phys. Status Solidi RRL 18, 2400141 (2024).

297



ED-Wed-A3 - Suppression of current collapse in N-polar GaN HEMTs with polarization-
charge-controlled recess gate structures

4. Electronic devices

Akihiro Hayasaka'

Shigeki Yoshida', Junya Yaita', Akira Mukai', Junji Kotani', Kozo Makiyamal, Ken Nakata'

! Transmission Devices Laboratory, Sumitomo Electric Industries, Ltd., Yokohama 244-8588, Japan

Abstract text: N-polar GaN HEMTs with a back barrier that reduces short-channel effects have
attracted significant interest. In N-polar HEMT structures, the GaN channel layers are located near
the surface, which also leads to improved gate control. However, a lower potential barrier between
the two-dimensional electron gas (2DEG) and the surface may result in severe current collapse
compared to Ga-polar HEMTs. In this study, we discuss the mechanism of the suppression of current
collapse in N-polar GaN HEMTs by employing recessed gate structures.

N-polar GaN HEMT with and without recessed MIS-gate structures were fabricated in this study.
For planar and recessed MIS-HEMTs, cap layers of AlGaN and AIGaN/GaN/AlGaN were employed
on the GaN channel layer, respectively. For both structures, the MIS gate consisted of HfSiOy gate
dielectrics. The 2DEG density in the access regions were measured to be 1.9 x 10" em™ and 1.8 x
10" cm™ for the planar and recessed gate structures, respectively. Current collapse was evaluated
through pulsed IV measurements to clarify the effect of the recessed gate structure. The current
reduction rates under Idq = 8 mA/mm and Vd =40 V stress were found to be 19% for the planar gate
and 4% for the recessed gate, indicating successful suppression of current collapse in the recessed
gate structure.

To clarify the reasons for the improvement in current collapse in the recessed gate structure, C-V
measurements were conducted. For the recessed MIS-HEMT, a second plateau region was observed
near the 0 V region in the C-V curve, clearly indicating the presence of free carriers within the GaN
cap layer. These results suggest that the existence of free carriers, i.e., 2DEG in the GaN cap layer
can effectively suppress current collapse in N-polar GaN HEMTs. In the case of the planar gate
structure, electron traps at the surface directly affect the electron flow in 2DEG channel, resulting in
current collapse. In the recessed gate structure, we believe that electron traps at the surface are
effectively screened by the 2DEG in GaN cap.

Our findings indicate that the employment of the recessed gate structure plays a key role in the
suppression of current collapse in N-polar GaN HEMTs. We believe that control of 2DEG density in
GaN cap layer and precise design of the band structure is essential to unleash the full potential of N-
polar GaN HEMTs.
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Abstract text: Threshold voltage (Vi) stability is one of the critical issues for GaN-based metal-
oxide-semiconductor field-effect transistors (MOSFETs). We have recently demonstrated that a high
channel mobility over 170 cm? V™' s™" with high V4 stability against gate positive bias stress can be
obtained via inserting a thin crystalline AIN interlayer (AIN-IL) formed by plasma-enhanced atomic
layer deposition at an AlSiO/p-type GaN interface [1]. Recently, the formation of hole traps at MOS
interfaces have been identified [2], which may affect a negative bias instability (NBI) of V. Thus, in
this study, we investigated the impacts of AIN insertion on the NBI.

A gate voltage of Vi, —5 V was applied to the fabricated MOSFETs with an AIN-IL thickness of
0—3.8 nm for 3974 s as a negative bias stress. Vi, shift was suppressed from —0.34 V to —0.24 V by
inserting a 0.8-nm-thick AIN-IL. The spatial separation between GaN and AlISiO by inserting a thin
crystalline AIN-IL would inhibit hole injection into oxide traps in the AISiO. However, the Vi shift
increased with increasing AIN-IL thickness.

We evaluated “reverse” split capacitance-voltage (C-V)) characteristics for each MOSFET [3]. When
a negative bias was applied, the capacitance was fixed without reaching the oxide capacitance,
indicating that the surface potential in p-type GaN was strongly pinned due to hole traps at the MOS
interface [2]. The hole trap level for each MOSFET with AIN-IL estimated from the Terman method
was located at 1 eV above the valence band maximum, suggesting that the interfacial condition was
the same regardless of the AIN-IL thickness.

The band diagrams estimated from the C-J characteristics suggested that holes were accumulated at
the AISiO/AIN interface during the NBI tests due to the polarization field in AIN. The hole
accumulation at the AISiO/AIN interface may be minimized by inserting an AIN-IL as thin as
possible, resulting in the suppression of the NBI. As a result, both positive and negative bias
instability can be suppressed by inserting a thinner AIN-IL at an AlSiO/p-type GaN interface in a
GaN-based MOSFET with high channel mobility.

This work was supported by the MEXT Program (Grant no. JPJ009777).

[1] H. Iguchi et al., Appl. Phys. Lett. 125, 022104 (2024). [2] H. Mizobata et al., Appl. Phys.
Express 16, 105501 (2023). [3] T. Narita et al., Appl. Phys. Lett. 124, 103504 (2024).
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Abstract text: The relentless push for higher power density in computing, RF electronics, and high-
performance systems has created an urgent need for innovative thermal management solutions.
While

advancements in chip packaging have improved heat dissipation, fundamental thermal bottlenecks
remain due to complex multi-layered material stacks and low-thermal-conductivity dielectrics,
which restrict heat flow from active devices. Conventional cooling strategies, often reliant on distant
heat sinks, struggle to efficiently extract heat from within these dense architectures,

ultimately limiting device performance and long-term reliability. To address these challenges, our
research has focused on a fundamentally different approach — spreading heat directly at its source.
Since 2016, we have developed a low-temperature (400-500°C) growth process for polycrystalline
diamond (PCD), enabling its direct integration near active device regions without compromising
device integrity [1]. Through careful control of the sp*:sp? bonding ratio, we achieved high thermal
conductivities (300-650 W/m-K) in the grown diamond films, approaching theoretical limits for
PCD of comparable thickness [1]. Furthermore, by incorporating phonon-mixing interlayers such as
SiC, we demonstrated ultra-low thermal boundary resistance (TBR ~1.89 m*K/GW), verified

by molecular dynamics simulations that revealed phonon density-of-states (DOS) mixing can push
TBR values below conventional diffuse mismatch model (DMM) predictions[2-4] This technology
has been successfully demonstrated in GaN High Electron Mobility Transistors (HEMTs), achieving
over a 70°C reduction in peak channel temperature at power densities of 25 W/mm,

significantly enhancing device efficiency and reliability[5].

Most recently, we reported the first successful integration of low-temperature, all-around PCD heat
spreaders on a 150 nm gate-length N-polar GaN RF MISHEMT platform for X-band

applications. This process combined optimized diamond growth at 500°C with a thermally stable
molybdenum gate metal and an MOCVD-grown SiNx gate dielectric. The resulting device
demonstrated a drain saturation current of 0.96 A/mm and an ON/OFF ratio of 10°. This work marks
the first post-fabrication all-around diamond integration on an N-polar GaN HEMT

platform, paving the way for improved thermal management and power efficiency in future RF
electronics [6].

[1] M. Malakoutian et al., Adv. Electron. Mater. 2024, 2400146,

[2] M. Malakoutian et al., ACS Appl. Mater. Interfaces 13, 60553 (2021)

[3] M. Malakoutian et al., Adv. Funct. Mater. 32, 2208997 (2022).

[4] K. Woo et al., in Proc. IEEE Int. Electron Devices Meeting (IEDM), 2023, pp. 14,
doi:10.1109/TEDM45741.2023.10413734 https://doi.org/10.1002/aelm.202400146.

[5] R. Soman et al., in Proc. IEEE Int. Electron Devices Meeting (IEDM), 2022, pp. 30.8.1-30.8.4,
doi:10.1109/IEDM45625.2022.10019509

[6]. R. Soman et al 2025 Appl. Phys. Express in press https://doi.org/10.35848/1882-0786/adcb87
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Abstract text: GaN-on-diamond configurations are promising for realizing low-thermal-resistance
GaN devices because of high thermal conductivity of diamonds. We previously fabricated GaN
HEMTs on freestanding single crystalline as well as polycrystalline diamonds (PCDs) and
demonstrated that the thermal properties and device characteristics of such on-diamond HEMTs
outperformed those of on-Si HEMTs with the same layer structures and same geometries [1, 2].

In this work, we investigated the possibility of ~50-um PCD layers synthesized on ~3-mm
backplates (BPPCDs) as lower-cost substitutes for freestanding diamonds. We transferred nitride
heterostructures grown on Si (111) substrates to BPPCDs and subsequently fabricated on-BPPCD
HEMTSs using the surface-activated bonding technology. We also fabricated on-Si HEMTs
composed of the same heterostructures as reference. An on-BPPCD HEMT with gate length/width
of 10 pm/50 um revealed a =x1.2 larger maximum transconductance and a less apparent on-state
negative differential conductance than those of an on-Si HEMT with the same geometry. We
measured the spatial variation of temperature on surfaces of biased on-BPPCD and on-Si HEMTs
using the micro-photoluminescence method. The thermal resistance of an on-BPPCD HEMT with
gate width of 300 um, which was defined as the change in the surface temperature at its drain edge
of gate contact (hot spot) due to the power dissipation, was ~x(.5 of that of an on-Si HEMT with the
same geometry. The surface temperature in a region next to the channel of biased on-BPPCD
HEMTs decreased to room temperature steeply regardless of their gate widths, which was in good
contrast to the spatial variation of temperature in the vicinity of on-Si HEMTs and implied that on-
BPPCD HEMTs were able to be placed closer to each other while keeping their temperature rise
low. These results imply that GaN-on-BPPCD structures are promising for realizing nitride devices
with suppressed self-heating effects in terms of their thermal resistance, device characteristics, as
well as density of integration with low cost.

[1]R. Kagawa, et al., Small 2305574 (2023).

[2] C. Moriyama, et al., presented in LTB-3D 2024 (31P-14).
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Abstract text: The success of AlxGal-xN/GaN high electron mobility transistors (HEMTs) has led
researchers to transition this technology to realize AlyGal-yN/AlxGal-xN HEMTs to take
advantage of the higher predicted critical field strengths of AlGaN alloys. However, AlGaN has
much lower thermal conductivity (k) than GaN and AIN due to disordered alloy scattering. As a
result, exacerbated device self-heating is expected in AlGaN-based devices, and thermal
management is critical in the device design process to successfully deploy next-generation power
electronics. To address this, we have demonstrated top-side diamond integration with high Al
content AlGaN channel HEMTs to improve thermal performance.

The Al0.70Ga0.30N channel and Si-doped Al0.85Ga0.15N barrier were grown by metal organic
chemical vapor deposition (MOCVD) on AIN/sapphire templates. Ohmic contacts were formed by
regrowth of a compositionally reverse-graded n+ epilayer, followed by deposition and annealing of
Ti/Al/Ni/Au. Finally, Ni/Au was deposited for the gate electrode. Diamond growth was achieved
using microwave plasma CVD. Next, a thin SiN layer was grown via

plasma-enhanced CVD to protect the device surface during diamond growth, followed by a low
temperature (500°C) diamond growth to accommodate this “diamond-after-gate” process. Although
the film was only ~250 nm thick, the grain size was measured to be up to ~300 nm using atomic
force microscopy (AFM). From Raman measurements, a sharp peak was observed at ~1330 cm-1,
indicating high quality sp3-bonded carbon. From DC electrical characterization of the diamond-
coated HEMTs, OFF-state leakage was measured to increase after the diamond growth.
Thermoreflectance imaging was used to measure the average gate temperature rise from uncapped
and diamond-capped devices; the device-level thermal resistance at the gate was measured to
decreased ~30% due to the integration of top-side diamond.

Acknowledgments: Research at the U.S. Naval Research Laboratory was supported by the Office of
Naval Research. Sandia National Laboratories is a multi-mission laboratory managed and operated
by National Technology and Engineering Solutions of Sandia, LLC, a wholly owned subsidiary of
Honeywell International Inc., for the U.S. Department of Energy’s National Nuclear Security
Administration under contract DE-NA0003525.
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Abstract text: Diamond p-type lateral Schottky barrier diodes (SBDs) with a 2-pm-thick drift layer
are fabricated with and without Al,Os field plates. Schottky contacts composed of Mo (50 nm) / Pt
(50 nm) / Au (100 nm) showed a barrier height of 1.02 + 0.01 eV and ohmic contacts of Ti (30 nm) /
Pt (30 nm) / Au (100 nm) achieved a specific ohmic contact resistance of 1.25 £0.98x10™* Q-cm?.
Their forward and reverse bias characteristics are studied in detail. Both SBDs, with and without
AlO;s field plates, exhibit rectifying ratios larger than 107 at room temperature, and a peak current
density of 5.39 mA/mm under 40 V forward bias at 200 °C. The leakage current density at room
temperature is stable at approximately 0.01 mA/mm for both diodes. The SBD without the Al,O3
field plate exhibited a breakdown voltage of 1159 V, while the SBD with the Al,Os field plate is
stable under a reverse voltage of 4612 V, which is higher than many diamond SBDs previously
reported.

The fabrication of the SBDs starts with a 2 pm p- drift layer ([B] < 8 x 10" ¢cm™]) that was grown on
a 3 x 3 mm” Type Ib (100) HPHT diamond substrate. Then, 200 nm p* diamond ([B] ~ 3 x 10%° cm’
3]) was selectively grown to form the ohmic contact region. Ohmic metal contacts were formed by e-
beam evaporation, followed by thermal annealing at 450 °C in an ambient of Ar gas for 50 minutes.
Next, a 300 nm Al,Os field plate was deposited by e-beam evaporation, followed by a lift-off
process. The exposed diamond surface was ozone-treated at room temperature for 1.5 hours to obtain
a stable oxygen termination prior to the Schottky contact deposition. The lateral SBD without the
field plate broke down at 1159 V when the leakage current drastically increased to the compliance
limit of 50 pA. The SBD with the field plate exhibited stable leakage current up to 4612 V—the
limit of the experimental setup. The leakage current density at 4612 V reverse bias is less than 0.01
mA/mm, which is similar to that of the SBD without the field plate prior to breakdown. This work
exhibits a higher breakdown voltage in the SBD with Al,O; field plates than previously reported
pseudo-vertical and vertical SBDs, lateral MESFETs, MOSFETs, and JEFTs.

[1] Z. Han, and C. Bayram, “Diamond p-type lateral Schottky barrier diodes with high breakdown
voltage (4612 V at 0.01 mA/mm),” IEEE Electron Device Lett. 44 (10) 1692 (2023).
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PC-Wed-1 - The carbon dimer in boron nitride

2. Physics and characterization

Guillaume CASSABOIS'
! Laboratoire Charles Coulomb, CNRS, Montpellier University, 34095 Montpellier, France

Abstract text: Hexagonal boron nitride (hBN) is a wide-band-gap semiconductor which differs
from other nitrides because of its sp2-hybridized bonds forming honeycomb atomic planes weakly
stacked through the van der Waals interaction [1]. The growth of high-quality crystals in 2004 has
revealed that hBN is a promising material for light-emitting devices in the deep ultraviolet domain,
as illustrated by the demonstration of lasing at 215 nm by accelerated electron excitation [1], and
also the operation of field emitter display-type devices in the deep ultraviolet [2]. The most common
source of hBN corresponds to the so-called AA' stacking of atomic planes, where boron and nitrogen
atoms alternate along the ¢ axis. Other polytypes have different stacking sequences of the basal
plane: Bernal boron nitride (AB)hBN with an AB stacking, rhombohedral boron nitride (rBN) with
an ABC stacking, and also turbostratic boron nitride (tBN), which differs from the previous two by
the existence of some translational and rotational disorder in the vertical stacking. In all these
polytypes, there is an ubiquitous deep level emission with a sharp zero-phonon line at ~4 eV, the
origin of which is highly debated.

I will discuss here our results unveiling the origin of the 4 eV-defect in boron nitride. We have
combined isotope substitution and polytype control, with a systematic comparison between
experiments and first-principles calculations. From isotopic purification of the host h BN matrix, a
local vibrational mode of the defect is uncovered, and isotope-selective carbon doping proves that
this mode belongs to a carbon-based center. Then, by varying the stacking sequence of the host h BN
matrix, we unveil different optical responses to hydrostatic pressure for the non-equivalent
configurations of this ultraviolet color center. We conclude that this defect is a carbon dimer in the
honeycomb lattice of boron nitride. Recent results in high-quality rBN will be further discussed,
completing the picture of the optical response of the carbon dimer in boron nitride.

References
[1] K. Watanabe, T. Taniguchi, and H. Kanda, Nature Mater. 3, 404 (2004).

[2] K. Watanabe, T. Taniguchi, T. Niiyama, K. Miya, and M. Taniguchi, Nature Photon. 3, 591
(2009).

[3]J. Plo et al., arXiv:2405.20837.
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PC-Wed-2 - Cathodoluminescence spectroscopy of layered-structure BN thin films grown by
metalorganic vapor phase epitaxy using tris(dimethylamino)borane

2. Physics and characterization
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Abstract text: Hexagonal (h)BN, a two-dimensional material with sp® bonding (stacking order
AA"), is an indirect bandgap semiconductor [1] and exhibits high-efficiency excitonic emission
around 215 nm, corresponding to its bandgap of approximately 6 eV at room temperature [2]. This
makes it a promising material for deep ultraviolet (DUV) light emission. Another polytype of sp*-
BN, rhombohedral (r)BN (stacking order ABC) [3], also exhibits emissions around 215 nm. Vapor-
phase growth methods have successfully produced hBN and rBN segments, showing potential for
large-area scalability. However, BN films exhibiting sharp excitonic emissions have only been
achieved using the halide vapor-phase growth method (BCls/ NH3 system) by the Shizuoka Univ.
group [4]. This study reports the growth and the DUV emission properties of sp>-BN films by
MOVPE using tris(dimethylamino)borane (TDMAB) and NH3.

BN films were grown on c-plane AlLO; substrates by MOVPE using TDMAB and NHj;. Growth
temperatures ranged from 1300 to 1500 °C. X-ray diffraction patterns consisted of the a-Al,O3
substrate, wurtzite AIN layers via nitridation of Al,O3, and sp>-BN. Low-temperature CL
measurements revealed a dominant 4 eV emission band, likely arising from carbon-related defects
[5]. A 5.5 eV band, attributed to stacking disorder in sp*>-BN [6], was also prominent, similar to BN
films grown using other metalorganic precursors [7]. Faint peaks, corresponding to the phonon
replicas of indirect exciton recombination in hBN or rBN (5.7-5.9 V), [1] were also detected. This
is the first report on the DUV emission characteristics of sp>-BN films grown using TDMAB/NH.
Compared to the BCl3/NH3; system, the TDMAB/NH3 system offered approximately twice higher CL
intensity on average in the photon energy range of 5.2 to 6.0 eV at 300 K, likely due to reduced
nonradiative recombination centers.

This work was supported in part by JSPS KAKENHI (20K20993, 23K22786, 23K17757), Japan.
The authors thank Mr. T. Kasuya and Mr. S. Takaya of Tohoku Univ. for their help in modifying the
MOVPE apparatus.

[1] Cassabois ef al., Nat. Photon. 10, 262 (2016).
[2] Watanabe et al., Nat. Mater. 3, 404 (2004).
[3] Sponza et al., PRB 98, 125206 (2018).

[4] Umehara et al., JJAP 60, 075502 (2021).

[5] Larach et al., Phys. Rev. 104, 68 (1956).

[6] Cassabois ef al., PRB 93, 035207 (2016).

[7] Moret et al., APL 119, 262102 (2021).
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PC-Wed-3* - Searching for Point Defects in Cubic Boron Nitride

2. Physics and characterization
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Abstract text: Cubic boron nitride (c-BN) is a wide-bandgap semiconductor with potential
applications in both power electronics and quantum technologies. Point defects have potential
applications for single photon emitters and quantum sensors. However, a handful of defects have
been identified, and several zero-phonon lines (ZPLs) have been measured in experiments but have
not yet been attributed to any specific defect configuration [1]. Recent studies have also suggested
point defects with emission in the telecom wavelength [2]. To systematically probe the
combinatorially complex chemical space of defects, we generate large-scale point-defect data for c-
BN. We apply density functional theory in a high-throughput manner using ADAQ [3] to broadly
screen for point-defect complexes containing s- or p-elements. More than 8000 defects have been
calculated in different charge and spin states, and their properties are stored in a database, which will
be published [4]. In this presentation, we explore this database, focusing on properties such as
formation energy, ZPL, and transition dipole moment.

References:

[1] A. Tararan, S. di Sabatino, M. Gatti, T. Taniguchi, K. Watanabe, L. Reining, L. H. G. Tizei, M.
Kociak, and A. Zobelli, Optical gap and optically active intragap defects in cubic bn, Phys. Rev. B
98, 094106 (2018)

[2] M. E. Turiansky and C. G. Van de Walle, Telecom-wavelength nv-center analogs in cubic boron
nitride, Phys. Rev. B 108, L041102 (2023)

[3]J. Davidsson, V. Ivady, R. Armiento, and I. A. Abrikosov, ADAQ: Automatic workflows for
magneto-optical properties of point defects in semiconductors, Comput. Phys. Commun. 269,

108091 (2021).

[4] J. Davidsson, The automatic defect analysis and qualification (ADAQ) database of defects and
their properties, https://defects.anyterial.se/, 2024. (Accessed 21 February 2025).
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PC-Wed-4 - Cathodoluminescence studies of layered-structure BN epilayers grown by
chemical vapor deposition using carbon-free molecules

2. Physics and characterization
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Abstract text: (Synopsis) The near-band-edge (NBE) cathodoluminescence (CL) peaks in sp*-
bonded BN epilayers grown by chemical vapor deposition (CVD) on a sapphire substrate using
carbon-free molecules (BCl; and NH3) will be presented to assign the origins and extend the
knowledge for the growth. The NBE excitonic peaks principally originate from rhombohedral (r) BN
segments with small amount of Bernal (b) BN, and relative bBN peak intensity decreases with
increasing NH3/BCl; (V/III) ratio.

(Contents) Layered (sp?) hexagonal (h) BN with AA'-stacking is attracting attention because it has
an ultrawide bandgap (6 eV) and exhibits reasonably intense deep-ultraviolet emissions [1] in spite
of indirect excitons (iX) [2]. Recently, formation and properties of Bernal (b) BN with AB stacking
[3] and rhombohedral (r) BN with ABC stacking [4] have been reported and the research scope was
greatly expanded. We also have detected [5] a direct exciton (dX) emission at 6.035 eV from bBN
inclusions in the BN films [5,6] grown by low-pressure (LP) CVD using carbon-free molecules. In
this presentation, structural properties and CL spectra of the BN films grown using a cold-wall
reactor [6] with limited C sources will be shown to assign the peak origins and extend the knowledge
for the film growth.

Approximately 1-m-thick BN films grown on a (0001) Al,Os at 1300 for 60 min by LP-CVD with
various V/III ratios (1250 to 3000) and different source supply timings and a Reference BN film
grown at 1400 for V/III=1000 using a hot-wall reactor [5] were compared. Low-temperature CL
spectra of all BN epilayers exhibited excitonic fine structures between 5.7 and 6.1 eV. Judging from
the peak energies and intensity ratios, all films are assigned to comprise predominant rBN segments
and bBN inclusions. Triangular morphologies of the films support this assignment. Relative bBN
peak intensity decreases with increasing NH3/BCl; (V/III) ratio. Carrier dynamics of iXs/dX in the
rBN/bBN films will be presented on site.

The authors thank S. Takaya and support by JSPS KAKENHI (18K04231, 20K20993, 23K 17757,
23K22786), Japan.

[1] K. Watanabe et al. Nat. Mater. 3 (2004) 404. [2] G. Cassabois et al. Nat. Photon. 10 (2016) 262.
[3] A. Rousseau et al., ACS Nano 16 (2022) 2756. [4] M. Zanfrognini et al., PRL 131 (2023)
206902. [5] S. Chichibu et al. APL 120 (2022) 231904. [6] K. Hara et al., PSSB (2024) 2400037.
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GR-Thu-1 - High-speed HVPE growth of AIN homoepitaxial layers for AIN wafer fabrication

1. Growth
Yoshinao Kumagai'
! Department of Applied Chemistry, Tokyo University of Agriculture and Technology, Tokyo, Japan

Abstract text: It is essential to establish a mass-production technology for high-quality AIN single-
crystal substrates for use in fabricating deep-UV light-emitting devices and high-power electronic
devices.

The research group of the presenting author has been conducting research on the preparation of
freestanding AIN substrates from thick homoepitaxial layers grown by hydride vapor phase epitaxy
(HVPE) on AIN (0001) substrates prepared by physical vapor transport (PVT). It has already been
demonstrated that homoepitaxial growth can be achieved at a rate exceeding 150 pm/h at 1450 °C
without deterioration of crystalline quality by the HVPE using gaseous AlCl; generated by reacting
solid Al metal with HCI gas in the source zone of the reactor (hereafter referred to as AI-HVPE) [1].
Based on the results obtained, mass production of freestanding AIN substrates with low dislocation
densities (10° — 10* cm2) showing high deep-UV transparency due to low impurity concentration
has become possible [2].

On the other hand, with the aim of eliminating the operational complexities of the AI-HVPE
described above, we have recently developed an HVPE system in which a vaporizer filled with high-
purity solid AlCIs is connected to the reactor, and the vaporizer is heated to supply gaseous AICl;
(hereafter referred to as AICI;-HVPE). Because AlCI; has a low sublimation temperature
(approximately 181 °C), high-speed homoepitaxial growth similar to that achieved by the AI-HVPE
can be achieved at vaporizer temperatures of about 150 °C.

The work using the AI-HVPE system was done in collaboration with Tokuyama Corporation and
also with the support by Innovative Science and Technology Initiative for Security (No. JPJ004596),
Acquisition, Technology & Logistics Agency (ATLA), Japan. The work using AICI;-HVPE system
was done in collaboration with Stanley Electric Co., Ltd.

[1] Y. Kumagai, K. Goto, T. Nagashima, R. Yamamoto, M. Bo¢kowski, and J. Kotani, Appl. Phys.
Express 15, 115501 (2022).

[2] T. Nagashima, R. Ishikawa, T. Hitomi, R. Yamamoto, J. Kotani, and Y. Kumagai, J. Cryst.
Growth 540, 125644 (2020).
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GR-Thu-2 - Compensation control in Si doped AIN grown on single crystal AIN substrate

1. Growth
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Abstract text: AIN is an attractive material for fabricating short wavelength optoelectronic and high
power devices. AIN, due to its wide bandgap of ~6.1 eV, offers high breakdown fields (15 MVcm™)
and consequently a Baliga’s figure of merit (BFOM) orders of magnitude larger than even wide
bandgap materials such as GaN and SiC allowing for a more compact and higher voltage power
electronics. However, BFOM assumes shallow dopants and no compensation. N-type AIN has been
primarily achieved by doping with silicon during epitaxial growth. However, the conductivity
exhibits a “knee behavior” with a sharp reduction beyond a low and high doping thresholds thus
presenting doping limits. Further, Si transitions to a deep state resulting in a high activation energy
and low carrier concentrations. Consequently, the BFOM is much lower than predicted. Hence a
major “point defect problem” exists in AIN.

In this work, we demonstrate a systematic chemical potential control (CPC) based point defect
mitigation where we relate the growth environment variables to the defect formation energy by
determining and controlling the defect constituents’ chemical potentials (i) and thus choose the
growth environment necessary for minimal compensating point defect incorporation or generation.
At lower Si concentrations, we find contributions from nitrogen substitutional defects such as Cn and
On reduces the carrier concentrations. Thus, by increasing p, their energy of formation can be
increased and thus compensation reduced. We demonstrate improved low doping limits with carrier
mobility >300 cm*/Vs. At higher Si concentrations, contributions of complexes of Si with Al
vacancies increases resistivity. Thus, by growing in a more Al rich environment at low NHj3 partial
pressures, peak conductivity is improved. Further, by calculating the chemical potentials as a
function of growth temperature, we find that pa; remains nearly invariant. Consequently, the defect
formation energy remains constant, and the incorporation of vacancies should decrease with
decrease in growth temperature. Accordingly, by decreasing the growth temperatures from 1350 °C
to 1100 °C, the carrier concentration increased in agreement with theory. Expectedly, the mobility
also increased as the carrier concentration increased clearly indicating reduction in compensation.
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GR-Thu-3* - Analyzing the influence of hydrogen on AlGaN layer growth by Halide Vapor
Phase Epitaxy

1. Growth
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Abstract text: Aluminum Gallium Nitride (AlxGa;xN) is a ternary alloy used in gallium nitride
(GaN)-based High Electron Mobility Transistor (HEMT) designs [1]. These AlGaN/GaN structures
are essential for high-power, high-frequency electronics due to their rapid switching capabilities and
high breakdown voltages. However, their performance is often constrained by the use of foreign
substrates such as sapphire. Native or near-native substrates could greatly enhance device
performance by mitigating strain-related issues. Halide vapor phase epitaxy (HVPE) constitutes a
favored method for growing both doped and undoped GaN crystals [2]. Recent studies confirm that
AlyGa«N alloys can also be grown by HVPE method [3].

In this work, we present comprehensive experimental results supported by simulations on the
optimized growth of AliGa;«N layers on GaN grown by the ammonothermal method [4]. We show
findings from AliGa;«N growth experiments using two metal chloride precursors HCl and Cl,.
Furthermore, we analyze the impact of H> on the crystallization process through both,
thermodynamic calculations and experimental data. The analysis includes the comparison of final
layer thickness on the crystal surface with the simulated distribution of reactants in the reactor. Our
simulations support the experimental outcomes by providing insights into supersaturation
calculations based on H, admixture in the carrier gas, the effectiveness of HCI vs. Cl, as active gases
on the reactant synthesis ratio, and the modeling of gas dynamics during the growth phase. Our
experimental approach has successfully produced a 60 pm-thick layer containing approximately 10
at.% Al content in a single growth run. This process not only shows promise for the growth of even
thicker AlxGa;xN layers on Am-GaN but also for the fabrication of free-standing Al\Ga N
substrates. We will present and discuss the detailed experimental results, including morphology, Al
content analysis, and structural quality by XRD, which are all underpinned by the simulations.

References

[1]J.S. Raj Kumar et al., Microelectronics Journal, vol. 140, 105951 (2023)

[2] M. Bockowski et al., Semiconductor Science and Technology, vol. 31, Number 9 (2016)
[3] A. Koukitu et al., Journal of Crystal Growth 305, 335-339 (2007)

[4] K. Grabianska et al., Journal of Crystal Growth 547, 125804 (2020)
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GR-Thu-4* - Pulsed MOCVD Doping and Compensation in Si-AIN over bulk AIN Substrates
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Abstract text: AIN is an excellent choice for high-temperature/voltage/power electronic and
optoelectronic devices due to its high breakdown field ~15 MV/cm, thermal conductivity ~ 300
W/m-K, and Baliga Figure of Merit (BFOM). However, the high ionization-energy of dopants, and
the formation of self-compensating defects severely limit the doping control and hence the progress
in AIN power and optical devices.

In this work we present a systematic comparative study of Si-doping of AIN epilayers over bulk AIN
substrates using conventional, and Pulsed MOCVD (P-MOCVD) growth. The first set samples
studied consisted of 250 nm undoped AIN buffer layer (conventional MOCVD) followed by 200 nm
Si-doped layer grown with conventional and PMOCVD at 1150 °C and 40 torr. SIMS data was used
to confirm the presence of nearly identical Si-dopant density (doping ~ 2 x10'* cm™) in them. TLM
data from the two samples showed the conductivity of the PMOCVD sample to be ~ 15 times higher.
For both samples, the room-temperature pulsed excimer laser (1~193 nm) photoluminescence (PL)
showed a strong band edge signal (5.95 eV) and a deep level peak at 3.2 eV. The deep level peak,
which increases with the Si-doping concentration, has been assigned to Al-vacancy complexes
resulting from silicon doping. Since both samples had identical growth temperatures, the increased
conductivity in the PMOCVD sample cannot be from a reduction of the compensating defects which
are a strong function of the growth temperature and Si concentration.

To further study compensation and its role in sample conductivity, another set of PMOCVD samples
were then grown. These consisted of sample (A-C) growth temperature 1150 °C, 1075 °C, 1075 °C
and the Si-dopant concentration 2 10" cm™, 2 x10" em™and 1 x10" ¢cm™, respectively. The n-
TLM measurements show the conductivity of both low temperatures grown samples to be higher
than those grown at the high temperature. Conductivity further increased by reducing the Si-dopant
density by a factor of 2. This confirms the role of compensating defects in reducing the conductivity
of Si-doped AIN. From the PL data we see that lower growth temperatures and lower Si significantly
reduced the defect related peak emission peak at 3.2 eV. In addition to doping and compensation,
initial results on the use of these layers for lateral conduction Schottky barriers will also be
presented.
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GR-Thu-5 - Coherently grown AIN/GaN HEMT heterostructures on AIN buffer on SiC
substrate with a mobility exceeding 600 cm2/V.s
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Abstract text: AIN/GaN/AIN high electron mobility transistor (HEMT) heterostructures are
advantageous for developing high-frequency and high-power devices, owing to their thin barrier
layer and high polarization-induced two-dimensional electron gas, respectively. Recently, the
coherent growth of AIN/GaN/AIN HEMT heterostructures has been demonstrated on AIN substrates
with Si 3-doping at the GaN channel/AIN buffer, resulting in improved mobility by reducing
dislocations in the GaN channel and lowering the electric filed. [1] Si d-doping also keeps the Fermi
level away from the deep trap states located above the valence band [2], effectively minimizing
dispersion.

In coherently grown AIN/GaN/AIN on AIN substrate, the GaN channel is 30 nm thick. However,
achieving similar coherent growth of AIN/GaN on AIN buffer on SiC substrate with Si d-doping
presents several challenges such as enhanced GaN channel relaxation due to high dislocation density
in AIN buffer and due to additional tensile stress generated because of heavy Si doping.

To mitigate stress at the GaN channel/AIN interface for enhanced structural reliability, this study
explores the coherent growth of AIN/GaN HEMT heterostructures on a 450 nm AIN buffer on SiC
substrate, incorporating AlGaN stress-mitigating layers (SMLs). As a reference, AIN barrier was
grown on 60 nm thick and relaxed GaN channel. Hall measurements revealed a Hall mobility (uu) of
581 cm?/V'-s, a 2DEG concentration (ns) of 2.9 x 10'* cm™2, and a sheet resistance (Rs) of 359 Q/sq.
Reduction of GaN chnnel thickness to 9 nm, but with Si 6-doping, also resulted in high relaxation of
GaN channel. Relaxation occurs in these heterostructures through misfit formation. However, with
thicker AIGaN SMLs introduced between AIN and GaN, heterostructures relaxed through cracking.
By optimizing AlGaN SMLs and with Si 5-doping, coherently grown AIN/GaN HEMT
heterostructures were achieved on AIN buffer on SiC substrate. Hall measurements resulted in pg,
ns, and Ry, of 626 cm?/V-s, 2.4 x 10" cm™, 413 Q/sq-, respectively. These values represent the
highest reported for a coherently grown AIN/GaN/ (AIN) HEMT heterostructure on a SiC substrate.

[1]Yu-Hsin Chen et al., Appl. Phys. Lett. 125, 142110(2024). [2] R. Lingaparthi et al., Appl. Phys.
Lett. 122, 172103(2023).

This research is supported by Grant Call-10264 A*STAR IAF- IAF-PP RIE2025: M22L3a0112.
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OD-Thu-1 - Embedded grating DFB laser diodes and amplifiers

3. Optical devices
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Abstract text: Nitride-based distributed feedback (DFB) laser diodes have high spectral purity,
stability, and robust emission ideal for applications in communication, optical clocks, quantum
sensing, quantum computing, and integration onto compact photonic circuits. However,
improvements are needed in linewidth, wavelength control, and output power to fully enable their
use in precision applications.

Developments of DFB lasers and related technology will be shared. Near single-frequency stability
and optical intensity distribution across the laser cavity are investigated with respect to design
parameters. Devices spanning 408 nm — 470 nm demonstrate improvements in spectral performance,
with side-mode suppression ratios (SMSR) up to 40 dB and spectral full-width at half-maximum
(FWHM) below 3 pm and limited by the spectrometer.

We further report on pairing of DFB lasers with semiconductor optical amplifiers (SOAs) targeting
high-power, narrow-linewidth sources. Light-current-voltage characteristics under varying SOA
drive conditions and far-field beam profiles are presented, demonstrating beam quality suitable for
master oscillator power amplifier (MOPA) configurations. Multi-section lasers show fine
wavelength tunability over 100 pm with high SMSR. These results represent a step toward scalable,
high-performance GaN photonic chips for next-generation precision optical systems.
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Abstract text: Single-mode lasers are extensively used in high-resolution spectroscopy, optical
communications, environmental sensing, and medical diagnostics owing to their narrow linewidth
and excellent spectral purity. Among various single-mode laser configurations, distributed feedback
(DFB) lasers stand out for their compact design and inherent ability to achieve stable single-mode
emission without external filters or cavities. However, short-wavelength DFB lasers have long faced
challenges stemming from difficult material growth and intricate fabrication processes needed to
produce high-quality gratings, often resulting in elevated threshold currents and reduced device
efficiency.

In this study, we propose a weak feedback matching strategy to lower the threshold current of GaN-
based DFB lasers while maintaining robust single-mode performance. Our approach focuses on
optimizing the feedback contributions from both the distributed grating and the native end-facet
reflections, enabling single-mode lasing at currents comparable to those of conventional Fabry-Perot
(FP) lasers. We implement this strategy by using focused ion beam (FIB) technology to inscribe a
grating in the P-side cladding layer, with a period of 895 nm and a 30% duty cycle. These
parameters are carefully selected to precisely control the coupling between the grating and the
dominant optical mode. By tuning the coupling constant, we successfully minimize the threshold
current while preserving high-quality single-mode emission. The optimized DFB laser demonstrates
a single-mode threshold current of just 25 mA, closely matching that of an equivalent FP laser. In
addition, the side-mode suppression ratio (SMSR) exceeds 30 dB, and the linewidth narrows to
approximately 50 pm. These results highlight the potential of the weak feedback matching strategy
to tackle longstanding challenges in short-wavelength DFB lasers, paving the way for compact, low-
power devices with superior spectral characteristics.
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Abstract text: IlI-nitride semiconductors have a bright prospect in laser diode (LDs) with a wide
emission wavelength raging from ultraviolet to infrared and a high luminous efficiency. However,
all commercial GaN-based LDs are operated in multiple longitudinal modes, which cannot meet the
demands in narrow linewidth, highly coherent and accurate wavelength tuning for the emerging
applications in the underwater LIDAR, holographic storage, atom cooling and atom clocks.
Furthermore, using Si substrate to grown GaN-based LDs can greatly slash down the cost due to a
larger wafer size and lower material cost of Si substrates as compared with free-standing GaN
substrates, and the potential adoption of large-scale, low-cost manufacturing foundries. Narrow-
linewidth GaN-based LDs grown on Si may also serve as a potential on-chip light source for Si
photonics with III-nitride waveguide. Therefore, it’s very attractive to develop narrow-linewidth
GaN-based LDs directly grown on Si.

In this study, high-order sidewall gratings were fabricated along the side of ridge, and tetramethyl
ammonium hydroxide (TMAH) post-treatment was conducted to remove etching damage and make
the sidewall smooth and steep. As a result, we have successfully demonstrated GaN-based
distributed feedback LDs grown on Si. Further studies revealed that the increase of optical loss and
decrease of injection efficiency resulting from the fabrication of the gratings were responsible for
poor device performance.

To overcome these issues, we designed and fabricated the electrically pumped narrow-linewidth
GaN-on-Si LDs with slot gratings. Only a few rationally designed slot gratings were introduced into
the ridge of conventional Fabry—Pérot (F—P) cavity LDs to narrow the linewidth. As a result, the
threshold current was only increased by 11% after the slot fabrication, in stark contrast to more than
two times reported in the literatures, and the lasing spectrum was also improved with a side-mode
suppression ratio of 13 dB and a full width at half maximum of 25 pm. Afterwards, we reported a
novel fabrication technology to not only reduce the remaining p-type layer in the sidewall gratings,
but also realize close-coupled sidewall gratings. Finally, GaN-on-Si DFB LDs with an emission
wavelength of 414 nm, FWHM of 22 pm, and SMSR of 19.1 dB were realized.
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Abstract text: As quantum technologies further mature, the demand for new light sources increases
in order to improve both efficiency and scalability. Light sources with blue emission and extremely
small linewidths are required, elevating gallium nitride (GaN)-based laser diodes to prime
candidates. However, conventional Fabry-Perot laser diodes are unable to achieve the required
linewidths due to the presence of numerous longitudinal modes. In contrast, distributed-feedback
(DFB) laser diodes incorporate a grating structure that ensures the emission of a single wavelength.

The application of a metallic Bragg grating structure for conventional III-V DFB laser diodes has
been well-documented for over 25 years. While these laser diodes typically emit in the near- to mid-
infrared spectrum, there are no reports of GaN-based DFB laser diodes with a lateral metallic
grating. This type of grating structure remains largely independent from the actual semiconductor
material, as the distributed-feedback originates from the alternation between the metal strips and
passivation material.

In our contribution, we present an electrically-pumped, GaN-based, DFB laser diode with an
integrated metal grating for selective absorption of the longitudinal modes alongside the cavity. The
grating contains of a vast number of chromium stripes that are oriented perpendicular to the lasing
ridge, processed using electron beam lithography and a conventional lift-off step. The design
parameter of the grating are matched for a 455 nm emission wavelength. We operate the fabricated
laser diodes under pulsed electric current with a pulse width of 10 pus at a frequency of 1 kHz, and
investigate their light output-current-voltage (LIV) characteristics and high resolution emission
spectra. Notwithstanding the relatively high threshold currents (I, = 200 mA), the devices
demonstrate emission spectra with comparatively narrow linewidths (FWHM = 76 pm), a high side-
mode suppression ratio (SMSR = 23 dB), and a weak temperature-induced peak wavelength redshift
of 13 pm/K over the 10 to 28 °C temperature range. These observations provide substantial evidence
in support of DFB lasing for our GaN-based laser diodes.
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Abstract text: Terahertz quantum-cascade lasers (THz-QCLs) have attracted attention as excellent
THz light sources due to their compact size, high output power, narrow linewidth, long lifetime, and
high durability, and are expected to be used in a variety of applications. However, it is difficult to
realize over 300K operation by GaAs-based QCL, and their operating frequency range is limited to
1.2-5.4 THz. This is because the electron-LO phonon energy (ELo) of GaAs is 36 meV, which is
close to the thermal energy at room temperature, and there is an heavy optical absorption band at 5-
12 THz. In contrast, GaN-based semiconductors have a large Ero of 92 meV, GaN-based QCL is
predicted to operate in the 1.5-15.5 THz range, including the unexplored 5-12 THz range, and also it
is suitable for over 300K operation. In this study, we optimized the structure of a GaN/AlGaN-based
THz-QCL and analyzed the optical gain above room temperature in the 3 to 15 THz region.

Assuming a GaN/Aly 13Gag g7N 3-quantum well (QW), 4-level structure (IL; injection level, ULL;
upper lasing level, LLL; lower lasing level, EXT; extraction level), we analyzed the optical gain
using the non-equilibrium Green's function (NEGF) method to obtain a strict solution. We
investigated the transition mechanism in various frequency regions based on 10 THz QCL. It was
found that the maximum temperature at which population inversion occurs in a 10 THz QCL is
about 450 K, and the limit temperature at which an optical gain of over 30 cm™ is about 380 K. We
found that the lasing frequency can be tuned from 2 to 15 THz by changing the thickness of the two
layers, i.e., the injection well and the emission barrier. It was found that the optical gain is limited by
the effects of LO phonon scattering at high frequencies and by broadening of the oscillation levels at
low frequencies, and the room temperature operation range is approximately 2 to 14.7 THz. It was
also revealed that at around 3 THz region, optical gain occurs not only between ULL and LLL but
also between LLL and EXT, and the gain is significantly improved at the temperature higher than
300K. We also found that doping the injection layer significantly improves the optical gain. In
conclusion, we have shown through our analysis that GaN-based QCLs are capable of room
temperature oscillation in a wide range from 2 to 14.7 THz.
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Abstract text: The spontaneous polarization Pspon: is one of the key properties of the wurtzite III-N
semiconductors AIN, GaN and InN. The emergence of ferroelectricity in these compounds, i.e. the
ability to change direction and net-magnitude of Psyon: through electric fields, is poised to lead to new
paradigms in the design and usage of III-N devices: 1.) Ferroelectric III-Ns can enable seamless
integration of memory functionality and reconfigurable material coefficient tensors (piezoelectric
coefficients, nonlinear optical susceptibility) in III-N technology. 2.) Ferroelectricity can create and
annihilate previously inaccessible polarization patterns and functional polar domain walls in the bulk
as well as on the interfaces of I1I-N heterostructures. 3.) Ferroelectric switching allows direct
experimental determination of Pgon: (magnitude and sign), thereby confirming the necessity for
reconsidering Pspont in line with more recent theoretical prediction (Pspont > 1 C/m? for metal-
polarity).[1-3]

In addition to highlighting how ferroelectricity can thus shape a new perspective on II1I-N
semiconductors, this contribution will discuss recent progress towards understanding and harnessing
the implications of ferroelectric I1I-Ns based on two examples: First, electric field induced
polarization discontinuities are apparently able to concentrate massive bound charge (~ 200 uC/cm?)
in atomically sharp interfaces. This bound charge in turn induces conductive sheets (domain walls)
that can e.g. directly serve for the purpose of resistive memories. On/off ratios and operating
voltages attractive for in-memory computing are demonstrated.

Second, inverted piezoelectric tensors allow for multilayers with a piezoelectric output that rivals
that of state-of-the-art lead-containing perovskites — at significantly better linearity, durability, as
well as reduced power demand. This development has the potential to open yet another significant
application field for III-N semiconductors: that of high-power actuators for e.g. acoustic and optical
microsystems.

[1]S. Fichtner et al., J. Appl. Phys. 125 (2019)

[2] S. Fichtner et al., Appl. Phys. Lett. 125 (2024)

[3] Z. Mi et al., Appl. Phys. Lett. 124 (2024)
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Abstract text: Al;«ScN is attracting increasing attention due to the enhanced piezoelectricity as a
result of the Sc incorporation [1], which leads to higher electromechanical coupling efficiency and
wider bandwidths for surface-acoustic-wave (SAW) devices, a key element in telecommunication
and sensing. Whereas sputtering provides an efficient way to synthesize such thin films, plasma-
assisted molecular beam epitaxy (PAMBE) can potentially yield films with better crystal quality.
Here, we have developed a universal process to synthesize (Al,Sc)N thin films on a series of
substrates including Si [2], SiC, and diamond [3], gearing towards surface-acoustic-wave (SAW)
applications. Studies of the piezoelectric properties of the wurtzite films using piezoresponse-force
microscopy (PFM) indicates a microscopic polarization switching by the electrically biased probe
for a high Sc-concentration film (x~0.25). The result contrasts with the uniform behavior observed in
ferroelectric measurement [4]. We then fabricate SAW transducers and investigate SAW
generation in the 2 to 8 GHz frequency range. We compare different substrates from the viewpoints
of PAMBE growth and SAW excitation, respectively. While Si remains the most important substrate
in semiconductor technology, SiC provides a close lattice match, and the extremely high sound
velocity of diamond is optimal in supporting multiple higher SAW modes. We will present the study
of SAW in both scattering-parameter measurement in the frequency domain as well as high-
resolution scanning-probe of the spatial profile using atomic-force microscopy (AFM). Perspectives
as well as challenges related to the material platform will be discussed.

[1] M. Akiyama et al., Appl. Phys. Lett. 95, 162107 (2009)
[2] D. V. Dinh et al., APL Materials, in press (2025)
[3] M. Yuan et al., J. Phys. D: Appl. Phys., 57, 495103 (2024)

[4] S. Fichtner et al., J. Appl. Phys, 125, 114103 (2019)
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Abstract text: SCAIN exhibits unique properties such as strong polarization and ferroelectricity,
which is attractive as barrier material of a GaN HEMT. We have reported on epitaxial growth of
ScAIN thin films on GaN by a sputtering method [1-3]. In this study, we investigate the effect of a
sputtering regrowth of a ScAIN thin film on a GaN HEMT structure. The transport properties of
2DEG in the heterostructures with and without the SCAIN layer were measured and discussed.

A ScAIN thin film was grown on a Alp22Gao7sN (3 nm)/AIN (1 nm)/GaN heterostructure, which
was beforehand grown by MOVPE on a semi-insulating 6H-SiC substrate, by a sputtering. The Sc
composition and the thickness are 9% and 10 nm, confirmed by TEM. From the XRD reciprocal
space mapping around 10-15 diffraction, the coherent growth of SCAIN on GaN was confirmed. The
sample without the growth of a SCAIN thin film was also prepared as a control sample.

Temperature-dependent Hall effect measurements were carried out for the samples. For the
control sample (w/o ScAIN), the sheet electron density and mobility are 3.8x10'? cm™ and 1825
cm?/Vs at room temperature, respectively. For the sample with ScAIN, the sheet electron density
was 1.5x10" cm™, which is approximately 4 times higher than the control sample. However, the
mobility decreased to 1162 cm?/Vs. For both the samples, the mobilities increased and saturated as
temperature decreased. The theoretical mobilities were calculated based on the Matthiessen’s rule
considering the polar optical phonon (POP), acoustic deformation potential (ADP) and interface
roughness (IR) scatterings. The POP and ADP scatterings mainly depend on the effective mass and
the dielectric constant. The IR scattering strongly depends on the roughness parameters of and
. and were obtained by fitting the calculations to the experimental data at cryogenic temperature.
Using the reasonable values of A=2.1 nm and §=2.1 A (A/6=10), the calculations showed good
agreement with the experimental data, indicating that the mobility degradation can be explained by
the enhanced IR scattering due to the high sheet electron density. These results are useful to
understand the transport properties of sputtered SCAIN/MOVPE-A1GaN/AIN/GaN heterostructure.

[1] A. Kobayashi e al., APEX 17, 011002 (2023). [2] T. Maeda et al., APL 125, 022103 (2024). [3]
T. Okuda et al., APL 126, 052105 (2025).
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Abstract text: SCAIN ensures a very high carrier density at the interface with GaN, which makes it
possible a promising barrier layer for HEMTs in view of power switching and RF/mm-wave power
amplifier applications. We have demonstrated the feasibility of the growth with ammonia source
MBE (NH3-MBE) of SccAli«N barriers quasi-lattice matched with GaN (x~14%) [1]. The
advantages of this technique in terms of alloy homogeneity, growth rate and alloy composition
control have been demonstrated and more recently SCAIN/GaN HEMTs have been grown on silicon
substrate, allowing the fabrication of functional transistors with 2 pm gate length [2]. However, the
surface of ScAIN rapidly oxidizes and suffers a lack of stability during the device process. For this
reason, in-situ grown cap layers such as GaN, AIN or SiN have to be envisaged. In this work, the
heterostructure is grown on a 3-inch high-resistivity Si(111) substrate covered with a 1.3 pm GaN
buffer on a 0.4um stress mitigating AIN/AlGaN/AIN stack. A 7 nm ScAIN barrier is grown at 670°C
with a Sc molar fraction x=15%. A thin 1.6 nm AIN exclusion layer is introduced between ScAIN
and GaN to limit intermixing and alloy scattering. Finally, a 2 nm GaN cap layer is grown on top of
the barrier. The device process involves e-beam lithography, Ti/Al/Ni/Au annealed ohmic contacts,
ion implantation for isolation, Ni/Au T-gates and passivation with PECVD silicon nitride. The DC
characteristics of the 75 nm gate transistor with source to drain distance of 1.5 pum exhibit a
resistance Ros=2 ohm.mm and a maximum drain current density of 1.35 A/mm at Vgs=0V, linked
with a maximum transconductance of 284 mS/mm. Furthermore, the device exhibits a current gain
cutoff frequency (fr) of 82 GHz and a maximum oscillation frequency (fuax) of 112 GHz,
demonstrating the potential of SCAIN/GaN HEMTs grown by NH3;-MBE on low-cost silicon
substrates for RF applications.

This work is partly supported by the French technology facility network RENATECH, the national
radio frequency characterization network RFnet, the National Research Agency through the
‘Investissements d’ Avenir’ program GaNeX (ANR-11-LABX-0014) and the project TWINS (ANR-
23-CE51-0011) as well as ECSEL JU project GaN4AP under Grant Agreement No. 101007310.

[1] C. Elias et al, Appl. Phys. Lett. Materials 11, 031105 (2023).

[2] C. Elias et al, Phys. Status Solidi A, 2400963 (2025).
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Abstract text: Aluminum nitride (AIN), as an ultra-wide bandgap semiconductor material, has
shown significant potential in power electronic devices, deep ultraviolet optoelectronic devices, and
high-temperature sensors due to its strong spontaneous polarization, high breakdown field, and
excellent chemical stability. Recent research has discovered that by introducing scandium (Sc) to
form ScxAl N alloys, the ferroelectric properties of the material can be effectively tuned, providing
a novel candidate material for micro-electromechanical systems (MEMS), radio frequency filters,
and high-frequency high-power electronic devices. In this study, we successfully fabricated the high
electron mobility transistors (HEMTs) with superlattice barrier structure of (Sc)AIN/GaN
heterojunction on an AIN on Sapphire template using plasma-assisted molecular beam epitaxy (PA-
MBE). This heterostructure consists of a GaN channel and a composite barrier layer, where the
barrier layer employs an innovative superlattice design: the top layer is a ScAIN ferroelectric layer,
and the bottom layer is a periodic AIN/GaN interlayer structure (Figure 1a). Atomic-scale
characterization reveals that the active region has clear interface, with atomically sharp interfaces
between the SCAIN/GaN/AIN layers (Figure 1b).

The T-gate HEMT device based on this heterostructure (with Lc=200 nm, Lsp=2 pum, and Lgs=1
um, Figurelc) exhibits excellent performance: DC characteristics achieved a high on/off ratio of
>10°, and a significant hysteresis window observed in the transfer characteristic curves (Figure 2a,b)
confirms the ferroelectric modulation of the ScAIN. In terms of high-frequency performance, the
device achieves an impressive cutoff frequency of fr/fmax=32/70 GHz with a gate length of 200 nm
(Figure 2c). This work, through the synergistic optimization of ferroelectric modulation and
superlattice barrier engineering, combined with an all-epitaxial heterogeneous integration with
(Sc)AIN/GaN on AIN substrates, provides an innovative solution for the development of the next
generation of radio frequency electronic devices.
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Abstract text: GaN electronic devices with their increasing power density require large efforts in
engineering/physics innovations to extract waste heat more efficiently than presently possible, to
keep device temperature within sensible temperature ranges. Thermal heat management solutions
including integration of diamond with GaN, microfluidics and heat pipes will be discussed, also
packaging innovations such as metal diamond composites. The latest approaches in the thermal
analysis of materials and devices to aid development of these thermal management solutions will
also be highlighted. This includes thermal analysis imaging technique such as Raman thermography,
also latest developments in being able to image temperature in devices with less than 200-400nm
spatial resolution, furthermore the ability to measure thermal conductivity in three dimensions. This
will be discussed in the context of standard GaN HEMTs though also advanced device structures
such as GaN SCLFETs.
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Abstract text: GaN high electron mobility transistors with p-GaN gate emerged as excellent devices
for power electronics. The reliability of such devices under positive gate stress is widely discussed in
literature, with several papers [1] that reported a negative activation energy of the time-to-failure
(TTF) with a significant deviation from the traditional E-model. In this work we propose an
advanced model for the degradation based on stress, electroluminescence and dynamic data.

Devices stressed at different positive gate voltages and temperature show that: (a) TTF increases at
high temperatures, with a negative activation energy (-0.31 eV); (b) the acceleration factor of TTF vs
stress voltage decreases at high voltage levels, thus suggesting a mitigation of the degradation trend.

The degradation model was built by investigating the origin of gate leakage. Two processes were
identified: (i) at moderate gate bias, electrons from the 2DEG are injected in the p-GaN through
thermionic emission; (ii) at higher gate voltages, conduction is dominated by trap-assisted-tunneling
of holes from the gate contact [2]. This suggest that degradation is due to electrons accelerated in the
Schottky SCR, that undergo impact ionization [3]. At the same time, the holes are accumulated in
the 2DHG at the p-GaN/AlGaN interface. This latter result was confirmed by spectrally-resolved
electroluminescence measurements, that provide evidence for band-to-band recombination.

The link between hole injection and TTF was analyzed by considering the V 1y kinetics during
constant voltage gate stress. We identified a significant negative shift of Vi due to hole trapping in
the AlGaN barrier [4], that was then correlated to the difference between the “ideal” TTF (according
to the E model), obtained by linear interpolation of the log(TTF) data at low gate stress. Remarkably,
the results present an excellent exponential correlation between the amount of injected/trapped holes

and the reduction in the acceleration factor observed at high gate voltages. This result demonstrates
that hole injection has a beneficial impact on time-to-failure.

[1] Fregolent et al., IEEE JEDS, 2024, 10.1109/JEDS.2024.3454334.

[2] Tang et al., IEEE TED, 70-2, 2022, 10.1109/TED.2022.3231566.

(3] Wuetal., [EEE EDL, 36-10 2015, 10.1109/LED.2015.2465137.

[4] Stockman et al., IEEE TED, 65-12,2018, 10.1109/TED.2018.2877262.
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Abstract text: Thermal management of power devices is a critical factor for ensuring both reliability
and minimizing thermal degradation. As the device channel temperature rises, on-resistance
increases due to enhanced carrier scattering, leading to reduced conversion efficiency. This thermal
degradation issue becomes even more pronounced in high power density devices, such as GaN
power devices, which exhibit high channel carrier density and high carrier mobility. While package-
level thermal management solutions have been extensively explored, device-level approaches remain
relatively under investigated. In this study, we developed a high thermal conductivity BN
passivation process for GaN-on-Si power devices. To evaluate the effectiveness of BN passivation,
an E-mode pGaN HFET was fabricated, involving selective pGaN etching, the first SiO. ILD
deposition, Ti/Al/TiN ohmic contacts, TiN gate, and the second SiO: ILD deposition. A 50nm BN
passivation film was sputtered under deposition conditions(RF power 100W, Ar plasma
10sccm/10mTorr, 3h). Due to its low deposition temperature, BN passivation process ensures no
thermal budget constraints on GaN device processing. The amorphous BN film forms a good
thermal interface due to atomic-scale roughness. Electrical characteristics were compared before and
after BN passivation. With the BN passivation film, The maximum current density increased from
362 to 454mA/mm, while on-resistance decreased from 12.44 to 11.60Qmm. No shift in threshold
voltage was observed after BN passivation, indicating that the BN passivation process did not
influence the gate modulation property. It is suggested that the BN passivation film enhanced heat
dissipation at the surface, effectively lowering the channel temperature. The lower channel
temperature contributed to higher current density and lower on-resistance. Temperature-dependent I-
V characteristics were studied from room temperature to 150C. As the temperature increased from
room temperature to 150C, the maximum current density decreased by 40% and the on-resistance
increased by 90%. A conventional device without BN passivation exhibited greater degradation at
elevated temperature. In conclusion, the BN passivation process demonstrates strong potential as an
effective heat dissipation technique at the device surface, thereby improving the thermal
performance and reliability of GaN power devices.
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Abstract text: The demand for high-performance power devices at D-band (110-170 GHz) is
rapidly growing, driven by emerging high-speed wireless communication applications. While GaN-
based HEMTs have shown excellent power capabilities at mm-wave frequencies, its viability at D-
band requires further exploration. In this work, scaled GaN HEMTs are characterized at D-band
using active load-pull, providing key insights into their potential for D-band applications.

The measurement system comprises a Keysight N5245B vector network analyzer, a Vertigo vector
modulator, two VDI WR6.5VNATxRxM-4HP frequency extenders, and FormFactor 1170-S-GSG-
50-BT probes. To ensure accurate power leveling and control, a first-tier two-port TRL waveguide
calibration at the frequency extender output flanges plane was applied, followed by waveguide port
power calibration and leveling using a VDI Erickson PM5B power meter, and then the final
measurement plane was moved to on-wafer device measurement plane by a second-tier two-port
TRL calibration. The system can supply up to 22.9 dBm of input power to the device under test at
the probe tip reference plane at 140 GHz. The measured transistors were fabricated in HRL
Laboratories’ “T3” 40-nm GaN-on-SiC HEMT technology, provides nominal f;’s of 200 GHz and
Jmax’s of 400 GHz.

The devices exhibit a maximum drain current (/;) of approximately 900 mA/mm at a gate voltage of
1 V, a threshold voltage of -0.08 V, and peak transconductance of 609 mS/mm. Load pull was
performed for |7p4q| up to ~0.9, which is impractical with passive tuners in D-band. The load-pull
contours at 140 GHz were measured for quiescent /; of 50, 100, and 200 mA/mm and a drain-source
voltage of 12 V, covering deep Class AB to Class A operation. The load for peak power-added
efficiency (PAE) is ~ 0.7 + 0.5/, largely independent of bias. The load that maximizes output power
(Pou) varies with the bias conditions but remains in close proximity to the load corresponding to
peak PAE. Power sweeps at the optimal /7,4 for peak PAE and P,y were analyzed and compared.
Under load conditions optimized for PAE, for an /; of 100 mA/mm, a small-signal gain of 7 dB, with
a peak PAE of 19.0% and saturated Po. of 19.5 dBm were obtained at 140 GHz. The appreciable
gain and efficiency suggest GaN is a viable transistor technology for mm-wave and sub-mm-wave
applications.
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Abstract text: AlGaN heterostructures with high Al mole fractions have attracted attention due to
their excellent temperature stability and high breakdown field, making them suitable for harsh
environment power switching applications. In this study, we developed a fabrication process for Al-
rich AlIGaN HFET(AlossGao.1sN/AlpsGaosN) and investigated their temperature-dependent
characteristics over a range from room temperature to 300 °C.

As the temperature increased from room temperature to 300 °C, the sheet resistance increased from
7,260 to 14,600 Q/sq, whereas the specific contact resistance decreased from 8x107 to 3x107
Q-cm’. The increase in sheet resistance was attributed to enhanced scattering at elevated
temperatures, leading to reduced carrier mobility. Due to the non-ideal ohmic contact on the Al-rich
AlGaN HFET surface, thermionic emission was enhanced at higher temperatures, effectively
lowering the barrier height. As a result, the contact resistance decreased with rising temperature.

Current-voltage characteristics measured between room temperature and 300 °C exhibited excellent
stability compared to conventional AIGaN/GaN HEMTs. The maximum drain current of the Al-rich
AlGaN HFET decreased by only 11 %, whereas conventional AlIGaN/GaN HEMTs showed a
reduction of 44 % for comparison. The fabricated Al-rich AlGaN HFET also demonstrated
remarkable on-resistance stability across the entire temperature range, increasing by only 7.6% (from
224 Q-mm at room temperature to 239 Q-mm at 300 °C).

Notably, the fabricated Al-rich AlIGaN HFET exhibited minimal trapping effects under pulsed
measurements, despite the absence of surface passivation or a field plate. Unlike conventional
AlGaN/GaN HEMTs, the Al-rich AIGaN HFET showed negligible trapping effects, suggesting that
the high Al mole fraction in the AlogsGao.1sN/AlosGagsN barrier created a high-energy barrier that
prevented electron injection from the gate. This high-energy barrier also enabled a large maximum
forward gate voltage. The maximum positive gate voltage was 9.8 V at room temperature and 8.6 V
at 300 °C, indicating a substantial Schottky barrier height.

This research was supported by the National Research Foundation of Korea(NRF) grant funded by
the Korea government(Ministry of Science and ICT) (RS-2024-00431359).
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PC-Thu-1 - Fluke or Myth: A Hole Mobility of 1500 cm2/Vs in GaN (though at 4 K)

2. Physics and characterization
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Abstract text: The advent of p-type GaN has changed the world forever. To date most of the p-type
GaN has been achieved by impurity doping, i.e. replacing Ga with Mg in the GaN semiconductor
crystal. The hole mobility in GaN has a typical value of 20 cm?/Vs at room temperature and 100
cm?/Vs around 100 K; below 50 K, it is impossible to measure hole mobility in impurity-doped GaN
due to severe carrier freeze-out — literally GaN:Mg becomes a semi-insulating materials at these
cryogenic temperatures.

In this invited talk, I will discuss our effort of realizing a hole mobility of 1500 cm*/Vs albeit
measured at 4 Kelvin: method, experiments, measurements and forecast. It started from a few years
back when Chaudhuri et al [Science 2019] demonstrated that it is possible to form a 2D hole gas at
the GaN/AIN interface without impurity dopants, which arises from the discontinuity of polarization
at this heterointerface. This 2D hole gas is free from dopant scattering and freeze-out, just like its
counterpart — the 2DEG at an AlGaN/GaN interface. As a result, it provides an unprecedented
platform for us to probe the valence band of GaN.

(Speaker Bio) Huili Grace Xing is currently the Director of SUPREME - a SRC JUMP2.0 research
center, the William L. Quackenbush Professor of Electrical and Computer Engineering, Materials
Science and Engineering at Cornell University, and having recently served as the Associate Dean for
Research & Graduate Studies of the College of Engineering. She is a recipient of the AFOSR
Young Investigator Award, NSF CAREER Award, ISCS Young Scientist Award, and the Intel
Outstanding Researcher Award. She is a fellow of APS, IEEE & AAAS.
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Abstract text: Precise characterization of charge carrier properties in group-III nitride materials and
related device structures is essential for their optimization and enhanced performance. Spectroscopic
ellipsometry-based optical Hall effect measurements performed at terahertz (THz) and infrared (IR)
spectral ranges provide a robust, non-contact, and non-destructive method for probing key electronic
properties, including electron effective mass, mobility, and carrier density [1-3]. Unlike conventional
contact-based techniques, optical Hall effect enables the investigation of buried conductive layers,
offering valuable insights for refining material properties and advancing device development.

In this work, we demonstrate the applicability of THz to mid-IR optical Hall effect for quantitatively
analyzing free charge carrier properties in GaN, AIN, and AlGaN materials and device structures
relevant to next-generation high-frequency and high-power electronics. We showcase its ability to
assess the impact of Al compositional variations on 2DEG properties in AlGaN/GaN HEMTs,
investigate anisotropic charge carrier mobility influenced by substrate morphology in N-polar
HEMTs, and determine electron effective mass parameters across a wide temperature range in GaN,
AlGaN, and InGaN. Additionally, we discuss potential mechanisms contributing to variations in
electron effective mass, including band structure effects, electron-phonon interactions, strain, and
deviations from classical electron transport models.

References

[1] N. Armakavicus et al., APL Materials, 12, 021114 (2024)

[2] N. Armakavicius et al., Materials 17, 3343 (2024)

[3] P. Kiihne, N. Armakavicius, et al., IEEE Transactions on Terahertz Science and Technology, 8,
3,257 -270 (2018).
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Abstract text: GaN was long thought to be only practically available as an n-type semiconductor
until the achievement of p-type doping made blue LEDs and lasers possible, leading to an energy-
efficient solid-state lighting revolution. In electronics, the high-mobility two-dimensional electron
gas (2DEGQG) at the A1GaN/GaN heterointerface is enabling energy-efficient RF and power devices
[1]; however, the first two-dimensional hole gas (2DHG) in GaN without impurity doping was only
reported in 2019 [2]. As GaN holes have lower mobility and are harder to access experimentally,
fundamental understanding of the 2DHG has lagged that of the 2DEG. In this talk, we show that
beyond pushing the performance of p-channel GaN transistors, record-high mobility holes open a
new frontier for fundamental understanding and quantum engineering of GaN’s valence bands.

We demonstrate that polarization-doping, without needing Mg dopants, induces enough holes to
degenerately occupy two valence bands of GaN — the light hole (LH) and the heavy hole (HH) bands
— without thermal freeze-out [3]. Going beyond conventional Hall measurements, we extract band-
resolved transport properties of the light and heavy holes as a function of temperature. At 3 K,
mobilities of ~1900 cm?/Vs and ~400 cm?/Vs for LHs and HHs, respectively, are observed.

Shubnikov-de Haas (SdH) oscillations is one of the most powerful tools in condensed matter physics
to directly probe band structures and Fermi surfaces. Despite decades of effort to improve crystal
growth and hole doping, it has thus far not been possible to achieve GaN holes with sufficiently high
mobility, surviving and electrically contactable at cryogenic temperatures, to exhibit SdH
oscillations. Here, we report [4] SAH oscillations of both HHs and LHs and directly measure their
effective masses, putting an end to the current lack of consensus in GaN hole masses. We also report

an anomalous field-dependence of the LH mass that cannot be explained by band nonparabolicity.

Finally, we discuss strategies beyond crystal growth to push the mobility limits of GaN holes and the
crucial role of SdH oscillations in this endeavor.

References
[1] Hoo Teo, K. et al., J. Appl. Phys. 130, (2021).
[2] Chaudhuri, R. et al., Science 365, (2019).

[3] Dill, J. E.*, Chang, C.F. C.* et al., J. Appl. Phys. 137, (2025).

339



[4] Chang, C. F. C. et al., arXiv:2501.16213 (2025).

340



PC-Thu-4* - Synchrotron Scanning Photoelectron Microscopy of Polarization-doped
AlGaN/GaN Heterostructures

2. Physics and characterization

Nishant Patel'

Byeongchan So', Minho Kim?, Alexis Papamichailz, Rohit Yadav', Eleni Charitoudi', Erik Lind®,
Vanya Darakchieva®, Rainer Timm'

! NanoLund and Dept. of Physics, Lund University, 221 00 Lund, Sweden

2 Center for I1I-Nitride Technology, C3NiT-Janzén, Dept. Physics, Chemistry and Biology,
Linkdping University, 581 83 Linkdping, Sweden

3 NanoLund and Dept. Electrical and Information Technology, Lund University, 221 00 Lund,
Sweden

4 Nanolund and Department of Physics, Lund University, 221 00 Lund, Sweden and Center for I11-
Nitride Technology, C3NiT-Janzén, Dept. Physics, Chemistry and Biology, Linkdping University,
581 83 Linkdping, Sweden

Abstract text: Gallium Nitride (GaN) and Aluminum Gallium Nitride (AlGaN) compounds are at
the forefront of ultrawide bandgap semiconductor research, with applications in power electronics,
radio-frequency (RF) devices, and high-efficiency optoelectronics. In heterostructures, the interfaces
enable high carrier densities and mobilities due to strong polarization and charging effects, making
them ideal for high-performance electronic devices. In particular, polarization doping, a technique
leveraging spontaneous and piezoelectric polarization rather than impurity-based doping, presents an
opportunity to engineer charge distribution without introducing extrinsic defects.

Despite its promise, the precise relationship between Al composition gradients, polarization-induced
band bending, and local electronic structure remains poorly understood. Addressing this knowledge
gap is critical for optimizing next-generation high-power and high-frequency devices.

To investigate these effects, we employed synchrotron-based Scanning Photoelectron Microscopy
(SPEM) using a focused X-ray beam with 120 nm spot size. This technique enables mapping core-
level shifts associated with compositional variation and polarization-induced band bending with high
spatial resolution. Our study focused on cleaved AlGaN/GaN heterostructures with both graded and
step-like Al composition changes in the top 1 pm, allowing direct access to cross-sectional electronic
structure variations. We acquired element-specific SPEM maps of Ga 3d, Al 2p, and N 1s alongside
high-resolution photoelectron spectra at defined intervals (100 nm steps) from the cleaved edge.

Our findings reveal significant core-level shifts across the heterostructure, highlighting the interplay
between material composition, band bending, and polarization effects. By analyzing fitted peak
intensities and energy positions with spatial resolution, we gain deeper insights into how local
charge distributions and band alignment evolve within the heterostructure. These results contribute
to a more comprehensive understanding of polarization-induced electronic structure modifications,
paving the way for improved material engineering strategies in next-generation high-power and
high-frequency semiconductor devices.
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Abstract text: GaN, a wide bandgap semiconductor with a breakdown field of >3.3 MV/cm, holds
great promise for power electronics. However, the valley separation of GaN is still not well
characterized. The position of valleys and their E-k relation play a critical role in determining the
high-field transport behavior for carrier transport. In this work, we aim to study different valley
separations from different measurements or DFT simulations.

We first used Quantum Espresso [1] to calculate the GaN band structure and identify different valley
positions. Four lowest valleys were found, and phonon dispersion was presented. The EPW
package[2] is used to calculate electron-phonon coupling, identifying contributions from different
phonons to scattering rates. Nonpolar optical phonons play a key role in high electron momentum
transfer, facilitating intervalley scattering. We extracted deformation potentials from the electron-
phonon matrix element at different initial and final states [3] as a reference for scattering rate fitting
[4]. Using these extracted parameters, multi-valley Monte Carlo simulations at 300 K and 10'® cm™
impurity concentration revealed electron velocity and distribution changes under an electric field
along the I'-M direction.

We obtained a mobility of 1650 cm?/V s, with a peak electron velocity of 3x107 cm/s at 200 kV/cm.
The electron velocity gradually decreases from 1x107 to 5x10° cm/s as the electric field increases
from 1 to 4 MV/cm. Around 1.5 MV/cm, electrons are pushed by the electric field from the U valley
back to the G valley. At 3 MV/cm, most electrons accumulate above 2 eV, with a small 3 eV peak
from electrons moving along the field to the flat band region near M point. Furthermore, at 3
MV/cm, 5.76% of electrons exceeded 3.4 eV above the CBM, potentially leading to impact
ionization. These insights provide a deeper understanding of the transport properties of GaN. The
next step is to apply different valley separations from experimental results to compare the difference
between DFT and experiment results.

[1] P. Giannozzi et al., J. Phys.: Condens. Matter 29, 465901 (2017).

[2] Lee, H., Poncé, S., Bushick, K. et al, npj Comput Mater 9, 156 (2023).
[3] Z. Lietal., Phys. Rev. B 104, 195201 (2021).

[4] J. Singh,. Cambridge: Cambridge University Press, 2003, pp. 275-288.

[5] A. Dal Corso, Comput. Mater. Science 95, 337 (2014).

342



N-polar AIN and structures

2025-07-10
10:30 - 12:00
N-polar AIN and structures

343



GR-Thu-6 - Control of Surface Morphology and Polarity of N-Polar AIN Films Grown on AIN
Bulk Substrates
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Abstract text: GaN-based lateral power switching devices are being developed for high-power and
high-frequency applications, where they outperform devices based on traditional semiconductors due
to favorable material properties, such as a high thermal conductivity and wide bandgap energy. In
high electron mobility transistors (HEMTSs), the heterostructure possessing a 2D electron gas
generated by the polarization discontinuity at the AIGaN/GaN interface possess a high sheet carrier
density and mobility, high breakdown voltage, and low on-resistance. Most of of these devices are
based on metal polar heterostructures, but N-polar HEMTs are gaining attention since they offer
prospects for improved performance. The reversed location of the wider bandgap layer, under the
channel, provides enhanced carrier confinement due to the improved back barrier effect, while
having the lower bandgap material at the device surface simplifies the fabrication of low resistivity
Ohmic contacts. However, epitaxial growth of N-polar III-nitrides and their alloys is challenging
since the different surface reconstructions present during growth alter the surface kinetics, with
potential adverse consequences to the surface morphology and polar stability. Thus, development of
dedicated processes for N-polar growth are required for evolution of this technology.

Bulk AIN grown by physical vapor transport is a promising substrate material for high quality I1I-
nitride epitaxy, offering high electrical resistivity and thermal conductivity, low dislocation density,
and an ultra-wide bandgap. N-polar HEMTs grown on N-polar AIN substrates simultaneously
benefit from these material properties as well as the advantages of N-polar heterostructures, which
may improve the maximum power gain cut-off frequency. While growth of Al-polar AIN and
AlGaN films on AIN substrates by MOCVD and MBE is well developed, and a surface kinetics-
based model for control of the AIN surface morphology has been presented, growth of N-polar AIN
is relatively immature and can suffer from high surface roughness and polarity inversion. In this
work, the development of an MOCVD growth process for smooth and uniform N-polar AIN will be
presented. Application of surface kinetics concepts in a quantitative and predictive manner for
control of the N-polar AIN surface morphology and polarity will be discussed.
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Abstract text: The epitaxy of N-polar GaN epilayers has become a subject of strong interest today,
particularly for the fabrication and study of high electron mobility heterostructures (HEMTs) for
microwave applications [1]. Significant progresses have been made in recent years on Silicon
Carbide and Sapphire substrates in order to obtain good quality N-polar GaN structural properties
with low surface roughness and low impurity concentration [2]. On Silicon substrates, which
remains a substrate of choice for applications in the field of electronics, there are a few rare
demonstrations of obtaining nitrogen polarity [3-5] but no robust and competitive N-polar HEMTs
devices were produced on Si. This work presents an original approach to grow by ammonia-
molecular beam epitaxy (NH3-MBE) N-polar III-N epilayers on silicon substrates using a hybrid
AIN/NDN (niobium nitride) buffer. This study presents the growth conditions mandatory to control
the polarity conversion from metal-polar to nitrogen-polar using a few NbN epitaxial monolayers.
Using transmission electron microscopy, the hybrid stack (Si/Al-AIN/NbN/N-AIN) is studied to
understand the role of interfaces and to optimize the buffer layer stack. This buffer is used to study
(DRX, AFM, SIMS) and optimize the growth conditions of N-polar GaN on silicon substrate. As
already reported [6], this study shows that N-polar GaN can and must be grown at high temperatures
(above 900°C) in order to improve the structural quality and decrease the impurity concentration.
Under these growth conditions and for comparable thicknesses, the structural quality of N-polar
GaN on silicon is even better than metal-polarity GaN grown on Si. The impurity concentration
decreases significantly by increasing the growth temperature. A carbon atom concentration below
10'° cm? is achieved, however the oxygen atom concentration is still high, typically in the low 10"
cm”. The surface roughness of N-polar GaN is relatively high (rms >5 nm), however, preliminary
assessments of growth on off-axis silicon substrates show that the roughness can be significantly
reduced (rms <2 nm). This improvement of the growth front roughness is very promising to further
reduce the concentration of impurities. We conclude this study by presenting the first N-polar
HEMTs on silicon substrates showing very encouraging characteristics.
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Abstract text: In wurtzite III-nitride heterostructures, the N-polar direction is as important as the
metal polar one and is advantageous for its own unique applications in devices such as buried-barrier
high electron mobility transistors, interband tunnel junctions and resonant tunnelling diodes. From
the perspective of the MBE growth of GaN, the two surface polarities behave quite differently: the
contracted Ga bilayer, which is beneficial for boosting the diffusion length of the adatoms and
resulting in smooth surface morphology in GaN growth, is unstable on the N-polar surface, which
often leads to kinetically driven morphological instabilities. It is also known that under a fixed MBE
growth condition, the N-polar growth exhibits higher unintentional O donor incorporation and much
lower Mg acceptor incorporation, by almost an order of magnitude, compared to Ga-polar
counterpart, which can thus lead to high p-contact resistivity of N-polar p-GaN.

In this work, we demonstrate that N-rich growth conditions in MBE enhance Mg incorporation in
GaN, leading to a considerable decrease in the contact resistivity of N-polar p-GaN. Two N-polar pn
diodes were grown on N-polar n°-GaN bulk substrates with a p™"-GaN layer on top. Most layers in
both samples were grown under nominally identical and Ga-rich conditions. The only difference
between the two samples was that one had the p-GaN region grown under Ga-rich conditions, while
the other had it grown under N-rich conditions.

CTLM revealed that the specific contact resistivity and sheet resistivity of the top p-GaN region
were 2.7x107 Q cm? and 6.8x10* Q/sq for the Ga-rich grown sample, and 3.4x10™* Q cm? and
1.3x10° Q/sq for the N-rich grown sample, respectively. Both diodes indicate turn on near the
expected built-in potential and show ultralow leakage below ~2 V bias. But the nearly one order of
magnitude lower contact resistivity in the pn diode with N-rich grown p-GaN resulted in a
significant, nearly 2- to 4-fold increase in current density under forward bias compared to the diode
with Ga-rich grown p-GaN for forward bias voltages above the built-in bias.

These results indicate that N-rich growth conditions are highly effective in reducing the contact

resistivity of p-GaN contact layers and could be a convenient approach for the formation of ohmic
contacts in p-type nitrides, particularly for N-polar p-channel devices.
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Abstract text: N-polar AIN-based high electron mobility transistors (HEMT) are studied as a next
generation device structure with the AIN barrier layer below the GaN channel, so high Al contents
are possible without impairing the Ohmic contact, giving a higher 2-dimentional electron gas
(2DEGQ) density than in typical metal-polar or N-polar HEMTs based on GaN.

There were only a few prior investigations due to the challenging growth of N-polar AIN-based
HEMT structures by metal-organic vapor phase epitaxy (MOVPE). Only recently, it was found that
smooth AIN layers can be grown using very low V/III ratios like ~1.75 on 4° misoriented sapphire.

The GaN channel layer in such templates showed a strong tendency to develop step-bunching. To
overcome this, we varied the growth temperature. We found that 800+50 °C resulted in the
smoothest surfaces with roughnesses of 0.5 nm or lower. On the impurity incorporation, using tri-
ethyl Gallium as the Ga source gas can reduce carbon incorporation to 10'” cm™: even at T <850 °C.
Using high V/III ratios for the GaN channel growth also resulted in below 10'7 cm™ oxygen
concentration.

However, oxygen is incorporated in the N-polar AIN at a concentration of ~10'° cm™ and reaching
close to 10%° cm™ at the AIN/GaN interface during the long growth interruption from low V/III ratio
and high temperature AIN growth to low temperature and high V/III ratio GaN growth. Thus, an
AIN transition layer was inserted in which the V/III ratio was increased and growth temperature
decreased while keeping the roughness small. This reduced the sheet resistance from over 100 kQ to
~800 Q. For all samples with a coherent N-polar GaN channel to AIN buffer, the 2DEG density was
always close to ~4x10" cm™ which is the expected value from theory, independent of channel
thickness. While the sheet resistivity is strongly related to the channel thickness, the surface
roughness is not related to it. Thus, thickening channel is good for increasing the mobility in this thin
channel structure.

Using our sample structure, p-gated normally-off HEMT were fabricated. A p-type NiOy gate stack
layer was sputter-deposited, sitting between the GaN channel layer and Ni/Au gate metallization, but
not in the access regions between the gate and Ohmic contacts. This depleted the 2DEG in the
channel, providing gate control and resulting a normally-off transistor characteristic.
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Abstract text: High-density two-dimensional hole gases on the GaN/AlGaN/GaN platform
enabled by heterostructure band engineering

Pengfei Shao', Yu Liu', Qi Yao, Hui Guo', Tao Tao', Zili Xie', Bin Liu', Dunjun Chen', Youdou
Zheng', Rong Zhang', Ke Wang""

! Nanjing University, Nanjing, P. R. China
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Two-dimensional hole gas (2DHG) induced by polarization charges at the GaN/AlGaN hetero-
interface is attracting much attention because of its potential to develop p-channel transistors
required for GaN complementary logic (CL) circuits. This platform is often compatible with the
mature E-mode p-GaN gate HEMT technology and is easy to implement CL circuits. But the current
density of these p-FETs on such platform is small due to the low 2DHG density.

From the perspective of energy band engineering for III-nitride heterostructures, we have found
various ways to increase the 2DHG density on the GaN/AlGaN/GaN platform, by modulating the
energy band profiles around the 2DHG. (1) The 2DHG density was effectively enhanced to
2.71x10" cm™ at 300 K, by introducing extra Mg acceptors in the middle of AlGaN barrier layer,
which lifts upward the valence band (VB) around the hole channel near the upper heterointerface
(UHI). (2) The 2DHG density increases with raised AIN thickness from 2.87x10" cm™ without AIN
to 4.5x10" ¢cm™ for 3 nm AIN at 300K. This is attributed to the lifted-up energy bands around UHI
relative to the Fermi level (Er). Therefore, the technology for energy band engineering demonstrated
in this work has proved an effective approach to enhance 2DHG density. The 2DHG density is
5.6x10", the mobility reaches 28 cm*/V-s, and a record low sheet resistance of 4.7 kQ/o is obtained,
which is attributed to improving the GaN/AIN interface by using the combination of Al modulation
epitaxy and Ga as a surfactant (AMEGS) growth method grown AIN interlayer. Therefore, the
technology for energy band engineering demonstrated in this work has proved an effective approach
to enhance 2DHG density.
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Abstract text: The technology of nitride semiconductor emitters is constantly evolving, addressing
the requirements of existing applications and even inspiring new ones. The main approaches to
device development involve either perfecting existing methods or exploring alternative solutions.
This work focuses on the latter. We utilize a non-flat substrate with intentionally created 3D
structures on its surface to enhance emitter performance or introduce new functionalities.
Specifically, we are investigating substrate patterning for a wide range of emitter types, including
laser diodes, superluminescent diodes, waveguides coupled to lasers, laser arrays, and micro-LEDs.

One key effects utilized by us is the strong dependence of indium incorporation into InGaN layers
on the local substrate off-cut. Typically, achieving high uniformity in emission wavelength and other
parameters requires precise substrate preparation, including a uniform, small off-cut of the wafer
relative to the crystallographic plane. However, in our experiments, we intentionally introduce
significant off-cut variations—for example, increasing the local off-cut by 2° - to locally widen the
bandgap. This allows for lateral bandgap tuning, providing a new and valuable degree of freedom.
One notable application is the creation of superluminescent diodes with broadened emission spectra.
By introducing an off-cut gradient along the device waveguide, we have achieved more than a
threefold increase in spectral width. Additionally, by creating areas with a larger off-cut, we can
form waveguides that are transparent to light generated in adjacent regions. This concept has been
successfully applied in the fabrication of laser diodes with integrated non-absorbing waveguides,
formed within the same epitaxial structure.

There are also other potential applications of substrate patterning. With careful patterning, we can
integrate micromirrors directly into the laser structure, redirecting the output beam of an edge
emitter to create a quasi-surface-emitting laser array. Furthermore, micro-scale 3D features can be
used to locally modify growth conditions. Our results indicate that locally grown quantum wells can
exhibit significantly improved emission intensity, homogeneity, and defect reduction. These features
may help to mitigate the effects responsible for the notorious “green gap” problem in nitride light
emitters.
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Abstract text: Electrochemical etching (ECE) enables new functionalities in III-nitride laser diodes
(LDs), thanks to the possibility to tailor the refractive index of the selected layers down to 74 = 1.
Porous GaN can thus replace “classical” AlGaN claddings and confine light more efficiently.
Moreover, porous GaN is also perfectly lattice matched to GaN substrate, which is of high
importance for long- and short-wavelength LDs, in which the strain engineering matters even more,
and light confinement becomes more challenging. ECE can enable also air-cladding LD architecture
provided that sufficiently high doping is used in the sacrificial layer.

This work will summarize the applications of porous GaN as a bottom cladding in electrically
pumped LDs [1-3]. Furthermore, we will present blue LDs with bottom and top air-cladding. In the
first part, we will discuss the impact of the integration of porous layer on the LD performance.
Increased internal losses and blue-shift of the emission wavelength was observed. The losses for
porous-cladding LD measured by the Hakki-Paoli method were estimated to be 68 cm ™!, while for
standard LD from the same wafer, the losses were 25 cm ™' [2].

Secondly, we will show LDs with air-claddings on both sides of the active region. Structural and
optical characterization of the devices operating in pulse mode will be presented. Bottom air-
cladding is done by full removal of a sacrificial layer using ECE. The air-cladding at the top is
provided by the use of tunnel junction (TJ) enabling positioning of the top metal contact away from
the ridge.

Plasma-assisted molecular beam epitaxy (PAMBE) is used in this work as the key technology to
fabricate air-cladding LDs as it enables the growth of extremely highly doped InGaN:Ge++ layers
with Ge doping ranging from [Ge]=2.5 to 7.5%10*" cm™ [4]. Such layer can be easily removed by
ECE. PAMBE technology is also used to successfully grow low-voltage TJs that are needed for top
air-cladding architecture.

Acknowledgements: This work received funding from NCBiR grant LIDER14/0273/2023 and
NOR/SGS/BANANO/0164/2020, NCN SONATA 2019/35/D/ST5/02950 and FNP POWROTY
POIR.04.04.00-00-4463/17-00.

M. Sawicka et al., Optics Express 30, 10709 (2022)

N. Fiuczek et al., Optical Materials Express 13, 1201 (2023)
R. Anderson et al., Optics Express 30, 2759 (2022)

H. Turski et al. Materials 15(17) (2022).
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OD-Thu-8 - Blue laser diodes with active-passive waveguides for improved facet stability
against catastrophic damage
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Abstract text: Visible laser diodes based on GaN semiconductors have been the focus of intense
research over the past two decades, leading to significant advancements in expanding the range of
available wavelengths and enhancing the power output of commercial devices. More recently,
specialty laser designs have attracted growing interest, opening new possibilities for innovative
applications and performance improvements.

Here, we present experimental data on single-mode Fabry-Perot laser diode devices fabricated using
a two-step overgrowth geometry, incorporating a combination of light-emitting and passive
waveguiding sections. The epitaxial structure of the active sections includes conventional
InGaN/AlGaN waveguides and InGaN multiple quantum wells emitting near 450 nm, while the
passive sections share the same substrate and n-side cladding architecture but feature an
unintentionally doped top cladding layer and a core region without active layers.

The active-passive architecture enables the development of advanced laser designs, like for example
distributed Bragg reflector lasers that have gratings over the passive section or high-power lasers
with non-absorbing mirror regions to enhance robustness and lifetime. Additionally, the technology
facilitates integration at the wafer level, which has broad implications in photonic circuits.

Single transverse mode devices with non-absorbing facets were fabricated in this work using narrow
ridge-waveguide architectures. Higher robustness at high optical power density was achieved

using 50 pm-long passive sections on both laser facets. A comparative analysis with standard
Fabry-Perot lasers shows a 2.6x increase in the output power required to induce catastrophic mirror
damage, confirming the enhanced stability of the non-absorbing mirror sections against photon-
induced facet degradation and catastrophic failure. Test structures where also realized with active
sections as short as 100 um, in combination with passive sections of variable length (200 to 500
um). Through the analysis of threshold and slope efficiencies of these structures, we estimate the
optical loss in the passive sections to be below 2 cm™, and the coupling loss at the active-passive
interface under 2%.

These results highlight the potential of active-passive architectures for application in high-power
lasers or other advanced GaN laser diode structures.
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Abstract text: Stacked multi-junction laser diodes (LDs) consist of several active regions, each
embedded in its own waveguide. The in-series pn-junctions are connected via tunnel junctions (TJs)
to allow a vertical current flow. This concept enables blue multi-junction LDs with n larger slope
efficiencies, where n is the number of stacked individual LDs. Slope efficiencies of 1.4W/A and
2.3W/A have been demonstrated for 2-junction [1] and 4-junction stacked LDs [2]. These stacked
LDs have been grown by plasma-assisted molecular beam epitaxy, as technology allows activation
of buried TJs [2].

We investigate the optical and electrical dynamics of these devices. Depending on the vertical
spacing between stacked LDs, given by the combined cladding thickness, and the gain peak of the
individual LDs, the multiple LDs of a stack can be incoherently or coherently coupled. This
influences the far-field of the stacks, but also the overlap of the guided mode wavefunction with the
TJs, increasing internal losses. Regarding electrical behavior, the TJs not only add to the forward
voltage, but also affect device capacity and thus switching time. We analyze multi-junction LDs that
consist of two InGaN QWs the same epitaxial structure, emitting in the blue wavelength range
(A=453-459nm). Our dynamical analysis is based on time-dependent and spectrally resolved
measurements with streak camera investigations. We are focused on the electrical and optical
characterization of stacked LDs and their individual components in short pulse operation. The
observations of these devices are compared with optical mode simulations and with an equivalent
circuit description of the electronic properties. In particular, we are investigating the influence of
potential optical mode coupling with different spacing between the two LDs. A particular property
of the multi-junction LDs are long lasting relaxation oscillations that can be stable for different
carrier densities and pulse lengths. In the electrical behavior we observe additional current peaks at
rising and falling edges of a few 10ns long driving pulse, with sub-nanosecond rise and fall time. We
tentatively explain this by the contribution of the TJs to the device capacity.

[1] M. Siekacz et al., OE 27 (2019)

[2] M. Siekacz et al., Electronics 9 (2020)

Research funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation)—
544925332
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Abstract text: Atomic clocks based on rubidium spectroscopy are one of the building blocks of a
precise satellite-based positioning system. Ideally, these clocks would be realized with an external
cavity diode laser emitting at 420 nm using a GaN-based ridge waveguide (RW) gain chip. Due to
the space environment, long lifetimes are required for these gain chips.

In order to maximize the lifetime a low defect density in the active region is desired. Threading
dislocations are mainly determined by the GaN substrates which typically have a dislocation density
of 10*-10° cm™. However, point defects in the active region play a major role as non-radiative
recombination centers and need to be reduced. For blue-violet light emitting diodes InGaN or InAIN
underlayers below the active region have been proven to increase the radiative recombination
efficiency (RRE) drastically. An increase of the thickness of the InGaN underlayer as well as its In-
content were shown to be beneficial. Recently, it was found that GaN underlayers grown at similar
growth conditions as InGaN layers can increase the RRE as well.

We investigated the use of (In)GaN underlayers grown by metal organic vapor phase epitaxy for RW
laser diodes (LDs) emitting at 420 nm. In a first step, the photoluminescence intensity at 10 K and
300 K was compared for multiple quantum well structures grown on top of a 60 nm Ing0sGag9sN
underlayer, a GaN underlayer grown at similar conditions, and a GaN layer grown at a higher
temperature, respectively. An 85-fold and 6-fold increase of the room temperature PL intensity was
observed for structures with low temperature InGaN and GaN underlayers, respectively, in
comparison to structures with high temperature GaN underlayer. Following this result, full LD
heterostructures where grown with In,Ga;-xN underlayers (x between 0% and 4%). On-wafer
electroluminescence measurements show an increase of the spontaneous emission with increasing
In-content of the InGaN underlayer, illustrating the increased RRE. After processing these wafers
into broad area LDs, the threshold current density of devices with a stripe width and resonator length
of 40 pm and 1.3 mm, respectively, was evaluated in pulsed operation. A reduced threshold current
density of 2.8 kA cm™ is observed for In-contents around 2.5% in comparison to a threshold current
density above 4 kA cm™ for LDs with GaN underlayer.
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Abstract text: ScAIN is attractive as a barrier layer of a GaN HEMT, owing to its strong
polarization and capability of epitaxial growth on GaN. The mobility of the 2DEG in ScAIN/GaN is
not high enough (~300 cm?/Vs), and the scattering mechanism is still unclear [1, 2]. In this study, we
prepared ScCAIN/GaN heterostructures by PAMBE, and the transport properties were investigated.

Four samples with Sc compositions of 3—17% and ScAIN barrier thickness of 4—-6.6 nm were
prepared, confirmed by EDS and XRR, respectively. The in-situ RHEED patterns along the [-12-10]
axis observed before and after the SCAIN growth showed the sharp streaks with the consistent
spacings, indicating the atomically smooth surface and coherent growth. The RMS of 0.36 nm was
obtained by AFM.

Hall effect measurements were performed. The sheet electron density (n5) of 2.0-3.1x10"* cm™
were obtained, which did not clearly depend on the Sc compositions. This is reasonable, since the
total polarization is almost the same for the Sc composition range [3]. The electron mobility (¢) of
468 cm?/Vs was obtained, which is the highest value among MBE-grown ScAIN/GaN without an
AIN spacer [1, 4].

Temperature-dependent Hall effect measurements were performed from 2 K to 400 K. The ns was
almost constant (3.0x10"* ¢cm™) at all the temperatures, indicating that the 2DEG is induced only by
the polarization effect. The u was 414 cm*/Vs at 300 K, and increased and saturated as temperature
decreased. Interface roughness (IR), polar optical phonon (POP), and acoustic deformation potential
(ADP) scatterings were considered for the analyses. At low temperatures, the strong IR scattering
owing to the relatively rough interface (A/6=4.9) is the dominant scattering factor. Another group
reported an AIN spacer can make smoother interface to enhance x [1]. At room temperature, u is
limited by IR and POP. The theoretical model shows good agreement with the experimental data
using the heavier effective mass of 0.24my, due to non-parabolicity of the conduction band for high
ns. These results are useful to understand the transport properties of 2DEG in ScAIN/GaN for HEMT
applications.

Reference: [1] J. Casamento et al., APL 121, 192101 (2022). [2] L. Streicher et al., Adv. Funct.

Mater. 34, 2403027 (2024). [3] Y. Wakamoto et al., ICNS 2023. [4] K. Frei et al., JJAP 58, SC1045
(2019).
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Abstract text: E-mode GaN-on-Si power HEMTs based on a p-GaN/AlGaN/GaN heterostructure
have achieved commercial success in the applications of consuming electronics such as mobile
chargers and are also attractive for other scenarios including electric vehicles, industry power
sources etc. At the present stage, GaN power electronics are mainly in forms of discrete devices,
which rely on external Si integrated circuits to drive. A compact monolithic integration of GaN
power devices, logics and drivers are highly desired, as it can not only reduce the area and volume of
the power modules but also eliminate the parasitic inductance from the bonding wires between chips,
which is easy to cause voltage instability and hinder the full potential utilization of the advantage of
GaN HEMTs. However, the research and development of GaN complementary logic integrated
circuit (CMOS) is still in its early stage, and one of the main challenges suffered is the lack of high-
performance GaN p-channel FETs. Limited by the low mobility and the low carrier concentration of
the p-GaN channel, and the high source/drain (S/D) contact resistance, GaN p-FETs typically have a
much lower current density compared to the n-FETs.

In this work, we present E-mode GaN/AlGaN p-channel MOSFETs with excellent performance by
introduction of polarization induced tunnel junctions to enhance the source/drain (S/D) contacts and
lateral current spreading in the access regions. The tunnel junction structure consisting of P™'-
GaN/InGaN/N""-GaN layers leads to a low contact resistivity (pc) of 1.17x107° Q-cm? for the P-GaN
channel. The fabricated GaN p-MOSFET has a threshold voltage (V) of -0.86 V, a high drain
current (/ps) up to 115 mA/mm, a low on-resistance (Ron) of 52.6 Q-mm, and an ON/OFF current
ratio (Iox/Iorr) of 7.2 x 10*. The monolithically fabricated GaN power high electron mobility
transistor (HEMT) shows a breakdown voltage (BV) more than 1700 V. The proposed technology of
GaN p-MOSFETs was promising in the applications of GaN logic and drivers for all-GaN
monolithic power integrated circuits.

The authors would like to thank the fabrication tool support from the Guangzhou Wide Bandgap
Semiconductor Innovation Center.

358



ED-Thu-AS8 - Ultra-Wide Threshold Voltage Tuning Achieving E-Mode AIN/GaN-on-Si
HEMTSs Enabled by Passivation Engineering on 1.3 nm Ultra-Thin Barrier

4. Electronic devices

Siyu Liu'

Yihao Zhuang', Hanchao Li?, Qingyun Xie®, Hanlin Xie®, Geok Ing Ng?

! Energy Research Institute, Nanyang Technological University, Singapore

2 School of Electrical and Electronic Engineering, Nanyang Technological University, Singapore
? National GaN Technology Centre, Agency for Science, Technology and Research, Singapore

Abstract text: This work reports a novel enhancement-mode AIN/GaN HEMT on Si, utilizing
passivation-induced stress to modulate the polarization strength of an ultra-thin (1.3 nm) AIN/GaN
structure. This approach enables a 20 V threshold voltage tuning range (+18 V to —2 V). With SiN
passivation, sheet resistance (R, ) decreases from 5000 Q/sq to 660 €)/sq, while saturation current
rises from 10 mA/mm to 800 mA/mm. The process eliminates etching reliability concerns, offering a
promising RF E-mode HEMT solution.

The cross-section comprises, from top to bottom, a 1.6 nm in-situ SiN, 1.3 nm AIN barrier, GaN
channel, GaN buffer, and Si substrate. The device adopts a floating-gate structure (Lg = 150 nm)
encapsulated by PECVD-SiN. Contact and sheet resistance vary with passivation thickness: for 30
nm, R, = 0.5 Q-mm and R, =2240.3 Q/sq; for 50 nm, R, = 0.27 Q-mm and R, = 1403 Q/sq; for 60
nm, R. = 0.4 Q-mm and R, =660 Q/sq. Thicker passivation reduces Ry, indicating enhanced
piezoelectric polarization and increased carrier concentration. Transfer characteristics show drain
currents (threshold voltages) of 14 mA/mm (18.2 V) without SiN and 820 mA/mm (-0.6 V) with
SiN.

The stress mechanism is analyzed through heterojunction atomic structure and bonding. GaN
induces tensile stress in AIN due to lattice mismatch, while amorphous SiN passivation further
introduces tensile stress via thermal expansion mismatch, forming stress during post-annealing
cooling. Under tensile stress, AIN’s piezoelectric polarization aligns opposite to [0001], varying with
applied stress. Raman peak shifts confirm this effect: AIN without in-situ SiN peaks at 656.58 cm™,
shifting to 655.98 cm™ with 1.6 nm in-situ SiN and to 654.36 cm™ with 50 nm PECVD-SIN,
demonstrating weaker tensile stress in thinner in-situ SiN. This highlights the significant impact of
SiN thickness and growth temperature on stress magnitude.

Systematic testing reveals that increasing passivation thickness shifts V7, negatively, enhances
saturation current, and reduces R,. Small-signal testing of an E-mode HEMT with 50 nm SiN (V, =
0.3 V) shows fr=26 GHz and finax= 45 GHz.

In summary, this work demonstrates stress control in ultrathin AIN barriers via SiN thickness tuning
in a free-etch process, effectively modulating Ry, Vi, and saturation current. This provides a simpler,
more reliable RF E-mode HEMT fabrication method.
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Abstract text: AlIGaN/AlGaN channel High Electron Mobility Transistors (HEMTs) are emerging
as promising devices for extreme environmental electronics, offering several advantages over
traditional AlGaN/GaN channel HEMTs.

The wider bandgap of AlGaN compared to GaN allows AlGaN channel HEMTs to achieve higher
breakdown voltages, making them suitable for high-power applications. Also, AlGaN channel
HEMTs exhibit superior performance and potential for high-frequency applications at elevated
temperatures. For instance, devices with higher aluminum content in the channel demonstrate
reduced mobility degradation with increasing temperature, maintaining better operational stability in
extreme thermal conditions.

However, the growth of Al-rich AlGaN layers on AIN buffers presents notable challenges. Residual
lattice mismatch between AIN and AlGaN induces significant strain, leading to surface
morphological degradation, such as increased surface roughness and defect formation. These issues
degrade the crystalline quality of the AlGaN layer, adversely impacting electron mobility, increasing
device leakage currents, and limiting device performance.

In this study, we have suggested the growth challenges and possible solutions of Al-rich AlGaN
channel HEMT. To improve the crystal quality and performance of the HEMT, we have introduced
novel epitaxial technologies such as the AIN/AlIGaN superlattice (SL) structures and pulsed flow
growth. We would like to present and discuss the results of improving the crystal quality and
performance of the AlGaN channel HEMT device by the implementation of these new epitaxial
technologies.

Acknowledgement:

This work was supported by the National Research Foundation of Korea (NRF) grant funded by the
Korea government (Ministry of Science and ICT) (RS-2024-00431359), and by the Technology
Innovation Program (RS-2024-00432559) funded By the Ministry of Trade, Industry & Energy
(MOTIE, Korea)
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Abstract text: Enhancement-mode (E-mode) devices are the best choice for various application
scenarios such as mobile terminals and wireless communications. Among the main technical routes
to realize E-mode, metal-insulator-semiconductor high-electron-mobility-transistor (MISHEMT)
based on gate-recess structure are relatively simple to prepare, and the threshold voltage,
transconductance and other device performances are relatively high. However, there are still
problems such as high etching surface damage and difficult to control etching depth, especially for
InAIN/GaN heterojunction structure with thin barrier layer thickness.

In this work, we report a digital wet etching process technology tailored for InAIN materials. This
technology employs a recurring cycle of surface oxidation followed by wet removal of the oxide
layer. It uses O plasma in Plasma Enhanced Atomic Layer Deposition (PEALD) chamber to oxidize
the surface of InAIN materials, and then removes the oxide layer through wet etching, thereby
achieving etching of InAIN materials in a controlled manner. The etching depth increases linearly
with increasing number of etching cycles, demonstrating the controllable and accurate etching of the
digital wet etching process with an etching rate of approximately 0.38 nm/cycle. Compared to dry
etching under the same conditions, the time constant is in the microsecond (us) range, and the trap
energy levels are relatively shallow. Among them, the traps in both types of devices are mainly fast-
state traps. Within the same time constant range of 0.5 to 3.5 s, the interface state density of devices
subjected to digital wet etching is reduced by approximately 14% compared to those etched by dry
methods, resulting in a lower interface state density.

Using the digital wet etching process technology, high performance E-mode InAIN MIS-HEMT
devices based on gate-recess have been successfully fabricated. The fabricated devices have gate
length of 3 um, gate width of 100 pum, trench width of 2 um, source-to-drain spacing of 12 um, and a
10 nm ALO; gate oxide layer. The device achieves a /'ty of 2 V, an Ipmax of 338 mA/mm, a Gy, of
113 mS/mm, and a R,» of 12.3 Q-mm. The interface state density estimated using the high-frequency
conductance method was 3.4x10" cm?/eV to 3.8x10" cm™?/eV, with time constants ranging from
0.8 t0 2.2 ps.
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Abstract text: AlIGaN/GaN high-electron mobility transistors (HEMTs) are now widely used in
base stations, radar systems, and USB power adapters. These devices are typically fabricated using
AlGaN/GaN(0001) heterostructures grown on foreign substrates such as SiC(0001), Si(111), or
sapphire(0001). Although these heteroepitaxial layers contain a high density of threading
dislocations along the [0001] direction (10%-10° cm™2), the devices perform reliably because both the
current flow and the electric field are oriented perpendicular to the dislocation lines. AlIGaN/GaN
HEMTs on foreign substrates have demonstrated superior performance compared to conventional Si-
and GaAs-based devices, thanks to outstanding material properties of GaN — namely, its large
critical electric field and excellent two-dimensional electron gas (2DEG) characteristics. However,
for vertical GaN power devices, high-quality GaN homoepitaxial layers are essential, as threading
dislocations penetrating the p—n or Schottky junctions lead to excessive leakage currents.

Our group has investigated the fundamental properties of GaN layers grown on native GaN
substrates, along with key device process technologies such as ion implantation and MOS interface
control for GaN-on-GaN materials. In this presentation, we will discuss the current status and future
prospects of GaN-on-GaN vertical power devices.

Although GaN HEMTs on foreign substrates function effectively, their performance remains below
the theoretical limits of GaN devices due to dislocation-related degradation. To address this, our
group has explored GaN-on-GaN HEMTs, including the development of semi-insulating GaN
substrates in collaboration with Mitsubishi Chemical Corporation. Our recent results and insights on
these efforts will also be presented.

Currently, GaN substrates are more expensive than other commonly used substrates. However, over
the past two decades, significant progress has been made in GaN bulk substrate technologies,
leading to substantial improvements in both wafer size and crystal quality. As mass production
becomes more feasible, substrate costs are expected to decrease. GaN-on-GaN technology is poised
to become a viable and competitive platform for future GaN electronic devices.
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Abstract text: Gallium Nitride (GaN) has drawn significant interest in power electronics due to its
exceptional electron mobility, high saturation velocity, and critical electric field. However, limited
availability and high cost of free-standing (FS) GaN substrates hinder adoption. Silicon is a cost-
effective alternative substrate, but lattice and thermal coefficient mismatch with GaN generate
dislocations and large tensile strain in GaN layers. Achieving the full potential of GaN on silicon
requires both successful epitaxial growth and improved device processing.

Localized epitaxial growth can mitigate these challenges by improving material quality and enabling
innovative device architectures. This study investigates how epitaxy-related limitations affect the
electrical performance of pseudo-vertical GaN-on-Si p-n diodes, achieving high breakdown voltage
(BV) and low specific Ron (Ronsp) With 100 pm diameter diodes. By refining processing steps and
adapting to the challenges from epitaxy, we aim to improve breakdown voltage and reduce leakage
currents on cost-effective GaN-on-Si power devices.

In this work, localized growth was performed by Metal Organic Vapor Phase Epitaxy (MOVPE) on
200 mm GaN on Si (111) template wafers patterned with a 50 nm Al,O3 mask. The layers consisted
of a 10 pm-thick Si-doped n-GaN drift layer (~1-2x10'® cm™3) and a 700 nm p-GaN layer (~5x10®
cm > Mg doping), forming the p-n junction. The wafers were diced into squares, and then pseudo
vertical diodes were fabricated with a Ni/Au (50/150 nm) anode on the top surface and a
Ti/Al/Ni/Au (95/200/20/265 nm) cathode on the lower part after etching the Al,O3 mask.

Hexagonal mesas 100 um and 200 pm in diameter were analyzed. Under reverse bias, many devices
demonstrated BV above 700 V, with a threshold voltage of ~3 V under forward bias for both device
sizes. Larger mesas suffer degraded and less consistent performance, significantly increasing Ronsp.
FIB-SEM analysis showed that this was due to crack formation below the mesas due to the strain in
the GaN layers. In contrast, the 100 um devices, where cracking is less severe or non-existent, show
excellent performance, with BV up to 805 V and Ronsp 0f 3.5 mQcm? at 10 V. These results confirm
the potential of localized epitaxy for GaN-on-Si power devices.
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Abstract text: We investigated fully vertical AIGaN diodes on SiC substrates with low resistivity
and high-thermal conductivity, to realize next-generation power devices using ultrawide-gap AlGaN
alloys (3.4-6.2 eV). Previously, we successfully obtained fully relaxed and crack-free AIGaN
epitaxial layers grown directly on SiC substrates using MOCVD [1]. The fabricated AlIGaN/SiC
SBDs exhibited excellent rectification characteristics [2]. We also noted that the Al composition at
the hetero interface is critically important for reducing the potential barrier caused by the band
discontinuities. In this paper, we present the electrical properties of fabricated AlGaN PNDs with
specific Al compositions around 30 % (x=0.3) at the interface.

The epitaxial AlGaN layers for the PNDs were grown on the on-axis Si-face n*-SiC (0001) using
MOCVD. The stacked epitaxial structure was p*-GaN (~1E20 cm™, 20 nm) / p-AlGaN distributed
polarization doped (DPD) (x=0.0-0.3, [Mg]~3E19 cm™, 70 nm) / n-AlGaN (x=0.3, [Si]~3E17 cm™,
950 nm) / n*-AlGaN (x=0.3, [Si]~5E18 cm™, 50 nm). Magnesium doping in the p-DPD layer was
performed to ensure a one-sided abrupt p-n junction. RSM-XRD analysis revealed that the p™-GaN
and p-DPD-AIGaN layers grew pseudo morphically on the fully relaxed n-AlGaN layer. The surface
of p"-GaN showed a crack-free and smooth morphology. The p—n diode was defined with a vertical
mesa structure that reaches the SiC substrate.

Typical 1/C*>-V plots of the fabricated PNDs exhibited linear characteristics with an extrapolated
built-in potential of 4.8 V, which was near the expected value (~4 V) for the AlGaN junction (x=
0.3). The forward J-V characteristics demonstrated good rectification with an on/off ratio of >1E9.
The differential resistance Rgir of 1.2 mQ-cm?” at Vi = 8V indicated that the parasitic resistance of
the A1IGaN/SiC hetero interface could be reduced substantially. Regarding the reverse J—V
characteristics, the observed maximum breakdown voltage of 210 V corresponds to a breakdown
field of 3.9 MV/cm, which is higher than that of GaN. The electrical properties of the present p—n
diodes are promising for the realization of fully vertical AlGaN/SiC power devices.

This study was supported by the Innovative Science and Technology Initiative for Security, (Grant
Number JPJ004596, ATLA, Japan).

[1] H. Yamada et al., IWUMD?2024. [2] Y. Miura et al., IWN2024.
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Abstract text: We report 1.5 kV fully-vertical GaN-on-Si trench MOSFETs (FV-MOS) leveraging
conductive buffer layers and fluorine-implanted termination (FIT). By integrating a conductive
buffer, the low-resistance Si substrate inherently functions as the drain electrode, eliminating the n-
GaN drain layer, breaking the strain constraints, and enabling the growth of a 7 pm thick drift layer
on 6-inch Si substrates. Fluorine ion implantation is employed to convert the peripheral n*-GaN/p-
GaN layers into highly resistive regions, enabling effective device isolation and mitigating electric
field crowding at mesa etching termination (MET) edges. The fabricated FIT-FV-MOS exhibits a
record breakdown voltage of 1495 V, combined with a threshold voltage of 4.2 V, a specific on-
resistance of 9.7 mQ-cm?, and an on/off ratio of ~107. The device development progressed through
three phases. Firstly, low-leakage quasi-vertical GaN-on-Si trench MOSFETs (QV-MOS, Fig. 1(a))
were fabricated. Secondly, the conductive buffer strategy enabled fully vertical MET-FV-MOS
devices (Fig. 1(b)) with a 7 pm GaN drift layer, as strain limitations were resolved by omitting the n-
GaN drain layer. Finally, the FIT structure (Fig. 1(c)) replaced traditional MET to address electric
field crowding, yielding FIT-FV-MOS with a record 1495 V breakdown voltage. All devices share a
uniform gate stack with a 100 nm conformal SiO: dielectric layer (Fig. 1(d)). Fig. 2(a)-(f) depict the
cross-sectional SEM images and SIMS profiles of the N-P-N epitaxial structures for the fabricated
vertical MOSFETs. Fig. 3, Fig. 4, and Fig. 5 present the device results of the fabricated QV-MOS,
MET-FV-MOS, and FIT-FV-MOS, respectively. Figure 6(a) compares the specific on-resistance and
breakdown voltage of the fabricated devices with previously reported vertical GaN trench
MOSFETs. To ensure rigorous comparison, BV values for all devices in this work and prior studies
are defined at a leakage current density of 1 mA/cm?, as illustrated in Fig. 6(b). Remarkably, the
fabricated GaN-on-Si trench MOSFETs demonstrate BV levels comparable to GaN-on-GaN
counterparts and superior to the vertical GaN MOSFETs on foreign substrates (Si or sapphire).
These advancements highlight the feasibility of cost-efficient vertical GaN-on-Si transistors for kV-
class applications such as EV powertrains and grid-scale renewable energy converters.
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Abstract text: GaN vertical trench MOSFETs have attracted much attention as next-generation
power devices due to their low on-resistance and high breakdown voltage. However, reliability
challenges remain, such as threshold voltage shifts under gate bias stress [1]. In this study, we focus
on the output characteristics, which are important for power electronics applications. We observed
unusual short-channel-effect-like behavior at large drain voltages (Vps > 2 V). Notably, we found
that sub-band-gap light illumination effectively suppresses these anomalies.

The MOSFET structure used in this study was identical to that in our previous report [2], except for
the Mg concentration and p-body thickness, which were set at 6 x 10'® cm™ and 0.3 pm,
respectively. The Ip-Vps characteristics within a sweep range of 0—2 V exhibited normal output
behavior, with a slight increase in /p in the saturation region. However, when extending the sweep
range to 0—10 V, anomalous behavior emerged, characterized by a significant increase in /p with
increasing Vps. Additionally, dual-sweep measurements revealed large hysteresis, where /p in the
backward sweep was significantly lower than in the forward sweep, indicating that the observed
phenomenon cannot be solely attributed to the short-channel effect.

To further investigate this behavior, we examined output characteristics under sub-E, light
illumination at various wavelengths. Under 405 nm LED illumination, the output characteristics
improved to an ideal one, with clear /p saturation and complete hysteresis suppression. Under 470
nm LED illumination, the unusual behavior was observed in fast-sweep-speed measurements but
was mitigated with reducing sweep speed. These experimental results suggest that the recovery of
output characteristics is driven by the response of Mg acceptors, trap states or p-body contact to
LED illumination.

[1] M. Inagaki, T. Oka, N. Tanaka, K. Hasegawa, T. Izumi, T. Ina, G. Nishio, T. Niwa, J. Suda,
ICNS-14, ThP-ED-31 (2023).

[2] T. Oka, T. Ina, Y. Ueno, J. Nishii, Proc. of the 31 ISPSD, p. 303 (2019).
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Abstract text: It is now well accepted that I1I-Nitride quantum wells display random alloy disorder,
which localizes low-energy quantum states. However, the practical implications of this effect remain
controversial, due to difficulties in probing localization experimentally and in modeling it
accurately.

This talk will present an in-depth analysis of the effect of disorder on the optical properties of InGaN
emitters, comparing theory and experiment. We will show how disorder underlies several
outstanding experimental signatures: the luminescence lineshape (including its complex dependence
on temperature and carrier density); the Stokes shift; the carrier temperature; and the effect of
quantum well design. We will also discuss implications for the peculiar properties of next-generation
emitters, such as red InGaN LEDs.
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Abstract text: Improvements in the spatial and temporal resolutions of time-resolved (TR-)
cathodoluminescence (CL) spectroscopy in a scanning electron microscope (SEM) provide the
opportunity to study in greater detail charge carrier dynamics in ternary alloys. These and the
correlation with other analytical SEM techniques allow to evaluate effects which crucially affect the
In.Ga; xN device efficiency such as the role of lateral alloy variations and non-radiative threading
dislocations (TDs). Existing literature has limited work on layers in the order of several hundred nm
thickness due to growth challenges. We recently demonstrated the achievement of layers with a TD
density of 1x10? cm™ and a local lateral alloy homogeneity probed by emission mapping of Ax
=40.008 for x =0.12 [1]. These layers are obtained by plasma-assisted molecular beam epitaxy
(MBE) for thicknesses of 400-800 nm, across the range 0.07 <x <0.13.

In this work, spatial mapping of CL decay transients around TDs demonstrates reduced carrier
lifetimes as a function of distance from such TDs. The extent of this effect is seen to vary between
TDs of the same CL intensity contrast, alluding to a varying impact of TD types and point defect
clustering on the carrier lifetimes. CL peak emission maps reveal an unreported blueshift in the
outcrop of some TDs, which may act as a potential barrier to reduce non-radiative recombination. To
map lateral alloy fluctuations, energy dispersive X-ray spectroscopy (EDX) has been correlated to
the CL emission energy, where we observe In content gradients across a ‘mound’ morphology,
characteristic to MBE growth of GaN and its alloys. Such a distribution of In is explained by the
compositional pulling effect for strain gradients across the mounds, which is evidenced by cross-
correlated high-resolution electron backscattered diffraction (HR-EBSD). By correlation of these
techniques, the influence of these strain and In gradients on both carrier localisation and defect
formation is investigated.

This work establishes a multimicroscopy methodology for future correlative studies of nanoscale
strain variations, alloy homogeneity, and carrier dynamics, with particular relevance in
characterising In,Ga; xN pseudo-substrates, which have gained attention in applications for micro

LEDs emitting in the red spectral range.

[1] Kang et al. 2025 J. Phys. D: Appl. Phys. 58, 14LTO1
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Abstract text: Wide (> 5 nm) InGaN quantum wells (QW) are potential candidates in overcoming
the efficiency drop at large carrier densities [1]. These heterostructures show interesting physics, e.g.
the presence of dark carriers within the QW [2] or a smooth transition from quantum confinement to
bulk-like behavior [3]. Here, we report the direct observation of band-to-band recombination of hot
carriers, which is possible because of the dark state nature of the ground state band-to-band
transition.

The analysis is done with a confocal microscope, in particular micro-electroluminescence (LEL) and
micro-photoluminescence (LPL). Several single QWs grown by molecular beam epitaxy (MBE) are
studied where the QW thickness varies between 2.6 and 25 nm. Spectra are recorded at different
injection densities and temperatures (10 K to room temperature). A simulation is computed to
compare theoretical expected emission with the experimental obtained ones.

The 2.6 nm QW shows the typical blue shift of the peak emission when charge carrier density
increases due to quantum confined Stark effect (QCSE) and band-filling [4]. The 7.8 and 25 nm QW
show for PL and EL at lowest carrier injection densities a luminescence peak at transition energies
higher than the near-band edge (NBE) QW emission peak that is attributed to the hot carrier
emission. Simultaneously the NBE QW emission peak cannot be observed or is very weak in
intensity. This is explained by the poor wavefunction overlap of ground state carriers.

The line shape of the observed hot carrier emission can be quantitatively explained by k.p
simulations of the spontaneous radiative recombination with the assumption that all hot carrier states
have equal occupation and that only states in k-space within a certain radius are contributing to the
spectrum. The first assumption corresponds to a flow equilibrium of carriers during carrier capture,
the second to predominate scattering with phonon emission.

In summary, we report an experimental observation of a direct band-to-band recombination of hot
carriers within blue InGaN wide QWs.

References

[1] G. Muziol et al., ACS Photonics 6, 1963-1971 (2019).

[2] A. Bercha et al., Optics Express Vol. 31, 3227-3236 (2023).
[3] L. Uhlig et al., Physical Review B 108, 045304 (2023).

[4] T. Kuroda et al., Applied Physics Letters 76, 3752 (2000).
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Abstract text: Alloying hexagonal wurtzite group IlI-nitrides with cubic rock-salt transition metal
nitrides leads to new ternary compounds with exciting properties. The archetypical example is
wurtzite Al;xScxN, which has a piezoelectric coefficient up to five times higher than binary AIN and
exhibits ferroelectricity. Such new functionalities emerge from lattice distortions caused by the
substitution of tetrahedrally coordinated Al atoms by Sc, preferentially adopting an octahedral
coordination. The result is a metastable alloy exhibiting an anomalous evolution of lattice
parameters and bond angles as a function of Sc concentration. However, the absence of strain-free
material across a large compositional range makes it challenging to understand the nonlinear
properties of Al;xScxN, despite their critical role in applications.

In this contribution, we use molecular beam epitaxy to grow Al;xScxN with 0 <x <0.38 on self-
assembled AIN nanowire stems on sputtered TiN substrates. The nanowire geometry allows elastic
relaxation to occur, resulting in strain-free Ali.xScxN. At high substrate temperatures (> 800 °C), a
phase separation of the ternary Al;«ScN is observed, accompanied by nanowire branching and
Raman signals characteristic for cubic rock-salt ScN. In contrast, moderate substrate temperatures
well below 700 °C favor the formation of wurtzite Al;.«ScxN nanowires with a morphology
characterized by inverse nanowire tapering. Our wurtzite Al;xScxN nanowires show first an increase
and then a decrease in the c-lattice constant as a function of Sc concentration, with a maximum
around x = 0.2, in agreement with ab-initio calculations and previous experimental studies. More
importantly, a continuous broadening of the longitudinal Al;.«SciN(0002) reflection is observed by
x-ray diffraction. Since strong compositional gradients and wire-to-wire inhomogeneities are
excluded by scanning transmission electron microscopy, alloy fluctuations on the microscopic scale,
including Sc clustering, remain as only plausible reason. The E,"#" and A;(TO) Raman modes of
AIN are broadened upon Sc-incorporation, confirming the strong disorder in Al;«SciN. Their
continuous red-shift observed as a function of Sc concentration evidences its enhanced incorporation
into the wurtzite lattice and is explained by a change of atomic mass, bond angles and softening of
the anion-cation bonds.
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Abstract text: Ultra-wide and direct band gap aluminum gallium nitride (AlxGa;<N) materials are
attracting increasingly more interest in photonics and electronics, for instance to realize power
transistors or UV light emitting diodes. To fully exploit their potential, it is necessary to determine
their physical properties, in particular, their optical characteristics.

The purpose of the present work is to address a study of the optical properties of a wide series of
AlyGa;«N based heterostructures emitting from 310nm down to 209nm. Photoluminescence (PL)
were performed on thick epilayers grown by metal organic vapour phase epitaxy as well as single
quantum wells (QWs) grown by molecular beam epitaxy on AIN templates [1] and multiple
quantum wells (MQWs) grown by metal-organic chemical vapor deposition. The full width at half
maximum of the PL and the orientations and shapes of the on-side emission diagrams are interpreted
in terms of: 1) a fluctuation of the QWs thickness ; 2) a fluctuation of the AlyGa;«N composition
leading to variations of the Quantum Confined Stark Effect; 3) a distribution of the Al\Ga;«N
composition simultaneously causing: 1) the localization of carriers to deep composition-dependent
fluctuations of the energy landscape and ii) a maximum of the built-in strain-induced intra-valence-
band mixings. In particular, the strength of the alloy broadening is shown to significantly contribute
to the isotropy of the light emission when the Aluminium composition reaches the 50-70% region,
i.e. for an emission wavelength in the 240-270nm range. Such a property explains the substantial
proportion of light emission polarized in the growth plane [2].

This work was supported by ANR funding GANEX (ANR-11-LABX-0014) and DOPALGAN
<ANR-22-CE51-0035>.

References

[1] A. Ibanez et al., J. Apply Phys. 134, 193103 (2023). [2] A. Ibanez et al., Phys. Status Solidi B
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Abstract text: To fabricate deep-ultraviolet(DUV)-LEDs with high efficiency, the crystallinity of
AlGaN must be improved, and is significantly influenced by that of the underlying AIN template.
The face-to-face annealed sputter-deposited AIN templates (FFA Sp-AIN) have achieved one order
of magnitude lower threading dislocation densities (TDDs) than those of typical MOVPE-grown
AIN on sapphire substrates [1]. Furthermore, sputter deposition and high-temperature annealing are
simple and cost-effective processes compared with MOVPE. In this presentation, we will
demonstrate recent progress in the quality improvement of FFA Sp-AIN and UV-C LEDs fabricated
on FFA Sp-AIN.

Reducing TDDs in FFA Sp-AIN and achieving surface flattening of AIGaN grown on FFA Sp-AIN
are crucial for obtaining a high external quantum efficiency (EQE). The TDDs in FFA Sp-AIN
decrease with increasing AIN film thickness and annealing temperature [2]. Additionally, we
adopted the thermal cycle annealing (TCA) method [3]. With a sputtering temperature of 750°C, a
thickness of 450-600 nm, and subsequent TCA at 1600—1700°C for 18-44 h, we achieved FFA Sp-
AIN templates with screw and total TDDs in the range of TDDs of 10°-10* and 107 cm ™2,
respectively. To suppress spiral growth, MOVPE growth conditions were carefully optimized,
leading to the realization of a 1-um-thick Alg75Gag 25N layer with a smooth surface.

The electroluminescence spectrum and /-L characteristics of the UV-C LEDs were characterized at
room temperature under continuous-wave current injection. After encapsulation with a silicone-
based UV-transparent resin, a maximum EQE of 8.0% and an output power of 6.6 mW at a 20-mA
injection current were achieved, with a peak emission wavelength of 263 nm. For a 1000x1000 pm?
chip, a maximum EQE of 5.2% and an output power of 107 mW at an injection current of 500 mA
were obtained [4]. Furthermore, the EQE of far-UVC LEDs with low Al composition differentiation
or a DH structure was enhanced to approximately 0.6% and 1.4% under continuous-wave operation
at 230 nm and 236 nm, respectively [5].

[1] H. Miyake et al., J. Cryst. Growth 456, 155 (2016).

[2] K. Uesugi et al., Jpn. J. Appl. Phys. 60, 120502 (2021).
[3] D. Wang et al., Appl. Phys. Express 14, 035505 (2021).
[4] K. Uesugi et al., Appl. Phys. Express 15, 055501 (2022).
[5] K. Uesugi et al., Appl. Phys. Express 17, 042008 (2024).
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Abstract text: AIScN is an attractive material for piezoelectric MEMS, HEMTs and ferroelectric
devices [1]. High quality AIScN layers are typically grown by MOCVD or MBE. The latter is rather
complex, slow, costly and less suitable for production. MOCVD enables volume production, but for
AlScN, many challenges (vapor pressure of precursors, growth rate or interface issues) need to be
overcome. Magnetron sputtering epitaxy (MSE) offers a low temperature, cost-effective and scalable
approach, suitable for industrial applications.

In this work, we report the growth of AIScN on structured AlIGaN/GaN HEMTs by MSE and
evaluate their material and device properties. Although AIScN can be patterned by wet/dry etching,
etch rates are low and selectivity is poor. In addition to reproducibility and uniformity issues, surface
morphology may be affected. In this study, we opted for local MSE growth of AIScN on top of
AlGaN/GaN HEMTs using a patterned oxide and a lift-off process. AIScN calibration layers were
sputtered on silicon and sapphire substrates [2]. Alo.70Sco.30N layers with variable thickness were
then deposited by MSE on top of MOCVD grown AlGaN/GaN HEMTs.

Smooth morphology and atomic steps are maintained after MSE in the AIScN-AIGaN/GaN HEMT
structures. The RMS average of 10x10 pm* AFM scans remained below 0.7 nm. The crystalline
quality and layer thicknesses were determined from HRXRD ®/20-scans in combination with XRR.
HEMT devices were then manufactured on AIScN-AlGaN/GaN heterostructures.

Compared to reference structures, C—V measurements show an increase of the 2DEG sheet density
and a shift of the threshold voltage in AIScN-AIGaN/GaN HEMT structures. Hysteresis-free C-V
profiles indicate a high quality AIScN-AlGaN interface. The transfer characteristics exhibit also a
negative Vi, shift of ~ -7 V (25 nm AIScN). The saturation drain current is ~20 % higher, in
agreement with the increase in ns. In contrast to Ref. [1], the counterclockwise ferroelectric
hysteresis obtained in these devices was relatively small (voltage tuning ~0.4 V). Further
investigations into factors influencing the material and device characteristics, such as
impurities/defects/traps in AIScN or at the regrown interface, are on-going to further enhance the
device performance.

[1] Wang, P., et al., Appl. Phys. Lett. 118.22 (2021).

[2] Lu, Y., et al,, Phys. Stat. Solidi (a), 215.9: 1700559 (2018).
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Abstract text: Lateral high-power GaN devices occupy large wafer surface area per Watt electrical
power which is severely limiting cost reduction. Vertical device geometries promise gains in terms
of electrical power per area and breakdown voltage, lowering the cost per Watt. For Si substrates,
typical group-Ill-nitride layer sequences start with highly insulating AIN and AlGaN buffer layers to
avoid melt-back etching. Therefore, true-vertical devices require backside removal of substrate and
insulating layer material. An attractive alternative for true-vertical device operation would be highly
conductive layers instead of insulating Al(Ga)N layers. Our focus is on relaizing such highly-
conducting TiN and TiAIN layers for use in epitaxy of nitride layers stacks.

We investigate epitaxy covering the whole compositional range of TiAIN by reactive sputtering
using two metallic targets and both nitrogen and ammonia as nitrogen sources. In order to avoid
SiNy formation, growth starts with a Ti pre-deposition, followed by a first TiN growth from a Na/Ar
plasma. At least 40-50 nm of this first TiN are required to achieve a high crystalline quality with
(111) FWHM values of 0.59 °. Thereafter, TiN sputtering proceeds with ammonia as it promotes a
smoother surface morphology. Roughness values as low as 0.78 nm (rms) are achieved after ~ 200
nm TiN. The final roughness of the whole TiN stack depends on the thickness of the first TiN layer
grown with nitrogen plasma.During this first stage, rougher surface morphologies are due to an
increased grain size exhibiting significant larger height differences.

First experiments to grow GaN on TiN by MOVPE result in poor surface coverage of the GaN layer.
We currently investigate TiAIN also in this regard as mitigation strategy to bridge the gap to GaN
growth on TiN.

TiN crystallizes in a cubic lattice whereas AIN in wurtzite lattice. A structural transition (i.e. to wz-
Tii—<ALN) is expected at xa>0.69 [1]. By growing on cubic TiN and wurtzite AIN and by analyzing
the whole compositional range of TiIAIN,we strive to identify experimentally the crucial
composition. A change of the Al content is readily achieved by adjusting the plasma power at the Al
and Ti targets as we did before to achieve AlGaN [2]. Structural characterization by high resolution
x-ray diffraction is accompanied by atomic force microscopy to study the surface morphology.
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Abstract text: AlGaN/GaN High-Electron Mobility Transistors (HEMTs) have emerged as leading
electronic devices for high-frequency and high-power density applications due to the exceptional
mobility and high carrier concentration of the 2-Dimensional Electron Gas (2DEG) that forms at the
heterointerface. However, they are now reaching material limits, making it difficult to keep up with
industry demands for further increases of power density. A promising solution is transitioning from
GaN to ultrawide-bandgap, Al-rich AlGaN alloys as channel materials, which could offer superior
lateral figures of merits [1-3]. However, this requires addressing key challenges, including alloy
scattering, reliable ohmic contacts, and optimization of the Metal Organic Vapour Phase Epitaxy
(MOVPE) growth conditions.

In this study, we present recent advancements in understanding and mitigating the challenges
associated with producing sharp interfaces in Al-rich AlIGaN/AlGaN heterostructures. The growth of
high-crystal-quality AlGaN via MOVPE requires elevated temperatures; however, these conditions
may induce alloy intermixing between layers of different AlIGaN composition, as recently reported
for UVB AlGaN lasers [4]. With Al-rich AIGaN HEMTs, we observe that intermixing at the barrier—
channel interface can reduce effective polarization contrast, thereby significantly degrading or even
preventing the formation of the 2DEG.

Our results show that X-Ray Diffraction (XRD) and X-Ray Reflectometry (XRR) analysis can
effectively assess interface sharpness and guide optimization of the growth conditions. With this
approach, we demonstrate formation of 2DEG in AIN/Al 75Gag2sN and Alp75Gag2sN/Alg ssGag.asN
HEMT structures, as confirmed by capacitance-voltage (CV) and contactless conductivity
measurements. Specifically, we report sheet resistivities of approximately 2500 €/sq and 5500 Q/sq,
respectively, for the two structures investigated, while no 2DEG evidence could be found in any of
the samples in which the barrier was grown at high temperatures. The observed 2DEG degradation
in smeared interfaces is also confirmed by numerical simulations.

[1] A. G. Baca et al., Appl. Phys. Lett., 109, 033509 (2016)
[2]J. Y. Tsao et al., Adv. Electron. Mater., 4, 1600501 (2018)
[3] B. Mondal et al, preprint (2025), 10.48550/arXiv.2502.13809

[4] T. Saito et al., Appl. Phys. Lett., 126, 082102 (2025)
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Abstract text: GaN-based high-electron-mobility transistors (HEMTs) with AlGaN barriers provide
high breakdown voltages, high power density, and output power at high frequencies, making them a
crucial technology for a society with a growing need for high-volume data transmission and efficient
energy conversion [1, 2].

Using AIScN as a barrier material can additionally enhance device performance owing to its wide
bandgap and intrinsically high spontaneous polarization. This provides higher sheet charge carrier
densities (Ng) and lower channel resistance resulting from the increased gradient of spontaneous and
piezoelectric polarization between AIScN and GaN [1, 3]. Despite the possibilities AIScN can bring,
a significant decrease in the on-resistance (Ron) of devices is still needed. Ron can be further
reduced by lowering the sheet resistance (Rq), however, this is hindered by the trade-off between Ny
and mobility (w) [2].

A multichannel heterostructure can circumvent this trade-off while also decreasing Rq.. By using
AlScN as the barrier material, lattice matching with GaN is feasible, removing the limit to the
number of periods. Thanks to this lattice matching, the first demonstration of an AIScN/GaN
multichannel was recently reported [4].

Multichannel heterostructures with different periods were successfully grown by MOCVD for the
first time. The optimal conditions for a five-period combination were a 40 nm thick GaN channel
and a 5-10 nm AIScN barrier with 8% Sc content. High-growth temperature processes, like those for
GaN and SiC, frequently exhibit high interfacial diffusion and are commonly observed for MOCVD-
grown heterostructures. Despite this, time-of-flight secondary ion mass spectrometry (ToF-

SIMS) showed only moderate atom diffusion between the layers. Furthermore, the heterostructures
evidenced smooth morphologies, with surface roughness below 1 nm (10x10 pm? scale), and good
crystalline quality. Contactless Hall-effect measurements of the multilayers showed a Ng, of 3.5 x
10" cm™, p above 1600 cm?/Vs, and Ry, as low as 130 Q/sq, further demonstrating the promising
nature of these structures for high-power and high-frequency applications.

[1] L. Streicher, et al., PSS RLL, vol. 17, 10 2022
[2] L. Streicher, ef al., Adv. Funct. Mater., 2024
[3] L. Nela, et al., APL, vol 120, 05, 2022

[4] T.-S. Nguyen, et al., APL Mater., vol 12, 10, 2024
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OD-Thu-11 - Quantitative analysis of leakage current in III-nitride micro-light-emitting diodes
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Abstract text: The electrical characteristics under forward-and reverse-bias conditions of III-nitride
blue and green micro-light-emitting diodes (LLEDs) are analyzed. Commercial blue (465 nm) and
green (535 nm) InGaN LED epitaxial structures on planar sapphire substrates provided from Seoul
Viosys were used in this study to minimize wafer non-uniformities. Planar substrates were used to
minimize the light scattering from the substrate side when performing on-wafer measurements.
Standard (0.1 mm? mesa dimensions) LEDs and pLEDs with mesa dimensions ranging from 5x5 to
100x100 pm? with three different sidewall treatments, namely reference with no sidewall treatments,
Si0, ALD sidewall passivation, and 45-min KOH chemical treatment at room temperature followed
by SiO, ALD sidewall passivation, were fabricated. A fitting model is proposed to determine the
contributions of reverse leakage current and the effectiveness of sidewall treatments. Moreover, the
forward-bias currents of the pLEDs are examined using the extracted ideality factor to examine the
impacts of sidewall defects. The results show that sidewall treatments are highly effective for
suppression of leakage currents. From the efficiency perspective, higher wall-plug efficiency (WPE)
than external quantum efficiency (EQE) is observed when the operating voltage is lower than the
photon voltage in both blue and green 20x20 um? devices. These observations indicate that uLEDs
with sidewall treatments not only improve optical performance but also further enhance the electrical
performance of devices by suppressing the leakage current paths. We consider different possible
origins of the sidewall leakage current and their suppression with ALD passivation or KOH
chemical treatment followed by ALD passivation.
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Abstract text: The development of photonic neuromorphic computing systems has garnered
significant attention due to their potential to greatly enhance parallel processing, offering capabilities
beyond what conventional digital architectures can achieve. In particular, such optical networks
promise orders of magnitude reduction of power consumption [1]. MicroLEDs offer unique
advantages for these systems as a result of their high potential for miniaturization, scaling, and
efficiency [2]. Their ability to produce high resolution optical patterns and to operate at extremely
high frequencies makes them ideally suited as structured light engines for optical neuromorphic
network. Our approach of a mixed optical-electrical architecture requires an efficient current-to-light
conversion. Therefore, the efficient radiative recombination and slow non-radiative surface
recombination velocity of gallium nitride based microLEDs is key for these applications [3].

We present the development of a microLED array with 8x16 pixels, specifically designed for an
optical neuromorphic computing application [4]. Electrical decoupling of the light-emitting pixels is
required to reduce crosstalk between the microLEDs as far as possible. This has been achieved
through the complete removal of the layer stack down to the substrate, followed by a two-layer
isolation process using photoresist to fill the deep trenches. So, the effects of a pronounced 3D
topology on chip processing could substantially be reduced. The process achieved a yield of 95 %,
indicating the robustness of the method. Each light-emitting cell is equipped with distinct cathode
and anode contacts, reducing circuit complexity and minimizing electrical crosstalk. This decoupling
process effectively reduces the leakage current to below 10 pA, which is an important prerequisite
for high energy-efficiency. Additionally, we investigated the correlation between the etch depth of
the separating mesa grid and the electrical and optical properties. Even though this contribution is
focusing on architecture, chip processing as well as optical and electrical properties of the microLED
arrays, their application in a mixed optical-electrical neuromorphic network will also be shown.

References
[1]10.1063/5.0072090
[2] 10.24355/dbbs.084-202412101315-0

[3] 10.1088/2515-7647/acf972
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Abstract text: Micro-light-emitting diodes (LLEDs) are emerging technologies as a promising
technology for flexible display applications due to their high reliability, high efficiency, high
brightness, and long lifetime. However, the fabrication process of flexible pPLEDs remains immature,
primarily due to the complexity of mass transfer process. Besides, the demand of ultrahigh-
resolution displays requires thin film transistors (TFTs) with higher mobility, which remains a
challenge, especially on flexible substrates.

In this work, we developed a wafer-scale, 4-inch mass transfer technique using a laser lift-off
process to fabricate GaN-based flexible uLEDs. This technique enables the potential integration

of RGB pLEDs on the same wafer. By comparing the optoelectronic characteristics of RGB

uLEDs before and after substrate release, we observed a more pronounced blue shift in the emission
wavelength of red-emitting pLEDs. This wavelength-shift is attribute to the release of higher
compressive stress within the quantum well during the laser lift-off process. Moreover, the flexible
uLEDs exhibited negligible fluctuation in forward voltages, peak wavelength, and FWHM, when the
convex curvature radius decreased from oo (flat condition) down to 3 mm.

To enable active-matrix display, we also fabricated flexible 2T1C pixel circuits using InSnO (ITO)
thin-film transistors (TFT) in a mass-production-compatible process. The ultra-flat surface and
extremely low coefficient of thermal expansion (CTE) of the polyimide (PI) substrate contributed to
excellent wafer-scale uniformity, mechanical flexibility, and bending durability. The ITO TFT
demonstrated a remarkable average mobility of 39.1 cm?V~'s™. The fabricated 2T 1C pixel circuits
were capable of operating in both pulse amplitude modulation (PAM) and pulse width modulation
(PWM) schemes. After evaluating their driving characteristics, we transferred the uLEDs to the
pixel circuit backplane via flip-chip bonding, forming an active-matrix pLED display. The pLED
pixels could be individually controlled and possibly to display different images, highlighting

their potential for future flexible displays.
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Abstract text: InGaN/GaN micro-light-emitting diodes (LLEDs) are a promising technology for
emerging applications such as augmented reality and chip-to-chip communication. However, as the
LED size decreases to the micrometer scale, efficiency significantly drops. [1] This loss is attributed
to carrier diffusion within the quantum well (QW), where carriers migrate laterally toward sidewalls
and recombine non-radiatively. To address this challenge and enhance InGaN/GaN pLED
performance, we investigate carrier diffusion and recombination dynamics in c-plane InGaN/GaN
single QW samples grown on sapphire substrates by metalorganic vapor phase epitaxy (MOVPE).
Using micro-photoluminescence (LPL) spectroscopy and time-resolved pPL (TRuPL) mappings, we
analyze carrier lateral transport within InGaN/GaN QWs.

Using the spatial extension of the uPL spot as a marker of carrier diffusion, we previously
demonstrated that carrier diffusion strongly depends on QW thickness due to the quantum-confined
Stark effect (QCSE). Additionally, we investigated the influence of carrier density and found that
carrier diffusion dynamics deviate from the standard ABC model, particularly in the low-excitation
regime. [2] In this regime, pPL emission appears constrained by micrometer-scale domains, likely
resulting from potential fluctuations. This work aims to further explore these domains and their
impact on carrier diffusion.

To investigate carrier diffusion dynamics, we perform spectrally filtered imaging of the PL spot
using 10 nm-wide bandpass filters, allowing us to probe potential fluctuations by isolating specific
recombination energies. Additionally, time-resolved 2D mapping of the PL spot provides direct
visualization of carrier motion over time, revealing the anisotropic nature of diffusion within these
domains. Lastly, we examine carrier transport near the edge of dry-etched mesa. By applying
spectral decomposition of the PL, we analyze the interplay between observed domains and non-
radiative recombination at the sidewalls.

[1] F. Olivier et al., Journal of Luminescence, vol. 191, p. 112-116, nov. 2017, doi:
10.1016/j.jlumin.2016.09.052.

(2] S. Litschgi et al., Applied Physics Letters, vol. 126, n° 1, p. 011107, janv. 2025, doi:
10.1063/5.0219902.
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Abstract text: We present a bottom-up technology for producing dislocation-free, strain-relaxed
InGaN microLEDs in the form of sub-micron scale platelets. By using platelets, the stress induced
on the InGaN material grown on GaN substrates can be drastically reduced, enabling high indium-
content barriers and efficient quantum wells with peak emission tunable from blue to deep red.
Furthermore, platelet-based microLEDs do not suffer from plasma-induced damage that can severely
degrade device efficiencies for small sub-pixel sizes.

Platelets were seeded in 0.1 pm openings with a pitch of 1 um in a dielectric mask on GaN buffers
grown on either sapphire or Si substrates. The resulting dislocation free platelets have a truncated
pyramidal shape bounded by six s-planes and a top c-plane, with a base diameter of 0.8 um and a
height of 0.5 um. The red microLED structure consists of a bottom n-type Ing.1sGaossN layer
followed by a single Ing36Gags4N quantum well and an Ing.10Gag 9N electron blocking layer, which is
sandwiched in between layers of Ing.15GaossN, and finally capped with a top p-type Ino.1sGaossN or
GaN layer.

The microLEDs presented here exhibit internal quantum efficiency values up to 60%, as measured
by temperature-dependent PL, for deep red emitting quantum wells, which we attribute to very high-
quality InGaN material with low residual strain, no dislocations, and low surface recombination
velocities. Devices were fabricated using n-type GaN buffer as a common cathode. An Al,Os-film
was used for sidewalls passivation and a SiNy layer was used as spacer to anode contacts of different
sizes to the p-type layer, from single-platelet devices to several hundred connected in parallel.
Electroluminescence shows single peak emission that exhibits quantum confined Stark effect
induced blue shift, but with peak emission longer than 630 nm even up to 1000 A/cm?. Typical full
width at half maximum values are below 58 nm up to current densities of 200 A/cm?*. EQE is found
to peak at 30 A/cm? and then fall off slowly, dropping to 94% of the peak value at 200 A/cm®. At
peak EQE the dominant wavelength is above 640 nm, and it remains above 630 nm up to 50 A/cm?,
which is well suited for wide color gamut, and ultra-high brightness displays.
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ED-Thu-A11 - Development of N-polar GaN HEMT's fabricated on MBE-grown epi-structures
on low dislocation GaN substrate

4. Electronic devices
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Abstract text: N-polar GaN HEMTs have outperformed their Ga-polar counterparts, particularly in
mm-wave applications. However, there are still challenges that need to be addressed before this
technology can be widely adopted. These challenges include the necessity of a complex back-barrier
structure to mitigate hole traps that lead to DC—RF dispersion. Additionally, the electron mobility in
the channel decreases rapidly as negative gate bias is applied, which is problematic since these
devices are typically biased in deep AB class for optimal drain efficiency. In this talk, I will present
an overview of the progress our team has made in addressing these issues.
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Abstract text: GaN-based E-mode transistors are highly demanded for power and RF
applications due to their fail-safe property and compatibility with single-polarity voltage
driving circuits. Along with p-GaN gate HEMTs, GaN recessed-gate MOSHEMTSs have been
regarded as another promising approach for normally-off operation, featuring wide gate swing
voltages and maturity of the starting AIGaN/GaN epi-layers. Inductively coupled plasma (ICP)
was commonly deployed for barrier layer thinning, however, etching damage resulting from
ion bombardment and ultraviolet photons tends to degrade the device’s performance. Ar-
based neutral beam etching (NBE) which features focused beam of inert gas ions for precise
material removal shows great potential for fine control of gate foot and mitigation of plasma-
induced damage. In this work, GaN recessed-gate MOSHEMTSs enabled by NBE are explicitly
investigated, for both power electronics and low-noise amplifier (LNA) applications. By
partially recessing AlGaN barrier, MOSHEMT show Vi, of 1.68V, large on/off current ratio of
10°, and low gate leakage current for both positive and negative biases. The breakdown voltage
of MOSHEMTSs were increased from 208 V to 701 V as L,q was extended from 2 pm to 10 pm.
By recessing the AlGaN barrier at different depths via Ar-based NBE, the MOSHEMTSs
achieved Vi, of 1.68/2.93/4.29 V, Ip sa¢ of 803/661/545 mA/mm, and small R,, of 5.85/6.06/7.23
Q-mm, leading to FOM of 701/640/567 MW/cm?, respectively. Compared to other state-of-the-
art recessed-gate MOSHEMTSs with similar Vi, reported in the literature, the GaN
MOSHEMTs in this study demonstrated the highest Ip_ . in its class and superior FOM. For
LNA applications, recessed-gate MOSHEMT (L; =1.2 pm & V= 0.5 V) showed cut-off
frequency (fi/fmax) of 9.6/27.8 GHz, along with a minimum noise figure (NVFmin) of 1.48 dB, an
associated gain (G,) of 14.43 dB, an equivalent noise resistance (R,) of 40.2 ©, and an input 3"-
order interception point of 10.3 dBm at 2 GHz, benefiting from mitigation of surface defects
generated during etching. At 3.5 GHz, NFp, slightly increased to 1.95 dB. In summary, this
work highlights that Ar-based NBE gate recessing offers a promising pathway to achieving
high performance E-mode GaN MOSHEMTs for power conversion and LNA applications.
Ref. [1] Gao et al., IEEE EDL, Vol.45, Iss.6, 2024. [2] Ye et al., IEEE TED, Vol.72, Iss.3, 2025.
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Abstract text: Ultra-wide bandgap materials, such as aluminum gallium nitride (AlxGa;xN), are
materials of high interest because they can be used in high-voltage and high-frequency applications.
due to their large band gap, high critical electric field, and high electron mobility. The growth of
AliGai.«N was accomplished on an ammonothermal-GaN substrate, which gives superior layer
qualities with low dislocation densities and high electron mobilities [1].

In this work, we present the fabrication and analysis of a fully vertical device with a 5 um thick
Alo.p25Gage7sN drift layer. This is a novel fabrication and represents a significant advancement since
such a process has not been previously reported. The stack of GaN-AlGaN layers was grown on an
ammonothermal-GaN bulk substrate by using MOVPE technique, and the layers have an n"/n/n"-
stack with a gradient AlGaN layer in between. The fin definition was accomplished using EBL
lithography. Subsequently, the fin was dry-etched with ICP-RIE, and afterwards, a TMAH wet-etch
was used to smoothen the side walls. For the bottom and the top spacer, we used a 100 nm ALD-
grown Al,Os. The gate length was defined with a PR planarization technique to be around 400 nm.
The gate stack consists of an ALD 1nm/10nm bilayer Al,O3/HfO, and a 60 nm W gate metal. The
formation of the gate and source contacts was accomplished with a Ti/Al lift-off process.

The transistor behavior was analyzed for a single fin and four different fin widths of AlGaN FinFET.
The results concern the a-plane and, for the 100 nm width, show a normally-on behavior with a
threshold voltage Vr around 1.5V. Additionally, we extracted low subthreshold swings (SS) ~ 78
mV, low Ronsp~ 0.02 mQ cm?, and a 100 V breakdown voltage (¥sv). The results will be compared
with those of GaN FinFETs, emphasizing the advantages of utilizing AlGaN.

[1] Grabianska, K., et al., (2022), 12(4), 554. https://doi.org/10.3390/cryst12040554.
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Abstract text: [II-Nitride vertical FinFETs leverage AlGaN’s unique properties and FinFET
structure for better performance in power electronics and RF applications. AlGaN vertical devices
surpass GaN in Baliga Figure of Merit due to their increase in bandgap due to higher Al content.
This work compares the DC performance of fully vertical AlGaN (a- and m-plane) FinFETs with a-
plane GaN FinFETs. Fully vertical AlGaN FinFETs are fabricated on Ammono grown n” GaN
substrate. The epitaxial stack included the following layers: 200 nm n* GaN (N4 = 2x10"® cm™), 20
nm of AlGaN graded layer (0.8 to 2.5%, Ng = 5x10'® cm™), 5 pm drift n-AlGaN layer (2.5%, Ng =
10" cm™), and 300 nm n” GaN (N4 = 1.5x10" ecm™). The two types of FinFETs, aligned to the a and
m-plane crystallographic orientations, are fabricated using a top-down approach. The fin dimensions
are 100—400 nm in width (W5n), 50 pm in length, and 1-2 fins. All the FETs have a gate length of
200 nm and bilayer Al,O3/HfO, (1/10 nm) as gate oxide.

In both FET types, reducing fin width increases threshold voltage, while increasing fin width
increases the minimum subthreshold swing. Both types of FETs exhibit normally off behavior, with
a-plane FETs showing a larger V't than m-plane FETs, indicating more negative fixed charges at the
gate oxide-a-plane fin interface. An increase in fin width reduces peak gm. and increases Ron,
indicating higher fin surface conduction (normalized to fin area). The g is in the range of 60 to 100
kS/cm? (0.13 to 0.2 mS/um, normalized to normalized to device width) and Rox of 0.036 mQ.cm?
(18.25 Q.mm, normalized to device width) for a-type of FETs with fin width of 200 nm, slightly
better performing than m-plane FETs. The performance of these devices is compared with a-plane
GaN FETs having the same drift layer thickness and doping, showing similar behavior, particularly
in terms of threshold voltage. In the two-fin array, Ron slightly decreases with increased fin
separation (0.5um to 2um) when normalized to the active area, due to increased current spreading in
the inter-fin region, making Ron dominated by drift layer resistance. Split C-V measurements are
used to extract peak effective mobility, uesr ranging from 300 to 1000 cm?/Vs, regardless of fin
width. Early FET's breakdown occurs around 110 V due to the lack of edge termination, which can
be improved by optimizing drift layer doping.
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Abstract text: Reduction of channel resistance for MOSFETs is a key factor in improving
performance for GaN or SiC vertical devices rated at 1700 V or below. A large contributing element
to high channel resistance comes from low channel mobilities, which are often reported as low as
15-30 cm?/ Vs for SiC and up to 200 cm?/V-s for GaN. A common technique for extracting mobility
in SiC planar devices is to use FatFET structures which are long channel devices where the channel
resistance becomes the dominant contributor to total device resistance, and hence provides an
accurate method for extracting channel mobility. For trench MOSFETSs, making a long channel
device is not a viable option due to the channel orientation, hence it becomes challenging to find a
good approach for extracting channel mobility. One method often used to extract mobility in trench
devices is the transconductance method which is known to be inaccurate and underestimates channel
mobility by as much as 33% due to error from additional series resistance. Another method proposed
by Ji [1] removes error associated with series resistance from the substrate and drift region but
incorporates a new source of error due to accumulation resistance and can result in a significant
overestimation of channel mobility. We have developed a new technique which addresses the
challenge of poor extraction accuracy in conventional methods by employing a ‘FatTrench’ structure
to disassociate extraneous resistances which lead to error in extraction. The ‘FatTrench’ technique
employs a series of lateral trench MOSFETs with increasing trench widths and is designed to
minimize the contribution of series resistance and to uniquely separate accumulation resistance from
channel resistance. Further, the new technique can be employed as a conventional test structure
without requiring any additional or alternate fabrication steps. Mobility extraction accuracy through
the new method has been benchmarked to be within 3% error as opposed to an error of 25-75% from
conventional methods. We have developed an analytical model for this new technique which
demonstrates a textbook-like approach to solving for channel mobility. Furthermore, this technique
has been validated in TCAD to determine the limitations of this approach for realistic geometries
and non-idealities seen in real devices.

[1]D. Ji et al., IEDM, 2018, pp. 9.4.1-9.4.4.
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Abstract text: This manuscript presents a novel epitaxial growth and fabrication method for fully
vertical GaN high electron mobility transistors (VHEMTs). The proposed VHEMTs adopt a fin-
shaped architecture with c-plane vertical sidewalls, enabling the formation of a vertically oriented
2DEG channel.

The growth process employs metalorganic chemical vapor deposition (MOCVD) on patterned
silicon substrates, where precise control of growth conditions ensures the formation of high-quality
GaN fins with low dislocation densities. Subsequently, an AlIGaN barrier layer and a SiNy gate
dielectric layer are uniformly grown, fully encapsulating the GaN fins. This approach provides
significant flexibility in epitaxial structure design, enabling the fabrication of both depletion-mode
(d-mode) and enhancement-mode (e-mode) devices. Furthermore, the periodic trench structures in
the substrate introduce an additional dimension of scalability, offering new opportunities for device
miniaturization.

The device fabrication process involves the formation of gate electrodes along the sidewalls of the
GaN fins and ohmic source contacts on the fin tops. Following complete substrate removal, a drain
electrode is formed at the bottom, resulting in a fully vertical device architecture. Compared to
existing vertical devices, this novel approach introduces a fundamentally new paradigm for vertical
GaN device design.

Experimental results demonstrate the successful operation of both d-mode and e-mode VHEMTs.
With a patterned Si trench width of 6 pm, the d-mode devices exhibit a threshold voltage of -3.5 V,
an on/off current ratio of 107, and a minimum subthreshold swing of 110 mV/dec. The e-mode
devices achieve a threshold voltage of 1 V and an on/off current ratio of 10*5. Furthermore, device
performance is influenced by variations in Si trench width.

VHEMTs also have the potential to leverage the advantages of polarization super junctions (PSJs) to
further break the Ron,sp-BV limit. This work establishes a novel platform for vertical GaN HEMTs,
offering enhanced area efficiency, higher current density, and significant cost advantages. With a
fully vertical channel design and scalable architecture, it provides a solid foundation for the
advancement of next-generation GaN power devices.
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ED-Thu-B12* - Vertically Stacked GaN HEMT and SBD on Double-Channel Heterostructure
for Enhanced Third-Quadrant Performance

4. Electronic devices

Hongkeng Zhu'

Yuan Zongl, Francesco Marcantoni!, Hakan Cankat Giir', Elison Matioli

! Power and Wide-Band-Gap Electronics Research Laboratory (POWERIab), Institute of Electrical
and Micro Engineering, Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland

Abstract text: Multi-channel heterostructures with stacked multiple two-dimensional electron gas
(2DEG) channels significantly reduce the overall sheet resistance (Rs,) and enable multi-channel
GaN high-electron-mobility transistors (HEMTs) of low ON-resistance (Ron) [1]. In this work, we
introduce a novel integration scheme of multiple devices on a multi-channel platform, where each
2DEG channel is designed for specific functions. By vertically stacking GaN HEMT and an anti-
paralleled Schottky barrier diode (SBD) on a double-channel heterostructure, we directly address the
large reverse conduction voltage (Vrc) issue in GaN HEMTs due to the lack of a built-in body diode,
which induces significant dead-time losses for high-frequency soft-switching power applications.

Our approach exploits independent control of the top and bottom 2DEG channels by selectively
forming an Ohmic contact to the top channel and a Schottky contact to the bottom channel at the
source terminal. By engineering the threshold voltages of the top-channel HEMT and bottom-
channel HEMT with Vingottom) < Vincop), the bottom channel functions as an efficient freewheeling
path during reverse conduction, thereby enhancing third-quadrant performance. Transfer length
method (TLM) reveals a low contact resistance of 0.25 Q-mm to the top channel, with extracted R
of 416 (/o and 468 Q/o for the top and bottom 2DEG, respectively. Electrical measurements show
distinct transfer characteristics for the top and bottom HEMTs, while the integrated SBD exhibits a
low turn-on voltage (Von) of 0.4 V. Output measurements demonstrate that, at Vs =—6 V, the
integrated device achieves an enhanced reverse conduction performance with Von of 0.46 V at —1
mA/mm and a low Vrc of 1.12 V at =50 mA/mm, alongside a low forward conduction Ron of 8.3
Q-mm. This marks substantial improvements over the conventional single-channel GaN HEMT with
VON of 1.42 V and VRC of 242 V.

By efficiently utilizing the device area and enabling independent channel control, our proposed
architecture leverages the intrinsic advantages of multi-channel heterostructures and opens new

opportunities for integrating efficient power devices.

[1] L. Nela et al., “Multi-channel nanowire devices for efficient power conversion,” Nat Electron,
Mar. 2021.
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ED-Thu-B13* - Breakdown Voltage Analysis of Vertical GaN p-n Junction Diodes with
Junction Termination Extension Formed by Channeled Mg Implantation

4. Electronic devices
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! Nagoya University, Department of Electronics, Nagoya, Japan
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Abstract text: Selective-area p-type doping via ion implantation is crucial for vertical GaN power
devices. Our group demonstrated that a high p-type activation ratio can be achieved through Mg ion
implantation and subsequent ultra-high-pressure annealing (UHPA) [1]. More recently, we have
focused on channeled implantation of Mg, which enables the formation of deeper junctions at
relatively low implantation energies [2]. In this study, we fabricated vertical GaN p-n diodes (PNDs)
with junction termination extension (JTE) structures formed via channeled implantation. The
acceptor activation ratio (net acceptor concentration/Mg concentration) in the implanted region was
estimated by comparing the breakdown voltage (BV) of the fabricated PNDs with TCAD
simulations.

To fabricate the PNDs, channeled implantations of Mg ions were conducted at four different
dosages, resulting in as-implanted Mg peak concentrations ranging from 4 x 10" to 2 x 10'® cm™
into n-type GaN homoepitaxial layers (2 x 10'® cm™, 10 um corresponding to an idealone-sided p*-n
BV 0of 960 V). The main p-n junction and the 90-um-wide JTE regions were simultaneously formed
by implantation. UHPA was performed at 1300 °C for 30 min under 500 MPa of No.

The BV of the fabricated PNDs increased from 530 V to 1174 V with increasing implantation
dosage. The highest BV of 1174 V exceeded the theoretical value of 960 V. This improvement is
attributed to the graded nature of the main p-n junction formed by channeled implantation, which
suppresses the peak electric field at the junction, leading to a higher BV, as predicted by TCAD
simulations [3]. By comparing the measured BV values with TCAD results, the acceptor activation
ratio was estimated to range from 10% to 25%. Since the activation ratio remains relatively low,
further optimization of the implantation and UHPA conditions is necessary. Our approach provides a
quantitative evaluation of the ion implantation process and serves as a design guideline for device
fabrication utilizing channeled ion implantation.

This work was supported by MEXT -Program for Creation of Innovative Core Technology for
Power Electronics, Grant Number JPJ009777.

[1] H. Sakurai, et al., Appl. Phys. Lett. 115, 142104 (2019).

[2] T. Nishimura, ef al., Appl. Phys. Express 14, 066503 (2021).
[3] K. Kitagawa, et al., IEEE Trans. Electron Devices, 71, 5239 (2024).

399



ED-Thu-B14 - Estimations of acceptor concentration and fixed charge densities in the trench
of vertical GaN trench MOSFETs

4. Electronic devices
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Abstract text: Vertical GaN trench MOSFETs are promising for power-switching devices due to
high-breakdown voltage and low on-state resistance. One issue with this device is that the threshold
voltage (V) is lower than expected [1]. The reasons are explained by existences of fixed positive
charges (Qy) in the trench and insufficient activation of Mg in p-GaN owing to the n"GaN layer on
the top. However, it is difficult to evaluate the acceptor concentration (Na) and, thus, the Qr of the
actual MOSFETs. In this work, we analysed the electrical characteristics of the MOSFETs and npn
structures used in the MOSFETs, and successfully estimated the N4 and the Qr values in the trench.
The structure of the evaluated MOSFETs is the same in Ref. [2]. The npn structures were fabricated
on the same wafers of the MOSFETs. The N4 values were estimated by analysing the measured and
the simulated I-V characteristics of the npn structures. We also used the transfer characteristics (Is-
V) of the MOSFETS for estimating the Na and the Qr. The Qr values in the trench were estimated
by analysing the measured and the simulated V, dependence of Cy¢-Vys curves of the MOSFETs.
The measured -V characteristics of the npn structures exhibited an exponential increase in current
followed by an abrupt increase. We confirmed through simulations that the former results from
bund-to-bund tunnelling and the latter is caused by avalanche multiplication rather than punch-
through effect. The estimated N by analysing the I-V characteristics was almost consistent with that
estimated from the subthreshold slope of the [4-V,s, verifying that these estimations are reliable. In
contrast, the Cy4-Vgs curves simulated by using the Qr estimated from the Vi, shift of the I4-Vgs (Qr iv)
for the trench surface were significantly different from the experimental results. We found that the
Qr iv was different from the Q; estimated from the C-V curve of the n-MOS diode fabricated on the
surface of the trench bottom (Qg 1), suggesting that the Qr for p’GaN and/or vertical face is different
from the Qs for horizontal n-GaN face. Finally, by using the Qs iy for p’GaN and the Qg n for the
horizontal n-GaN face, and adjusting the Qs for the vertical n-GaN face, we were able to reproduce
the experimental results in simulation.

[1] T. Oka, Jpn. J. Appl. Phys., 58, SB0805 (2019). [2] T. Oka et al., Proc. ISPSD, p. 303 (2019).
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ED-Thu-B15 - Design of High-Current-Density, Unintentionally Doped Fully Vertical AIN
Power Transistors
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Abstract text: AIN is an ultrawide bandgap semiconductor ideal for next-generation power devices.
With a breakdown field >10 MV/cm and high electron mobility, its Baliga’s figure-of-merit (BFOM)
exceeds >10 times that of GaN and SiC. However, it is challenging to heavily dope AIN due to
compensation effect from deep donor states, and its low electron affinity with Fermi-level pinning
impedes ohmic contact formation. These issues limit high-current-density, fully vertical AIN
devices.

Here, we propose a practical structure for fully vertical AIN-channel fin field-effect transistors on an
n-type SiC substrate. An N-polar AIGaN/AIN heterostructure with an unintentionally doped (UID)
graded AlGaN layer induces a 3D electron gas via polarization doping. This leads to increased
electron concentration (7:>10'® cm™) in the source access region without compromising mobility,
thus reducing the on-resistance (Ron). A highly n-type doped AlpsGaosN is designed to improve
source contact, while an undoped/UID AIN is utilized as the channel and drift layer. The selection of
SiC substrates as the drain is mainly due to 1) highly doped n-type SiC substrates are commercially
available; 2) high-quality N-polar epitaxy of AlIGaN/AIN on SiC has been achieved due to a small
lattice mismatch.

Device-physics simulations using Sentaurus were employed to evaluate device performance with
various doping levels in the AIN nucleation layer while retaining UID AIN in the channel and drift
region. The band diagram simulation indicates that increasing nucleation layer doping lowers
conduction band offset (Ec) in the UID AIN, though AEc (~1.3 eV) remains due to the AIN/SiC
interface discontinuity. The fin structure provides excellent electrostatic gate control, effectively
modulating 7. in the channel. Simulated transfer and output characteristics reveal an /nax over 1
A/mm at Vps =20 V with UID AIN, and nucleation layer doping variations slightly affect Ip at high
Vbs. The simulated result shows a breakdown voltage >2000 V with 1-um-thick AIN. The BFOM
benchmarking indicates that such vertical device architecture may overcome the current obstacles
and push the performance of AIN-based power transistors closer to the theoretical limit.

Acknowledgment: This work is funded by the U. S. Army Research Office (ARO)/Ohio State
University (OSU) under grant SPC-1000007046 | GR129057 and Wallenberg Foundation.
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PC-Thu-11 - Non-classical photon emission from point-like emitters in Aluminum Nitride

2. Physics and characterization
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! Cardiff University

Abstract text: Wide bandgap semiconductors often contain defects that exhibit luminesce at room
temperature. While much attention has been given to vacancy-ion complexes in diamond, such as
SiV and NV-, which possess internal spin-sub-levels useful for various applications like sensing
external fields, hosting spin qubits, or generating single photons, the presence of an intersystem
crossing in their energy levels limits their saturated intensity. In contrast, point-like emitters in the
commercially important AlyGai«N semiconductors have received much less scrutiny, but have been
found in as-grown epilayers [1] and created using ion-implantation [2]. These emitters saturate and
exhibit anti-bunched emission at room temperature, which is indicative of a quantized emitter.
Furthermore, it was recently shown that emitters in GaN can host single spin qubits amenable to
optical detected magnetic resonance spectroscopy [3] which opens the possibility of spin-based
sensors in the III-nitrides.

We have studied the emission dynamics and photon emission statistics of a class of emitters
identified in commercial AIN-on-sapphire wafers at room temperature which emit near 600 nm [4].
We find the statistics of photon emission are governed by multiple dark ‘shelving states’. We present
a model which reveals laser-driven depopulation of these shelving states dominates at high power.
We show this effect results in a saturated photon detection rate an order of magnitude greater than a
single NV- in diamond which we use as a standard-candle to calibrate our detection system, paving
the way to MHz-rate quantum light sources operating at room temperature.

References

[1] S. G. Bishop et al, ACS Photonics 7 (7), 1636-1641 (2020)

[2] E. Nieto Hernandez et al. Appl. Phys. Lett. 124, 124003 (2024).

[3]J. Luo et al. Nature Materials. 10.1038/s41563-024-01803-5 (2024).

[4] Y. Guo et al, Physical Review B 110 (1), 014109 (2024).
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Nitride
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Abstract text: Boron nitride (BN) attracts a lot of interest since it has an sp>-bonded structure
similar to graphene and other 2D materials. Atomic layers of BN can be stacked in different orders,
which leads to several polytypes. The layers can be rotated by 180° to the A' position or shifted by
one or two steps to the B or C positions. The most popular BN polytypes have the following
sequences: AA' (hexagonal: hBN) and ABC (rhombohedral: rBN). The rBN polytype is interesting
due to its ferroelectricity and second harmonic generation. The sp>-BN is a very efficient emitter and
its luminescence spectra contain many characteristic lines, which we investigated to identify
properties of different color centers in hBN and rBN.

The investigation was made on BN layers grown by Metal Organic Vapor Phase Epitaxy at
temperatures from 1000°C to 1400°C. Triethylboron and ammonia were used as precursors. By
changing growth conditions, it was possible to obtain samples with BN or hBN polytypes. The
polytype was verified by the transmission electron microscopy and by the X-ray diffraction. The
photoluminescence (PL) was excited by the third or fourth harmonic of the Ti:Sapphire laser. Time-
resolved PL was measured with a UV-designed streak camera.

In the PL spectra, we observe many features starting from peak at about 230 nm down to red
emission, but the sharpest lines are at about 300 nm. Their zero-phonon lines (ZPL) were at
significantly different positions depending on the polytype, precisely at 299.3 nm and 302.6 nm in
rBN and hBN, respectively [1]. The lines were accompanied by phonon replicas with the I"-point
phonons. The longest lifetimes were about 1 ns. Other sets of lines were observed with ZPLs at 333
nm and about 380 nm and with lifetimes of 2 ns and 1.6 ns, respectively. We have found that the
exact position of the latter line changes depending on polytype: it is at 382.9 nm and 386.1 nm in
rBN and hBN, respectively.

The experimental results were supplemented by calculations, performed with either time-
dependent density functional theory or the semiempirical approach, which can be compared with the
features of the electronic spectra of defects in BN, what provides useful indications for defects’

identification. The modeled defects included carbon dimers (CgCy), tetramers, and Si-C complexes.

[1]J. Iwanski, K. P. Korona et al. npj 2D Mater. Appl. 8, 72 (2024)
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Abstract text: Layered boron nitride is one of the key two-dimensional (2D) materials, which are
intensively studied both due to the abundance of novel physical phenomena and for their numerous
advanced applications. It is composed of boron and nitrogen ions forming flat sp® covalent bonds
with a honeycomb structure inside the layers and weak van der Waals bonds between the layers,
creating a three-dimensional crystal with a wide indirect bandgap of ~6 eV [1]. This large bandgap
accommodates numerous optically active electronic states of structural defects and impurities that
are abundant in currently grown crystals and epitaxial layers. Many of them act as bright single
photon sources with various photon energies from 1.5 eV to 5.5 eV or as efficient UV emitters with
extreme thermal stability [2,3]. One of the brightest is the color center emitting at 4 eV, most
probably originating from carbon-related defect [2,4].

The most common 2D BN is centrosymmetric hexagonal BN (hBN), but the BN atomic planes can
also be arranged in non-centrosymmetric configurations like rhombohedral (rBN) or Bernal (bBN)
stacking orders. Different layer stacking sequences influence the emission properties of UV color
centers in the BN host: in hBN and rBN one zero-phonon line (ZPL) is observed at 4.096 eV and
4.143 eV, respectively [5], whereas in bBN two components of ZPL at 4.145 eV and 4.161 eV are
present [4]. In this work, we performed high hydrostatic pressure studies of the low-temperature
photoluminescence (PL) of hBN, rBN, and bBN in the 3—4 eV spectral region using the diamond
anvil cell technique. The results showed that the decrease in the PL energy with pressure was less
sensitive than the bandgap, and the pressure coefficients of the PL energy depend strongly on the BN
polytype. Theoretical calculations of pressure dependencies of various defect levels in BN polytypes
confirmed that the emission is associated with carbon dimers. Our results show that tuning the
stacking sequence in various polytypes of a given crystal provides unique “fingerprints” contributing
to the identification of defects in 2D materials.

[1] Cassabois et al., Nat. Photonics 10, 262 (2016).

[2] Basha et al., Sci. Rep. 11, 12285 (2021).

[3] Chichibu et al., J. Appl. Phys. 123, 065104 (2018).
[4] Plo et al., https://arxiv.org/abs/2405.20837.

[5] Iwanski et al., NPJ 2D Mater. Appl. 8, 72 (2024).
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Abstract text: Bright quantum light sources are essential building blocks for quantum
communication and linear optical quantum computing. However, most existing quantum emitters
require cryogenic temperatures to operate, which constitutes a bottleneck for large scale applications.

Certain radiative point defects embedded in gallium nitride (GaN) have recently been shown to emit
single photons up to room temperature, spanning wide wavelength ranges in the visible [1] and
around the telecom O-band [2]. These emitters exhibit sharp a zero-phonon line and their integration
in circular Bragg gratings has been reported, giving rise to excellent single photon purities [3]. Due
to its widespread use for solid-state lighting, GaN is an extensively studied material which gives
these single photon emitters (SPEs) another advantage for future applications. Their fundamental
nature, however, is yet to be determined.

This work precisely focuses on identifying the nature of these point defects. Several sample
structures, grown by metalorganic vapor phase epitaxy (MOVPE), are investigated by scanning
confocal optical spectroscopy and Hanbury Brown and Twiss experiments to study the resulting
defect densities and their optical properties. SPEs are found in both doped and unintentionally doped
GaN samples grown on c-plane sapphire, displaying emission wavelengths ranging from 500 nm to
950 nm and high single-photon purities, with g(0) values as low as 0.06 at room temperature.
Those emitters, naturally present in MOVPE GaN on sapphire are shown to be interface-related
defects, largely preventing high coupling efficiencies to photonic structures due to their inadequate
depth position. However, we demonstrate a growth sequence that produces SPEs in GaN on sapphire
at any desired depth. The influence of growth conditions, impurity concentrations and strain
environment on the emitter formation are discussed.

This step constitutes a first milestone towards the site-controlled production of SPEs in GaN. This
capability would enable to deterministically position photonic structures around the created emitters
and reach enhanced photon collection efficiency levels - an essential requirement to obtain scalable
photonic devices.

[1] A. M. Berhane et al, Adv. Mater. 29, 1605092 (2017)

[2]1 Y. Zhou et al., Sci. Adv. 4, eaar3580 (2018)

[3] M. Meunier et al., Nanophotonics 12, 1405 (2023)
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Abstract text: GaN-based quantum dots (QDs) and defects have been regarded as room-
temperature, deterministic single photon emitters with high purity and brightness. However, it is
challenging to avoid unwanted emissions from adjacent areas such as wetting layers in Stranski—
Krastanov mode QDs, side quantum wells in site-controlled QD grown on pyramid apex, or other
high-density QDs (or defects) surrounding the target single QD (or defect), which act as background
and hence degrade single photon purity and site selectivity. Meanwhile, GaN-based micro light-
emitting diodes (WLLEDs) have been considered as future micro-displays owing to their high stability,
efficiency, and brightness. However, the realization of high pixel-density displays is difficult
because of the limitation of the high-resolution pixelation technique. To overcome the above-
mentioned drawbacks, we have developed a novel nanoscale quenching technique with a focused ion
beam (FIB) microscope, referred to as the nanoscale focus pinspot (NFP) [1]. First, by using the
NFP technique, we demonstrate a performance improvement of single photon emitters with InGaN
QDs grown on GaN pyramids [1] and InGaN quantum disks grown in GaN nanowires [2]. In
addition, we recently showed spatial distribution control of defects in GaN grown on patterned
sapphire substrates, emitting telecom-range single photons at room temperature [3]. The samples are
characterized with various optical methods including micro-photoluminescence (PL),
cathodoluminescence, time-resolved PL, and second-order photon correlation. Next, a novel pLED
pixelation method without masking and etching processes has been developed using the NFP
technique, and we demonstrated electrically driven sub-micrometer-scale pLED pixel arrays [4]. As
a result, efficient uLED pixel arrays at sub-micrometer scales (as small as 0.5 um side length) were
achieved.

References:

[1] M. Choi et al., ACS Nano 15, 11317 (2021).

[2] Y. Jae et al., submitted (2025).

[3] H. Kim ef al., Adv. Quantum Technol. 8, 2400177 (2025).

[4]J. H. Moon ef al., Advanced Materials 35, 2206945 (2023).
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The Soft Side of Hard Materials: Ferroelectricity in Wide-Bandgap Nitrides

4. Electronic devices
Zetian Mi'
! University of Michigan, Ann Arbor

Abstract text: The incorporation of group IIIB elements, e.g., Sc and Y, can transform conventional
III-nitride semiconductors to be ferroelectric, with significantly enhanced electrical, dielectric,
piezoelectric, and linear and nonlinear optical properties. As such, ferroelectric nitride
semiconductors have garnered significant attention for a wide range of applications in high power,
high frequency, and high temperature electronics, optoelectronics, ferroelectrics, acoustoelectric, and
quantum photonic devices and systems. In this presentation, I will discuss some of the emerging
opportunities and obstacles faced by nitride ferroelectrics in practical applications. I will also discuss
potential solutions, future research directions, and the prospects for further advancements in this
rapidly evolving domain.
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Single photon emitter for quantum optics and communication

4. Electronic devices
Nicolas Grandjean'
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Abstract text: In recent years, several single photon emitters (SPEs) have been observed in I1I-
nitride semiconductors both in the visible and near-infrared wavelength ranges.

In this session, we will first address the state of the art, then discuss the potential origins of SPEs,

and eventually draw some perspectives for their application to photonic integrated circuits and
quantum communications.
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Multichannel technologies for efficient GaN power devices

4. Electronic devices
Elison Matioli'
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Abstract text: This presentation will discuss recent advancements and emerging technologies based
on multichannel III-Nitride semiconductors that aim to address some of the main challenges in
power electronics. We will highlight the significant improvements in device performance achieved
through the use of multi-channel structures, resulting in figures of merit that far exceed current state-
of-the-art. We will present novel methods to reach normally-off operation, using p-type oxides, such
as LiNiO and NiO. These methods are also extended to manage the high electric fields in these
structures, to significantly increase the device breakdown voltage. These emerging technologies
present exciting opportunities for the future development of IlI-nitride electronic devices.
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Re-examining the efficiency limits of visible LED

4. Electronic devices
James Speck'
! Materials Department, University of California, Santa Barbara, USA

Abstract text: In this presentation I provide a brief overview of current understanding of the
efficiency limits of blue, green and longer wavelength visible nitride LEDs in the context of current
density and temperature. The remarkable progress in blue (~450 nm) LEDs has resulted in
exceptional efficiency at low current density but still current droop remains a major challenge -
solutions are still needed to realize true volumetric injection of the active region. The realization of
high wall plug efficiency green, yellow, and red LEDs is in part through significant voltage
reduction through the sidewalls of V-defects. As a result, today's blue, green, yellow and red state of
the art LEDs operate close to photon voltage We discuss the consequences of V-defects on current
droop and thermal droop. We show that thermal droop is a consequence of thermally activated
nonradiative channels and not overflow for any LED that operates at forward bias well below the
built-in voltage of the junction.
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Nonlinear optical and dielectric properties of novel nitride alloys
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Abstract text: The nitride alloys that are being explored for ferroelectricity (AIScN, AIYN, and
AIBN) display other intriguing properties, such as enhanced dielectric permittivity and nonlinear
optical properties. These features can be attributed to their heterostructural nature, with ScN and YN
preferring the rocksalt phase and BN the layered hexagonal phase, while AIN stabilizes in the
wurtzite structure. Alloying AIN with these other materials induces soft phonons and phase
transitions at specific concentrations, enhancing nonlinear effects and altering physical properties.

The larger dielectric permittivity enables use as a high-k material for gate dielectrics. The electro-
optic response surpasses conventional materials like lithium niobate [1], and offers the prospect of
ultra-compact modulators and electro-acoustic devices for high frequency (mm-wave) filters. CMOS
compatibility enables back-end-of the line integration.

Using first-principles calculations, we elucidate the mechanisms driving the enhanced dielectric and
electro-optic properties in solid-solution alloys and superlattice structures. Our results provide
design strategies for optimizing device performance through tailored alloy composition, cation

ordering, strain engineering, and heterostructure design.

Work performed in collaboration with Haochen Wang, Zekun Wu, and Sai Mu, and supported by
SUPREME (SRC/DARPA), DOE, and ARO.

[1] H. Wang, S. Mu, and C. G. Van de Walle, Appl. Phys. Lett. 126, 041901 (2025).
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Nitrides for new quantum technologies
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Debdeep Jena'
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Abstract text: While among friends we can agree that nitride semiconductors have “conquered”
solid state lighting, are creating solid-state UV photonics, and have succeeded in RF and power
electronics, good friends must make some bets on the new directions nitrides will go in the future.
While our community is working hard to ensure the success of established science and applications
of the nitrides, it is exciting to think of whole nitride world that is waiting to be explored and create
new applications. I will present some of my thoughts on nitride ferroelectric and nitride
superconductor materials, and how their integration with nitride semiconductors is a path towards
exciting new device technologies in the future ranging from memories, new acoustoelectric devices,
and quantum computing.

http://djena.engineering.cornell.edu/
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OD-Thu-16 - Tantium MicroLED: Enabling Scalable, High-Efficiency Solutions for Emerging
Displays
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Abstract text: MicroLED technology stands out as a leading solution for next-generation displays,
delivering high pixel density, exceptional brightness, superior reliability, and strong environmental
adaptability. However, power efficiency remains a major challenge, particularly in LTPS-TFT-
driven MicroLED displays, where the high impedance of LTPS-TFTs leads to significant power
dissipation and thermal buildup, ultimately limiting performance and lifespan.

To address these limitations, we have developed Tantium MicroLED — a novel architecture that
significantly enhances current efficiency and reduces power loss. Utilizing an advanced internal
tandem structure, Tantium MicroLED improves current efficiency (cd/A) while maintaining full
compatibility with existing display architectures. This innovation optimizes current distribution,
minimizes thermal generation, and boosts overall panel performance.

Experimental results demonstrate that at a driving current of 10 pA, Tantium MicroLED achieves
1.95x, 2.35x, and 2.1x improvements in current efficiency for red, green, and blue pixels,
respectively, compared to conventional MicroLEDs. These gains are attributed to both the tandem
structure and increased current density during operation. Furthermore, Tantium MicroLED
maintains consistently higher efficiency across varying conditions, making it especially
advantageous for high-brightness applications such as automotive displays.

When integrated with LTPS-TFT active-matrix backplanes, Tantium MicroLED panels
demonstrated a 25.3% reduction in power consumption at equivalent luminance levels,
corresponding to a 74.7% gain in energy efficiency over traditional MicroLED technology.

By dramatically enhancing luminous efficiency, minimizing power loss, and ensuring compatibility
with existing mass transfer and TFT processes, Tantium MicroLED represents a major advancement
in MicroLED display performance and paves the way for the next generation of high-efficiency,
high-performance displays.
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OD-Thu-17 - Progress in MOCVD Technology for Micro-LED Mass Production
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Abstract text: Gallium Nitride (GaN) based micro-LED technology has emerged as a revolutionary
advancement in the display industry, offering unparalleled brightness, efficiency, and durability.
Recent developments have significantly enhanced the external quantum efficiency (EQE) of micro-
LEDs, addressing previous limitations [1]. These advancements position GaN based micro-LEDs as
a promising candidate for various consumer applications including smartphones and wearable
devices [2]. In addition, the availability of silicon substrates with diameters up to 300 mm offers
significant advantages in terms of cost-effectiveness and mass production [3].

We report recent progress of our MOCVD technology to pave the way for GaN-based micro-LED
mass production on silicon substrates. Among other metrics, wafer-scale high-quality epitaxial
growth with dislocation density below 5.0-10* cm™ and wafer bow of below 30 um, realized run-to-
run by AIXTRON’s Cl,-assisted reactor cleaning, enable fabrication of high-performance high yield
Micro-LED arrays. In addition, on-wafer emission and thickness uniformities of less than 1 nm and
0.7 %, respectively, based on an edge exclusion of not more than 3 mm for a blue micro-LED

(460 nm with average FWHM of 15.5 nm) will be presented along with results extending the
wavelength for green and red InGaN micro-LEDs. The influence of key growth parameters such as
process temperature and pressure along with the MQW growth sequence will be reviewed.

References
[1] Bandari and Schmidt Light: Science & Applications (2024) 13:317

[2] https://www.aledia.com/en/news/the-daledia-white-paper-microled-innovation-at-the-service-of-
ar-displays/

[3] https://www.infineon.com/cms/en/about-infineon/press/press-releases/2024/INFXX202409-
142.html
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OD-Thu-18 - Influence of the radiative lifetime on surface recombination in InGaN/GaN p-
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Abstract text: [II-nitride p-LEDs are key candidates for micro-display applications, particularly in
AR/VR systems, where pixel sizes must shrink to around 2 pm. At such scales, surface
recombination becomes a dominant efficiency-limiting factor, as the pixel dimensions approach the
typical carrier diffusion length in InGaN/GaN quantum wells (QW) [1]. This effect leads to
significant non-radiative losses at etched sidewalls, reducing the overall efficiency of u-LEDs.

Here, we propose to evaluate the impact of QW thickness on the carrier diffusion length, as a
potential approach to reduce the influence of surface recombination. To do so, we investigated two
samples grown on sapphire by MOVPE, both featuring a single Ing.15GaossN/GaN QW on an
AlInN/GaN lattice-matched underlayer. The only difference is the QW thickness: 0.9 nm for sample
A and 1.9 nm for sample B. u-LEDs were then defined using an SiO: hard mask and etched by
chlorine-based ICP-RIE [3]

Time-correlated cathodoluminescence spectroscopy was then used to map the local carrier lifetime
with nanoscale resolution [4]. First, we found that, at the center of 2-um LEDs, the carrier lifetime is
longer for sample B (~3 ns) than sample A (~1 ns), indicating the influence of the quantum confined
Stark effect. More interestingly, lifetime mapping reveals that in sample B, surface recombination
affects even the center of the pixel, whereas sample A maintains a nearly constant lifetime over more
than 1.5 um.

A carrier diffusion model was finally developed to fit the experimental results. Using a consistent
parameter set for both samples, we determined a carrier diffusion coefficient of D = 0.4 cm?/s and a
surface recombination velocity of S = 3000 cm/s. The model estimates that the internal quantum
efficiency of a 2 um LED is reduced by ~22% for the 1 nm QW but drops by ~46% for the 2 nm
QW compared to their bulk counterpart. Thus, reducing the QW thickness effectively shortens the
carrier diffusion length, limiting surface recombination losses. This strategy, along with alternatives
such as non-polar QWs or higher current injection, offers a path toward more efficient u-LEDs.

[1] A. David et al., Phys. Rev. Applied 15, 054015 (2021)
[2] C. Haller et al., Appl. Phys. Express 12, 034002 (2019)

[3] L. Jaloustre et al., Mater. Sci. Semicond. Process. 165, 107654 (2023)
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OD-Thu-19* - Evaluation of the sidewall quality of InGaN micro-LEDs for different etching
conditions and sidewall treatments based on cathodoluminescence behavior
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Abstract text: Since InGaN/GaN micro-LEDs are promising candidates for various applications
such as microdisplays, a detailed understanding of their properties as a function of size is required to
optimize them. One of the most important aspects is the increasing influence of sidewall effects as
the dimensions shrink. Sidewalls are known to promote non-radiative recombination and leakage
currents due to inherent surface states as well as due to sidewall damage that often occurs during
structuring by inductively coupled plasma (ICP) dry etching. To reduce the influence of the sidewall,
its impact need to be understood in relation to the etching conditions and the consecutive sidewall
treatments. In order to study this in more detail, blue InGaN/GaN micro-LEDs were defined under
two different ICP dry etching conditions that differed in terms of plasma power and Ar/Cl; ratio,
resulting in LEDs that were either stronger physically or stronger chemically ICP-etched. These
LEDs were then either wet chemically etched with KOH or passivated by a SiOy thin film
deposition. In order to assess the changes in sidewall quality, the LEDs were investigated using
monochromatic cathodoluminescence imaging as well as time-integrated and time-resolved
cathodoluminescence spectroscopy. The stronger physically ICP-etched LEDs showed a significant
reduction of cathodoluminescence intensity and decay time when excited closer towards the
sidewall, consistent with the general expectation that non-radiative recombination is stronger close
to the sidewall. In contrast, the luminescence properties of the stronger chemically ICP-etched LEDs
were much less affected by the sidewall. The passivation of near-surface point defects by hydrogen
during the etching process is discussed as a major mechanism for improving the sidewall quality.
This hypothesis is supported by the observations that the cathodoluminescence signal near the
sidewall can be reduced by irradiation with a low-energy electron beam or thermal annealing in an
inert gas atmosphere and restored by hydrogen plasma treatment. As a consequence of the different
degrees of passivation, the post-ICP treatments of the sidewall had different effects. The decay time
of the stronger physically ICP-etched LEDs close to the sidewall was well recovered, while the
decay time of the stronger chemically ICP-etched LEDs showed no significant change.
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OD-Thu-20* - Full color emission from single InGaN-based polyhedral microstructures
suitable for micro-LED displays

2. Physics and characterization

Taiki Ono'

Yoshinobu Matsuda!, Mitsuru Funato', Yoichi Kawakami'
! Kyoto University, Kyoto, Japan

Abstract text: Micro-LED display technology is advancing rapidly for next-generation applications
such as wearable glasses for augmented reality. However, conventional methods of assembling
monochromatic RGB micro-LEDs from separate epitaxial wafers onto display panels face
challenges in transfer yield and cost. To address these issues, monolithic integration of full-color
micro-LEDs via single epitaxial growth process has gained attention. We have recently found that
polyhedral GaN microstructures with multiple surface orientations formed by a resist transfer
process can integrate InGaN quantum wells (QWs) with multiple emission colors. However, the
color variation range is limited to a short wavelength region (violet to green). In this study, we
demonstrate full-color emissions from InGaN-based polyhedral microstructures by developing
growth conditions and epilayer structures.

Polyhedral GaN microstructures with a planar top (Top) and two types of slopes (Slope A and B)
were patterned on a (0001) GaN template by grayscale lithography and dry etching. The etched
surface was treated with wet chemical etching and chemical mechanical polishing. An InGaN QW
structure optimized for red color emitters on (0001) was grown by metal-organic vapor phase
epitaxy. The high In compositions for red color emissions were obtained by decreased growth
temperatures and increased growth rates of the InGaN well. The emission intensity was enhanced by
inserting an AIN layer above the QW and an InGaN/GaN superlattice below the QW. Additionally,
the growth temperature was modulated between the InGaN well and GaN barrier.

Laser microscope measurements confirmed that Slope A and Slope B have slope angles of 2.3° and
4.4°, respectively. Room-temperature cathodoluminescence spectroscopy showed that the emission
spectra from Top, Slope A, and Slope B have peak wavelengths of 627 nm, 538 nm, and 494 nm. It
is noteworthy that single growth run can integrate red, green, and blue color components within a
microstructure. Their plots on Commission Internationale de I’Eclairage 1931 chromaticity diagram
show a wide color gamut, including white.

These results suggest a promising pathway toward efficient manufacturing of full-color micro-LED
displays using a single InGaN material system.
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LN-A-1 - Characteristics of GaN HEMTSs on 2-inch polycrystalline diamond substrates
fabricated using the surface-activated bonding technologies

4. Electronic devices
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Abstract text: GaN-based high electron mobility transistors (HEMTs) are widely used as high-
power and high-frequency devices due to their excellent electron transport and capability of
electrical powers. However, self-heating during operation limits their output current and reliability.
To address this issue, GaN-on-diamond HEMTS that utilize diamond substrates with excellent
thermal conductivity as heat spreader have garnered attention [1]. In previous works [2, 3], we
transferred AIGaN/GaN/3C-SiC heterostructures grown on Si (111) substrates to a 20-mm-by-20-
mm single-crystal diamond as well as a 1-inch polycrystalline diamond (PCD) substrates using the
surface-activated bonding and subsequently fabricated GaN-on-diamond HEMTs. More excellent
heat dissipation properties and resultant better characteristics were achieved in on-diamond HEMTs
in comparison with those of on-Si or on-SiC devices. Notably HEMTs on larger diamond substrates
should be realized for deploying the wafer-bonding based on-diamond devices. In this study, we
fabricated GaN HEMTs on a 2-inch PCD substrate and characterized them with emphasis on their
uniformity.

We measured transfer characteristics of 58 HEMTs distributed across the entire wafer for a drain
bias voltage of 20 V. Their gate length and gate width were 10 and 300 pm, respectively. The
maximum intrinsic transconductance of the on-PCD HEMTs was systematically larger than that of
on-Si HEMTs with the same geometries. We also estimated their drain conductance (DC) in the
saturation region for a gate bias voltage of 2 V. We found that the DC was negative in both types of
HEMTs, and the magnitude of DC of the on-PCD HEMTs was smaller than that of DC of the on-Si
HEMTs. These results imply that the wafer bonding of nitrides to PCD substrates is practically
applicable to fabricate GaN-on-diamond devices with improved thermal and electrical
characteristics.

Acknowledgment—This work was supported by Adaptable and Seamless Technology Transfer
Program through Target-driven R&D (A-STEP) from Japan Science and Technology Agency (JST)
Grant Number JPMJTR222B. Nitride heterostructures used in the work were provided by Air Water
Inc.

[1] S. Hiza, et al., in Extended Abstracts of 2019 SSDM, pp. 467-468 (2019).

[2] R. Kagawa, et al., Small 2305574 (2023).

[3] C. Moriyama, et al., presented in LTB-3D 2024 (31P-14).
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LN-A-2 - N-Polar High Electron Mobility Transistor (HEMT) on Silicon Substrate with Very
Low Resistivity Ohmic Contacts
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Abstract text: N-Polar HEMT structures are grown through NH3; Molecular Beam Epitaxy (MBE)
on a 3-inch silicon substrate at CRHEA. Growth is initiated with metal-Polar AIN buffer layer,
followed by a thin (3 nm) epitaxial NbN layer and then by an N-Polar HEMT structure. Materials
grown above the NbN layer are N-Polar, whereas materials below NbN are metal-Polar, as discussed
in [Semond et al., Paper GR 9-6, ICNS 2023]. Based on this, we processed an N-Polar HEMT on
silicon.

The top channel GaN layer is 30 nm thick. This layer was selectively removed by ICP Cl, etching
and regrown with highly doped n+ GaN by Metalorganic Vapour Phase Epitaxy (MOVPE) at I1I-V
Lab, following the process described in [Pitaval et al. Appl. Phys. Letters, 125, 012108 (2024)].
MOVPE GaN n+ material grows N-Polar on the MBE template, as demonstrated by Transmission
Electron Microscope (TEM) at CIMAP.

The ohmic contact is a stack of PdTiAl with a 500°C anneal as published by [Jang et al., Appl. Phys.
Letters, 88, 193505 (2006)]. However the doping of the n+ material is much higher here, close to
1x10% cm™, resulting in very low median surface resistivities of 3x10”7 Ohm.cm?. Moreover, the
total measured HEMT contact linear resistivity was 0.15 Ohm.mm, consisting of contributions of
0.04 Ohm.mm for the metal to GaN n+ resistance, 0.07 Ohm.mm for the bulk GaN n+ regrown
ledges and 0.04 Ohm.mm for the GaN n+ to 2D electron gas interface resistivity. The sheet
resistance of the 2D electron gas is 770 Ohm/Sq.

The HEMT features a 1x100 um wide, 250 nm long T-gate, with a NiAu gate stack and 7 nm
Atomic Layer Deposition (ALD) aluminium nitride (AIN) gate insulator. The gate to source distance
is 0.8 um and the gate to drain distance is 1.5 pum. These distances do not include the 0.8 um GaN
n+ ledge on each side of the channel. The device delivers more than 1 A/mm DC drain current at 10
Volts drain voltage. The pinch-off voltage is -8 Volts. The drain and gate leakage currents are
around 3 to 5 mA/mm. It is not clear yet where the relatively high leakage levels come from, on
going measurements will be presented.

Acknowledgements : Agence Nationale de la Recherche (ANR) grant 2021 CE08-037 “Niobium”
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LN-A-3 - Polarization interface charge model to calculate threshold voltage of AlIGaN/GaN
HEMTSs

4. Electronic devices
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Abstract text: Accurate estimation of the threshold voltage (V) and the sheet carrier concentration
(ns) of high electron mobility transistors (HEMTs) is crucial in advanced design of GaN-based
heterostructures. We proposed a new model based on the concept that the polarization charges are
distributed in an atomically thin layer beneath the surface [1] and found that the proposed model
provides ns of HEMT structures more reasonably [2]. In this work, Vi, of HEMTs is calculated by
the proposed model and compared with experimental results.

In proposed model, the polarization charges are assumed to be distributed in a thickness of 6 beneath
the interface. At the AIGaN/GaN interface, as a result, the sheet polarization charges in each layer is
located at a distance of 6/2 from the interface. The Vi, and ns are obtained analytically.

First, ns is compared with an experimental result on a HEMT structure consisting of a 15.6-nm-thick
AlGaN layer with an Al composition ratio of 0.29 on a 2-um-thick GaN layer grown on a sapphire
substrate by metal organic vapor phase epitaxy. Non-destructive characterization of sheet resistance
and mobility revealed 454 Q/sq and 1530 cm?/V's, respectively, which means ns of 9.0 x 10'? cm™.
The conventional model (6=0) requires a barrier height qeg of >2 eV to reproduce this ns. The
proposed model can reproduce the same ns with more reasonable barrier height close to reported qos
[3]. Next, 3-um-gate HEMTs were fabricated using this sample and their Vy, is characterized. The
process flow is reported in [4]. The measured Vg, of -2.2 V requires unrealistic barrier height of >2.5
eV for both conventional and proposed models. The discrepancy between measured and calculated
Vi suggests that any process-induced damage causes a decrease in ns and a positive shift in Vi, in
the fabricated HEMTs.

In summary, the proposed polarization model gives a nice agreement with experimental results for
as-grown samples while a large discrepancy remaining in the Vy, of fabricated HEMTs indicates a
necessity of benign process developed for GaN HEMTs.

[1] T. Suemitsu, et al., Phys. Status Solidi B 257, 1900528 (2020). [2] T. Suemitsu, CSW 2024,

Lund, Sweden, P16 (2024). [3] A.F.M. Anwar, ef al., Solid-State Electron. 50, 1041 (2006). [4] F.
Hemmi, et al., Solid-State Electron. 137, 1-5 (2017).
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Abstract text: AlIGaN (Aluminum Gallium Nitride) is ideal for high-temperature and high-power
applications due to its wide bandgap and moderate thermal conductivity. Fully vertical AlGaN
devices typically offer superior heat dissipation due to their geometry, allowing heat flow through a
thin drift layer, unlike the thick substrate in lateral devices. This work implements highly accurate
and sensitive gate metal resistance thermometry (GMRT) on a-plane AlGaN single and two-fin array
FETs to measure device temperature. These FETs have 5 pm thick AlGaN (2.5% Aluminum) with
Silicon doping concentration of 1x10'cm™ on high crystalline Ammonothermal c-plane GaN
substrates. Single-fin FETs with fin widths of 300 nm and 400 nm, as well as two-fin devices with
100 nm width and 500 nm separation, are used for measurements. All FETs have the same gate
length (L = 200 nm) and fin length (50 pm). The Tungsten gate metal resistance is calibrated up to
150°C and the extracted thermal coefficient is 0.0018 /°C. The single-fin FET (300 nm width) shows
a26.9°C gate temperature rise at 150 mW, while the two-fin FET (100 nm width, 500 nm spacing)
shows a 24.6°C rise at the same operating power. The larger device area aided slightly better heat
dissipation. 3D FEM simulations in COMSOL Multiphysics were used to analyze gate metal
temperature and its relation to channel temperature. The model includes a substrate with a thickness
of 480 pm and thermal conductivity of 240 W/(m-K), attributed to low threading dislocation density
< 5 x10* cm™. The bottom surface, representing the contact/chuck, is maintained at 25 °C to simulate
backside cooling, while the top surface is subject to natural convection with a heat transfer
coefficient of 5 W/(m?-K). The remaining material’s thermal conductivities used here account for
thickness and composition dependence. Large gate metal size causes position-dependent
temperature; effective resistance is found by assuming 1D current flow along the fin length. The
simulated resistance values agree well with the measured and showed that the increase in gate metal
temperature, ATgwm is 50 % of the max ATchannel at @ power of 125 mW for 300 nm fin width devices.
Furthermore, reducing the gate metal width improves the accuracy of measuring the actual channel
temperature using the GMRT method, where simulated ATgm = 87% of the max AT channel.
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Abstract text: Vertical GaN trench MOSFETSs show considerable potential for power switching
applications due to their high voltage blocking capability and excellent current handling capacity
[1,2]. In the OFF-state, electric field crowding at trench corners can cause premature breakdown.
This work presents an optimized trench etching profile and a thick bottom dielectric (TBD) in fully-
vertical GaN-on-GaN trench MOSFETs to reduce electric field crowding and successfully increases
the breakdown voltage (¥sr) up to 800 V.

Fig. 1 illustrates the schematic structure of the vertical GaN trench MOSFET. Device fabrication
involved etching a 1.5-um-deep trench using Ar/Cl, plasma with SiO; as the hard mask, with tuned
parameters to optimize the trench profile. The trench bottom was filled with a 750-nm-thick
ethylene-octene copolymer (EOC) to form the TBD layer (Fig. 2). Other fabrication processes were
similar to our previous work [3]. Fig. 3 compares the transfer characteristics of trench MOSFETs
with and without TBD. The MOSFET with TBD exhibits a threshold voltage of 3 V, 0.8 V higher
than the device without TBD. Both devices showed comparable on/off ratios of ~10® and similar gate
leakage currents of ~3.5 x 10™* A/cm? (at Vs = 15 V). Output characteristics are compared in Fig. 4.
The MOSFET with TBD exhibits an /psmax of 2503 Alem? (at Vos =15V, Vps =5 V) and an Ron sp
of 1.46 mQ-cm?, compared to 3027 A/cm? and 1.11 mQ-cm? for the device without TBD. The
higher Ronsp in the TBD device may be attributed to the EOC covering the trench sidewalls and
bottom, which hinders carrier accumulation [3]. Fig. 5 presents OFF-state leakage currents for
vertical MOSFETs with and without TBD, alongside a PiN diode test structure fabricated on the
same sample. The introduction of the TBD substantially enhanced the Vgg, increasing from 212 V to
800 V, approaching the 864 V achieved by the PiN diode. Fig. 6 benchmarks the Ron s, versus Var
performance of our TBD device against other reported GaN vertical trench MOSFETSs. Our device
achieves a competitive Baliga’s Figure of Merit of 438 MW/cm?, highlighting the potential of the
TBD technique for developing high-performance and reliable GaN trench MOSFETs.

REFERENCES
[1] Z. Han et al., IEEE IEDM, 2024,
[2] Andrew T. Binder et al., Appl. Phys. Express, 17, 101003, 2024.

[3] R. Zhu et al., IEEE Electron Device Lett., 43, 346-349, 2022.
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Abstract text: AlGaN/GaN HEMT has unique advantages on high-power and high-frequency
applications owing to the high carrier concentration, high carrier mobility and large breakdown
voltage. And Piezoelectric/spontaneous polarization plays a key role in two-dimensional electron gas
(2DEG) formation and carrier transportation. In this work, we developed the energy band theory by
coupling the constitutive equations, Poisson equation and Schrodinger equation to describe the
stress-electricity-heat coupling mechanism [1]. With this model, we analyzed the spatial distribution
and temporal evolution of Joule heating in power devices under current injection, which reveals the
heat accumulation process and provides guidance for thermal regulation. And then, we developed
the low-resistance ohmic contact process with TiAl/Au and TiAlTa/Au alloys in AlGaN/GaN
HEMT. The main mechanism was attributed to the direct contact with two-dimensional electron gas
(2DEGQ) through the substitution of the TiN compound with a smaller area Au dominated
penetration. Finally, the AIGaN/GaN HEMT cantilever were fabricated by combining the
anisotropic/isotropic dry etching process. This device preliminary exhibited the potential in
autonomous power control due to the high power output and sensitive stress sensing [2]. These
studies deepen our understanding on piezotronics, and provide a new way to optimize the
performance of GaN power electronic devices. In additional, they are expected to develop new
applications such as autonomous driving, bionic robot, automatic control and so on.

Keywords: GaN, MEMS, Piezotronics, neural control
Reference

[1] Jianan Niu, Jiangwen Wang, Wei Sha, Yong Long, Bei Ma*, Weiguo Hu*, International Journal
of Extreme Manufacturing 2025, 7:012005
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Wenbin Guo, Liang Jing, Weiguo Hu*, and Zhong Lin Wang*, Nature Communications 2020, 11:
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Abstract text: While investigating the scavenging effect of scandium on capturing residual gas
species, we discovered that crystalline semiconducting ScN could be deposited even when Sc is
exposed to molecular N, without plasma.' Expanding on this novel synthesis method, we report the
first demonstration of self-activated epitaxial growth of AIScN, an emerging ternary nitride with
enhanced functionalities.>?

N's thermodynamic preference to bond to Al over Sc and Sc’s ability to self-catalyze N=N bond
breaking can facilitate A1IScN growth.* Here, we attempt A1ScN film growth using Na, without
plasma, an entirely thermal process at 550 °C on 6H-SiC. Phase, crystal structure, epitaxial registry,
and lattice parameters of films are determined. A self-activated growth of rocksalt AIScN film is
observed for Al/(Al+Sc) from 0 to 47.8%. With increasing Al%, XRD 111 Bragg peak shifts and
rocksalt AIScN lattice constant decreases, indicating incorporation of Al in nitrided form into AIScN
films.

RHEED, XRD, & EDS spectra indicate that the cubic rocksalt AIScN films are phase pure up to
21.1% Al with N/(Al+Sc) ratio~1.1. Intermetallic Al,Sc phase separates from 28-48% Al, & N
incorporation in AlScN films decreases to N/(Al+Sc)~0.5. Self-activated nitride crystal growth was
not observed for films with 93-100% Al, which showed intermetallic AlySc & FCC a-Al phases
without N. Unlike Sc, we report that Gr.III-A elements like Al, Ga, In do not facilitate N=N
breaking & thus do not grow self-activated AIN, GaN, InN films. The lattice parameters of self-
activated AIScN films and Al Sc, a-Al are reported. With increasing Al%, lattice parameter of
rocksalt AIScN decreases from 4.51A for ScN to 4.47A for 21% Al. Self-activated AIScN films, and
intermetallic AlxSc, FCC a-Al phases, exhibit twinning and are epitaxial to substrate with their
[111)/[011] ] SiC[0001]/[1120].

The findings open new avenues for the ultralow-energy synthesis and processing of emerging
ternary nitrides, challenging the accepted notion that high-energetic plasma assistance and use of
expensive NH3, hydrazine precursors are unavoidable. This energy-efficient processing has
significant implications for advancing emerging devices.

Reference

1.C. Savant et al, APL Mat. 12 (2024)
2.0. Ambacher et al, J. of App. Phy. 134 (2023)
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LN-B-2* - High mobility quaternary AlScGaN thin films grown by metalorganic chemical
vapor deposition

1. Growth
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Abstract text: [II-nitride HEMTs are widely used for high-power, high-frequency electronics
applications. While AlGaN is the most common barrier material, increasing demand for higher
power density and current-handling capability necessitates barrier materials that enable higher sheet
carrier densities, such as AIScN, which also exhibits ferroelectric behavior. High-performing
MOCVD-grown AlScN HEMTs have been demonstrated, but issues remain with interface
roughness, unintentional Ga incorporation, and high impurity levels. These may be alleviated by
growing a quaternary AlScGaN layer, which has not yet been demonstrated by MOCVD.

In this work, AIScGaN layers were deposited by MOCVD on c-Al,O; using NH3, TMAI, TEGa, and
(EtCp)2Sc(dbt). First, a 2 um-thick semi-insulating GaN template was using TMGa and NH3 at a
growth temperature of 1190 °C, followed by a nominally 0.7 nm thick interlayer of AIN and
AlScGaN layers grown at 150 Torr at temperatures between 900 °C and 950 °C. The layer
composition was modulated by adjusting the TEGa flow while holding the TMAL, (EtCp).Sc(dbt),
and NH3 flows constant.

XRR-measured AlScGaN film thicknesses ranged from 23 to 47 nm with growth rates of
0.47 to 0.94 A/s. XRD scans revealed Pendelldsung fringes, indicating sharp interfaces between the
GaN and AlScGaN. The 2DEG sheet charges from Hall measurements of heterostructures grown at
900 °C ranged from 1.4 to 3.2 x 10" cm™. The highest mobility of 1731 cm? V' s™' was from a
sample with a sheet charge of 1.7 x 10> cm™. The composition of this sample was
Alp2sSco.05Gaoe7N, as measured by RBS. The lowest sheet resistance of 201 /o was attained from a
sample grown at 950 °C, which had a sheet charge of 2.3 x 10" cm™ and mobility of 1355 cm* V' s°
!, a significant improvement compared to equivalent ternary AIScN/AIN/GaN heterostructures. The
effects of growth conditions on composition, surface morphology, and other film properties will be
discussed. The demonstrated electron mobility of 1731 cm*V™' s is among the highest measured for
HEMT structures with sheet charges of 1.7 x 10"* cm™ grown by MOCVD.

This work was funded in part by the Solid State Lighting and Energy Electronics Center (SSLEEC)
and the Northrup Grumman GaNAMP program.
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LN-B-3 - Magnetron sputter epitaxy of polar, semipolar, and nonpolar GaN thin films

1. Growth
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Abstract text: Magnetron sputter epitaxy (MSE) presents a promising approach for processing
group-III nitride semiconductors, offering a pathway to high-quality and cost-effective GaN growth
for a wide range of applications. However, the industrial adoption of MSE faces notable challenges,
particularly the low growth rate associated with GaN deposition using a liquid gallium (Ga) target.

In this study, we introduce a novel UHV-compatible magnetron design with advanced cooling
capabilities that enables high GaN growth rates at elevated temperatures using a solid Ga target. The
system was tested over a broad range of process parameters, exhibiting stable operation while
maintaining the Ga target in a solid state. Remarkably, GaN growth rates of up to 5 um/h at room
temperature and 4 um/h at elevated temperatures were achieved—an order of magnitude
improvement over MSE-grown GaN using liquid target.

The impact of Ar to N, partial pressure ratios and target-to-substrate distance (TSD) on growth rate,
film morphology, and crystal quality was examined using scanning electron microscopy (SEM) and
X-ray diffraction (XRD). Results indicate that while growth rate and morphology are sensitive to
process parameters, crystal quality is also significantly influenced by film thickness. A 2 um thick
GaN film exhibited XRD rocking curve (o-FWHM) values of 0.19° and 0.32° for the GaN (0002)
and (101) reflections, respectively. Transmission electron microscopy (TEM) analysis confirmed a
reduction in threading dislocation density in films thicker than 500 nm.

Furthermore, the same deposition setup was employed to grow GaN thin films on non-c-plane
sapphire substrates. XRD and TEM characterizations revealed the successful epitaxial growth of
single-crystal semipolar GaN(112) and nonpolar GaN(110) films on m-plane and r-plane sapphire,
respectively. The films show anisotropic structural characteristics along the respective GaN 112 and
GaN 110 out-of-plane axis resulting in o-FWHM of the reflection along the normal that strongly
depend on the azimuthal angle. Although the GaN films exhibit a small tilt with respect to the
substrate surface, no rotation domains are observed by XRD or TEM investigations.

These findings underscore the potential of the MSE technique in advancing the growth of high-
quality GaN thin films for applications in solid-state lighting and power electronics.
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LN-B-4* - Increasing light extraction efficiency for UV LEDs with a low coverage p-GaN hole
injection layer

3. Optical devices

Michael Wang'
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! University of California, Santa Barbara

Abstract text: We report on the use of ultrathin low-coverage p-GaN hole injection islands on the
top surface to improve the light extraction in UV LEDs, resulting in world-record UVB AlGaN UV
LEDs emitting at 300 and 310 nm. With the optimization of the p-GaN island density, size,
thickness, and doping, we demonstrated a 300 nm emitting device with a peak CW EQE of 18.9%, a
peak CW WPE of 16.8%, and a CW EQE of 8.8% at 20 A/cm2, and a 310 nm emitting device with a
peak CW EQE of 20.3%, a peak CW WPE of 15.4%, and a CW EQE of 10.9% at 20 A/cm2.
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LN-B-5* - 10.4% External Quantum Efficiency 294 nm UV LEDs at 20 A/em”2 with a Fully
Transparent Tunnel Junction

3. Optical devices
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Abstract text: We report on the successful demonstration of an all-MOCVD grown fully transparent
tunnel junction (TJ) germicidal UV LED, resulting from the use of a lightly doped n” AlGaN contact
layer enabling rapid MOCVD growth optimization. We found that the optimal condition for LED
performance was a 3 nm p ' -AlysGao4N / 9 nm n""-Aly 6sGag 3sN TJ above a 20 period 1 nm p-
AlosGag 2N/ 1 nm p-Alo2GagsN short-period superlattice (SPSL). We observed a peak external
quantum efficiency (EQE) of the A =294 nm TJ UV LED of 12.1%, and an EQE of 10.4% at 20
A/em?* and 9.1% at 35 A/cm?, with an excess voltage of 1.5 V at 1 A/cm?.
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LN-B-6* - Full-color monolithic InGaN micro-LEDs with true red emission connected by
tunnel junctions

3. Optical devices
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Abstract text: Boding red, green, and blue micro-LEDs to driver circuit separately known as mass
transfer encounter process compatibility and efficiency degradation, especially for AlGalnP red
micro-LEDs. Full-color monolithic InGaN micro-LED, which uses tunnel junctions (TJs) to stack
red (R) , green (G), and blue (B) epitaxial layers, is a solution for next-generation displays due to
higher pixel density and simplified processes.

MOCVD was used to grow RGB epitaxial layers and TJs throughout process. STEM analysis has
confirmed the high quality of them. Employing conventional self-aligned techniques,

20x20 pm? full-color monolithic InGaN micro-LEDs were prepared. The electrical properties of
these micro-LEDs were characterized. At an injection of 22.2 A/ecm?, the Vr for R, G, and B are 3.6
V,4.6 V, and 4.5 V, respectively. Due to the subsequent bonding process, where the vertical height
difference of the mesa cannot be too large, the thickness of the n-GaN is reduced. This results in a
high V. The higher voltage for G is attributed to the introduction of TJs above and below. Under a
reverse bias of -5 V, the leakage currents for R, G, and B are 2.2 nA, 30.2 nA, and 290.4 nA,
respectively, achieving a decent level. The higher reverse leakage currents for G and B are attributed
to more carrier sidewall leakage than R (strong carrier localization).

The optical properties of the RGB micro-LEDs was characterized. The peak wavelengths for G and
B are 540 nm and 440 nm, with wall plug efficiency (WPE) of 8% and 10% respectively. The
dominant wavelength of R is approximately 622 nm at 1 A/cm? and 600 nm at 100 A/cm?, which
fully meets the display even augment reality (AR) display (operating at high current density)
requirements for true red color. Meanwhile, its WPE reaches 0.22% without encapsulation and
backside light collection (according to experience, the WPE measured by an integrating sphere after
encapsulation is about 4 times higher). This WPE for such an emission wavelength is a good result
because accumulated stress would degrade the crystal quality. The color gamut of the RGB micro-
LEDs exceeds the sSRGB range in the CIE chromaticity diagram, demonstrating their superior
application advantages in display.

In summary, full-color monolithic InGaN micro-LEDs with true red emission was demonstrated.
The broad color gamut highlights its potential for micro-LED display.
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LN-C-1% - Giant polarization effects in wurtzite, zincblende, and rocksalt-based
heterostructures: From theory to reality

2. Physics and characterization

Mohamed Yassine'

Jesus Cafias?, Oliver Ambacher!

! University of Freiburg, Institute for sustainable systems engineering INATECH, 79110 Freiburg im
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Abstract text: The discovery of ferroelectricity in wurtzite (wz) AIScN in 2019 revealed giant
spontaneous polarization values that deviated from widely accepted predictions.'? This suggested
the possible existence of giant polarization gradients in GaN-based structures, such as non-polar
rocksalt (7s) ScN on strongly polar wz-GaN.? Despite this evidence, giant polarization gradients
remain unobserved at 7s-ScN/wz-GaN interfaces,” or at the well-studied zincblende-(zb)/wz-GaN-
interfaces considering the long prevailing assumption that zb-crystals also do not own a spontaneous
polarization.’

In this work, we were able to clarify a long-standing confusion that emerged in the nitride
community between spontaneous and formal polarization and the way they are used to interpret
interface charges. We resolve this confusion by tightening the definition of spontaneous polarization
to ferroelectric switching, where it purely reflects a change in formal polarization between two
oppositely polarized states connected by a sublattice displacement path through a defined
intermediate centrosymmetric structure.’

Adapting this understanding to zb-semiconductors, we were able for the first time to identify that the
intermediate centrosymmetric structure that arises through the transformation path along the <I111>-
zb-axis is the rs-phase. This allowed us to determine a spontaneous polarization value for the zb-
crystals three times larger than that of the wz-phase. However, the lack of switching experiments in
zb-structures (giant coercive fields) has limited the assessment of such polarization effects to
interface charge measurements, from which, however, only the difference in formal polarization can
be extracted. Moreover, giant interface charges can be mitigated by external species, incomplete
surface coverage, or nonpolar surface reconstruction.” Thus, while the existence of giant polarization
effects in such heterostructures cannot be ruled out, they might in practice not be easily accessible.

Fichtner et al., J. Appl. Phys., 125, 114103 (2019)

Bernardini et al., Phys. Rev. B, 56, R10024 (1997)

Adamski et al., Appl. Phys. Lett. 115, 232103 (2019)

Dinh and Brand, Phys. Rev. Appl. 22, 014067 (2024)

Lahnemann et al., Phys. Rev. B 86, 081302(R) (2012)

Resta and Vanderbilt, in Physics of ferroelectrics: a modern perspective (Springer, 2007)
Gaddy et al., Phys. Rev. B 90, 125403 (2014)
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LN-C-2 - Bonding of tetrahedral and hexagonal nitrides — ab initio picture

2. Physics and characterization
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Abstract text: Recent measurements of the properties the group III nitrides both AIN and GaN by
soft x-ray emission spectroscopies revealed atypical feature of aluminum nitride (AIN) and gallium
nitride (GaN). The valence band is composed of two separate subbands [1,2]. They are associated
with different orbitals of metal and nitrogen atoms. For GaN the upper is composed of

gallium hybridized and nitrogen orbitals, the lower of gallium 3d and nitrogen 3s orbitals. In case
of AIN the lower is composed of nitrogen 2s orbitals only. These data were confirmed by extensive
ab initio simulations [1-3]. These results are not consistent with standard picture of tetrahedrally
coordinated semiconductors in which bonding occurs between sp® hybridized orbitals of metal and
nonmetal atoms. The application of new analysis techniques supported with ab initio simulation
create a new picture of the bonding. Bonding occurs between resonant p states of nitrogen and sp’
hybridized orbitals of metals that allows to preserve tetrahedral symmetry, in analogy to the bonding
in benzene molecule [4]. Similar resonant bonding is observed in hexagonal BN where the p orbitals
of nitrogen create three resonant states necessary for planar symmetry of the lattice. This is different
from the bonding of graphene where carbon states are fully sp’ hybridized.

[1] M. Magnuson, et al. Phys. Rev. B 80, 155105 (2009).
[2] M. Magnuson, et al. Phys. Rev. B 82, 085125 (2010).
[3] M. Ptasinska, et al. Vacuum 99, 166 (2013).

[4] F. A. Kekule, Liebigs Annalen der Chemie und Pharmacie 137, 129 (1866).

441



LN-C-3 - Experimental and DFT study of doped CrN thin films for thermoelectric applications

2. Physics and characterization

Niraj Kumar Singh'

Victor Hjort?, Davide Gambino?, Arnaud le Febvrier', Ganpati Ramanath®, Bjérn Alling?, Per
Eklund'

! Department of Chemistry-Angstrom Laboratory; Inorganic Chemistry, Uppsala University,
Uppsala 75105, Sweden

? Department of Physics, Chemistry and Biology (IFM), Link&ping University, SE-58183
Linkdping, Sweden

3 Rensselaer Polytechnic Institute, Department of Materials Science and Engineering, Troy, New
York 12180, USA

Abstract text: Transition metal nitrides constitute an important class of functional materials which
are mainly studied for their tribological applications but also possess promising thermoelectric
properties.[1,2] Near room temperature, stoichiometric CrN shows high thermoelectric power factor
(PF) of ~ 5 x10* Wm™K, however possess relatively higher thermal conductivity, k ~ 4 Wm™'K
'.[3] Studying phase formation as a function of doping concentration supported by DFT calculations
can provide crucial insights for the design of better thermoelectric materials for energy harvesting
applications. We report on the phase formation of CrWxN thin films grown by reactive magnetron
sputtering on c-plane sapphire substrate. W alloying led to a change of phase formation during film
growth from CrN to metallic h-Cr;N along with segregation of W. We observe a significant PF' ~ 3.4
x10* Wm'K in pristine CrN at room temperature.* Doping induced enhancement of o is supported
by density functional theory calculations which revealed shifting of Fermi level in the conduction
band along with formation of acceptor states near the Fermi level. Increasing h-Cr;N fractions in the
0.03 <x <0.19 range monotonically increases o, but severely diminishes Seebeck coefficient
leading to two orders of magnitude decrease in PF. This trend continues with x > 0.19 due to W
precipitation. These findings indicate that dilute W additions below its solubility limit in CrN are
important for realizing a high thermoelectric power factor in CrWxN films.

References:

[1]  S.Kerdsongpanya et al., Phys. Rev. B 86, 195140 (2012).
[2]  A.Le Febvrier et al., Phys. Rev. B 105, 104108 (2022).

[3] S.Kerdsongpanya et al., J. Appl. Phys. 120, 215103 (2016).

[4] N.K.Singh et al.,J. Appl. Phys. 136, 155301, (2024).
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LN-C-4 - Impact of Mg-threading screw dislocation complexes on electrical characteristics of
GaN p-n junction diodes fabricated by thermal Mg diffusion

2. Physics and characterization

Takashi Murayama'

Yuta Itoh!, Woong Kwon'!, Hirotaka Watanabe?, Shugo Nitta?, Atsushi Tanaka?, Yosio Honda?,
Hiroshi Amano®

! Graduate School of Engineering, Nagoya University, Nagoya, Japan

? Institute of Materials and Systems for Sustainability, Nagoya University, Nagoya, Japan

Abstract text: Localized p-type conductivity control in GaN is essential for the fabrication of
vertical devices. Recently, Mg fast-diffusion has emerged as a simpler and potentially more scalable
method for forming p-type GaN [1]. To assess the suitability of Mg-diffused structures for high-
power devices, electrical characterization using p—n junction diodes (PNDs) is necessary. In typical
MOVPE PNDs, complexes of Mg and threading screw dislocations (Mg-TSDs) can be critical
leakage paths [2]. In this study, Mg-diffused PNDs were fabricated on GaN substrates with different
threading dislocation densities (TDDs) to investigate the effect of TSDs on current leakage.

An n-type GaN layer ([Si] =2.0x10'* cm™, 9 um) was grown by MOVPE on GaN substrates with
TDDs of 10° cm 2 (E6) and 10* cm™ (E4). The Mg diffusion source was formed by shallow N and
Mg implantation [3]. The dose and energy were 5.8x10'* cm™ and 30 keV, respectively. AIN cap
was deposited at 480°C, followed by annealing at 1300°C in N, for 5 min. Mg diffused
approximately 1 um from the surface, reaching a concentration of 0.4—1x10'"® cm™. Vertical deep-
mesa PNDs were fabricated after AIN removal by TMAH [4]. Leakage sites were identified by J—V
measurements and emission imaging, and threading dislocations were analyzed by cross-sectional
TEM imaging.

Based on J-V measurements, most E6 devices exhibited significant leakage currents of >10~> A/cm?
near —700 V, whereas the majority of E4 devices showed no leakage. Emission imaging of the
leaking E4 and E6 samples confirmed that the leakage sites were located within the mesa

areas. TEM of the leakage point identified a screw dislocation, indicating the presence of a Mg-
TSD. In MOVPE-grown PNDs on E6 substrate, TSDs did not always act as critical leakage paths
[4]. However, in Mg-diffused samples, nearly all TSDs served as leakage paths, which suggest that
Mg fast diffusion promotes Mg-TSD-related leakage. Therefore, the use of low-dislocation-density
substrates is particularly important when applying Mg diffusion to high-power devices.

[1]Y. Itoh et al., APEX 15, 116505 (2022). [2] T. Nakano et al., APL 117, 012105 (2020). [3] J.
Uzuhashi et al., J. Appl. Phys. 136, 055702 (2024). [4] H. Fukushima et al., JJAP 58, SCCD25
(2019).

This work was supported by MEXT-Program for Creation of Innovative Core Technology for Power
Electronics Grant Number JPJ009777.
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LN-C-5 - Operando Strain Microscopy in GaN/Si High Electron Mobility Transistors with
Nanosecond Time Resolution

2. Physics and characterization
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Abstract text: High Electron Mobility Transistors (HEMTs) based on epitaxial (Al)GaN/Si
heterostructures are emerging next-generation high-power and high-frequency electronic devices,
due to their high breakdown voltage and fast switching speed. During high-voltage operation,
particularly under hard switching conditions, the change of the electric field generates significant
lattice strain at ns time scales, due to the piezoelectric nature of the Wurtzite crystal structure of
(Al)GaN. This phenomenon provides a route for visualizing device operation, by monitoring the
change of strain in nanoscale.

In this work, we present an operando strain microscopy study with ns time resolution of the thin Al;-
«GaxN barrier and the GaN channel layer of an industrial fabricated p-GaN gate HEMT test
structure, using Dark-Field X-ray Microscopy (DFXM) at the hard X-ray nanoprobe beamline
IDO1/ESRF. By a pump-probe approach leveraging the time structure of the synchrotron source and
a dedicated sample setup for simultaneous recording of electrical and structural data, we obtain
operando movies of the lattice strain in the HEMT during hard switching with down to 1 ns
temporal and ~150 nm spatial resolution. We observe how the out-of-plane strain becomes more
compressive in the regions covered by the gate electrodes and simultaneously more tensile around
the drain during and after the hard turn-on. The magnitude of these strain fields is correlated in time
with the electrical characteristics of the HEMT and reaches an amplitude of ~ + 3*10™* just before
the turn-off.

Thus, we visualize the dynamic switching of a high-power device and provide valuable insight into
the relation of electrical and mechanical strain in epitaxial (Al)GaN layers This experimental data
may be used as a benchmark for Finite Element Method modeling for optimization of functional
devices. Moreover, we showcase the new methodology of time-resolved strain microscopy with
high-brightness synchrotron sources, allowing us to record dynamic movies of lattice strain rather
than static images, which opens immense potential for a wide range of material systems within and
beyond the III-V community.
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LN-C-6 - Tuning Structure and Electronic Properties in Epitaxial Sci«WN, Thin Films on
MgO(001): A Pathway to Engineered Nitride Materials

1. Growth

Susmita Chowdhury'

Hector Guerra Yanez?, Sanath Kumar Honnali', Grzegorz Greczynskiz, Per O. A. Persson?, Arnaud
le Febvrier', Martin Magnuson?, Per Eklund'

! Inorganic Chemistry, Department of Chemistry - Angstrém Laboratory, Uppsala University, Box
538, SE-751 21 Uppsala, Sweden

? Thin Film Physics Division, Department of Physics, Chemistry and Biology (IFM), Linkoping
University, Linkdping SE-581 83, Sweden

Abstract text: The effect of heavy atom incorporation, specifically tungsten (W), into scandium
nitride (ScN) has been systematically investigated to understand its influence on the electronic
structure and thermoelectric behavior of the resulting material. Due to the presence of 5d valence
electrons, substitutional doping of W into the Sc sublattice is anticipated to shift the Fermi level into
the conduction band. A continuous solid solution in the Sci«WxN, system is theoretically plausible,
given the relatively large lattice parameter of ScN among early 3d transition metal nitrides.
However, phase separation is observed at W concentrations of x > 0.10, characterized by the
formation of Sc-rich and W-rich domains via classical nucleation and growth mechanisms. At
elevated temperatures (~800 °C), nitrogen substoichiometry emerges, driven by the generation of
nitrogen vacancies and accompanied by the formation of secondary phases. Variations in the N/W
ratio modulate the occupancy of nonbonding #.g states within the valence band, contributing to
electronic instability and phase segregation. Spectroscopic analyses reveal that the Sci<WxN, system
exhibits a reduced degree of covalency relative to pure ScN, indicative of increased ionic and
metallic bonding character. Thermoelectric measurements show an unusual combination of a metal-
like Seebeck coefficient with elevated electrical resistivity, distinguishing the Sci1xWxN, system
from undoped ScN. This work provides a comprehensive assessment of the structural,
microstructural, and electronic evolution of the Sci—WN, system and establishes its correlation with
thermoelectric performance through an integrated experimental and theoretical framework.
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PC-Fri-1 - Fermi level pinning at nitride semiconductor surfaces and interfaces

2. Physics and characterization
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Abstract text: Fermi level pinning plays a crucial role in nitride semiconductor growth, contact
formation, and the engineering of insulating layers. While pinning effects and carrier accumulation
have been widely studied at nitride surfaces, their impact on interfaces remains equally significant.
In this presentation, we explore Fermi level pinning at non-polar (10-10) surfaces and interfaces
using scanning tunneling spectroscopy, off-axis electron holography (EH) in TEM, and
complementary DFT calculations.

First we discuss the interplay of intrinsic surface states, defects, and air exposure on the Fermi level
pinning at non-polar GaN, AlInN, AlGaN, and InN surfaces as well as the origin of electron
accumulation. The empty group IlI-derived dangling bond is found to govern Fermi level pinning on
most n-type group III nitrides, but not for InN, where defects dominate. Likewise for p-type doping
defects govern the Fermi level pinning, too. Air exposure is found to shift pinning levels toward the
band edges, attributed to water adsorption and dissociation, passivating intrinsic and extrinsic gap
states. The results demonstrate that for all group III nitride semiconductors, including InN electron
accumulation is not intrinsic, but rather extrinsically induced by adlayers.

Furthermore, we demonstrate the quantification of Fermi level pinning by EH in TEM using the
example of focussed ion beam (FIB) implanted carbon. FIB preparation induces a Fermi level
pinning about 0.7 eV above the valence band edge, attributed to C on N sites. Annealing
experiments allow to probe the defect dynamics and barriers. Notably, it is demonstrated that carbon
undergoes an atomic site-switching process, transitioning from a substitutional to an interstitial site
where it becomes electrically inactive upon annealing. These findings provide a profound foundation
for understanding the stability of insulating layers in ternary nitrides and offer critical insights for
optimizing nitride-based electronic and insulating structures.
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PC-Fri-2* - Nano-scale electron-beam-induced-current analysis of an electron-blocking layer
and tunnel junction via scanning transmission electron microscopy
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Abstract text: In this work, we present an in-depth characterization of a triple-cascaded InGaN/GaN
LED, each containing a pn-junction with multi quantum well (MQW) and an AlGaN electron-
blocking layer (EBL), separated by a GaN:Ge/GaN:Mg tunnel junction (TJ). By correlating electron
beam-induced current (EBIC) and cathodoluminescence (CL) measurements in a scanning
transmission electron microscope (STEM), we analyze the impact of the internal electric fields on
carrier transport, recombination, and injection dynamics at the nanoscale providing insight into
carrier diffusion and drift in the vertical device.

Each LED consists of a Si-doped n-GaN layer (8x10'® cm™), an MQW of five Ing.1;GaosoN QWs(2.5
nm thick) separated by undoped GaN barriers. A 17 nm Mg-doped Aly.1sGaosN EBL is embedded
between 23 nm and 210 nm thick Mg-doped p-GaN layers (2x10" cm™). Together with the p-doped
layer, a highly n-doped GaN:Ge layer (1x10*° cm™) forms the TJ, enabling efficient carrier injection
into the next segment. Every LED is completed with an undoped AlGaN layer preventing Mg
diffusion from underlying p-layers.

EBIC line scans along the growth direction reveal the highest current within the p-n junction of each
segment. However, due to significant carrier recombination in the MQWs, the maximum EBIC
signal shifts toward the EBL. This shift is attributed to (i) efficient carrier capture and recombination
in the MQWs, depleting carriers before EBIC detection, (ii) band discontinuities at the AIGaN/GaN
interface, impeding carrier transport in the space charge region, and (iii) polarization-induced charge
separation at the AlGaN:Mg/GaN:Mg interface. These combined effects contribute to the observed
EBIC maximum toward the AlGaN/GaN interface. These findings are supported by STEM-CL
linescans at T = 17 K. We observe a maximum intensity of the spectrally integrated MQW emission
at the 3™ QW and an abrupt MQW intensity drop at the EBL, indicating the underlying carrier
separation and blocking.

In contrast, a weak EBIC response is detected at the TJ, despite its simulated electric field of

~4 MV/cm, far exceeding any other electric field amplitude in the structure. Drastically reduced CL
intensity near the TJ interface suggests a locally low quantum efficiency due to efficient carrier
separation. However, tunnel currents opposite in sign are assumed to reduce the overall EBIC signal.
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Abstract text: Porous gallium nitride (GaN), prepared by electrochemical etching (ECE), is a
composite consisting of a GaN matrix and nanoscale pore networks. Porous GaN has increased the
applications and versatility of GaN epitaxy in composites, optoelectronics and strain-relaxation
engineering in heteroepitaxy.

Control of the porosity (%) and the scale/morphology of pore networks is possible through
parameters such as ECE voltage, doping density, epistructure, electrolyte species/concentration and
other variables. Processing/structure/property relationships for ECE of porous GaN are being
extensively mapped out, with the aim that these variables can be dialled in to give a desired porosity,
pore radius and branching rate. High resolution characterisation of the 3D structure of these pores is
therefore essential.

We demonstrate that volumetric focussed ion beam scanning electron microscope (FIB-SEM)
tomography is a powerful tool for pore characterisation, overcoming the limitations of alternative
microscopy techniques. The basis is continuous milling and imaging; the ion beam is used to slice a
fine layer of material away from a cross-sectional plane, and the electron beam is simultaneously
used to image the cross-section of the porous sample. Through our optimisations to automation and
3D tracking, these SEM frames are compiled into a 3D reconstruction of the pores in the material.
Our work will also discuss in detail the practicalities of capturing a tomograph, optimised for image
stability and fine slicing width, and the extensive image processing performed for 3D reconstruction.

We demonstrate that tomography has permitted several discoveries about porous GaN in various
etching and epilayer conditions. The structure of porous GaN epilayers etched in ultra-low
concentrations of etchant was found by tomography to consist of many short pores that terminate at
shallow depth, with a small number of pores extending down through the layer as unconventional,
wide columnar structures. Tomographs of porous GaN DBRs etched at low voltage revealed a sharp
drop-off in porosity in deeper porous layers, explaining their poor contribution to light reflectance.
Finally, the etching of low-doped GaN was found to etch threading dislocations into nanopipes,
forming ‘Christmas tree’ pores in ‘crown shy’ networks with porous ‘branches’ extending outwards
on defined crystal planes.
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PC-Fri-4* - Climb or Glide? — Revealing the Atomistic Dynamics of Threading Edge
Dislocations in GaN
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Abstract text: Dislocation dynamics is the key to modulating dislocations in semiconductor
materials. Understanding the motion of dislocations at the atomic scale may yield new phenomena
not expected from conventional theory. A paradigmatic example arises in wurtzite I[I-nitride
semiconductors. In GaN, the dominant threading dislocations (TDs) are threading edge dislocations
(TEDs), possessing Burgers vectors b=1/3(11-20) and {1-100} prismatic glide planes. During
standard [0001]-oriented epitaxial growth, the prismatic TED glide planes minimize shear stresses
on these defects. Consequently, the observed inclined TEDs have been attributed to dislocation
climb. Such interpretations have driven theoretical models correlating stress evolution with
dislocation climb. However, mounting experimental evidence contradicts this assumption:
systematic TED inclination along (11-20) directions strongly suggest unconventional glide under
epitaxial conditions. This empirical paradox exposes a critical knowledge gap in III-nitride defect
physics—does TED inclination during crystal growth predominantly occur via climb or glide? Due
to this controversy, atomic-resolution elucidation of TED migration pathways becomes imperative.

In this work, we propose and experimentally confirm a novel climbing mode of TEDs in GaN. This
mode challenges emerging perspectives on long-range dislocation glide, yet differs from previous
interpretations of dislocation climb. Based on the symmetric atomic structure of the dislocation core,
TED undergoes pure climbing towards an orientation within the 60° range, in contrast to the single
orientation of climbing proposed by conventional dislocation theory. Experimental statistics verify
the new climbing mode and show that the dislocation climbing in the [-12-10] or [-2110] direction
dominates in undoped GaN. Molecular dynamics (MD) calculations show that this type of climbing
TED is energetically more favorable than the type predicted by the classical climb theory,
confirming the experimental results. Both the experimental and theoretical results resolve the
“climb-glide” controversy of TEDs in GaN during the epitaxial growth. It not only corrects the
effect of dislocation climb on stress relaxation, but also deepens the understanding of the
relationship between defect core structures and dynamic paths.
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Abstract text: The wide-bandgap semiconductor gallium nitride (GaN) draws increasingly
industrial attention for power electronic applications. However, performance of devices based on
heteroepitaxy suffers from the high defect densities of the epilayer. In addition, thick layers for
vertical device structures which support high voltage are difficult to obtain with low bow. Therefore,
GaN-on-GaN based device technology is a desired approach.

Typically, the relation between material defects such as dislocations and device performance are
investigated on a small, microscopic scale or on heteroepitaxial based devices [1, 2]. In this
framework we investigate the impact of dislocations in the GaN substrate and consequently the
epilayer on diode performance on full wafer scale. On five HVPE-grown 2”-GaN substrates we
fabricated 552 vertical pn-diodes each with effective areas of 3.0, 6.0 and 12.0 x 10 cm™ in
checkerboard pattern throughout the wafer. The leakage current of the pn-diodes is highly sensitive
to either point defects or dislocation content while fluctuations in technological process steps have
little influence. It is the aim of this work to differentiate between these effects by a large statistical
approach. X-ray topography is used to characterize the substrate with epilayer and the wafer with
devices on top using Cu:0004 reflection. Macro-defects like wafer preparation damages and V-pits
can be identified under the diodes’ active areas in the topographs and directly correlated to their [V-
characteristics. We show that X-ray topography not only reveals dislocation networks in the
epilayer, but also that diffraction intensity is correlated to the dislocation density and thus influences
the leakage current of the diode. The latter effect is investigated at high blocking voltages at -700V
where still most diodes don’t show electrical breakdown.

Conclusively, we show that besides of technological processing impact on the leakage current, also
the dislocation network of the epilayer must be considered to understand the reverse bias
characteristics and should be considered in device processing.

[1] Besendorfer, et. al. (2020), Sci. Reports 10 17252.

[2] Brunner, et al., physica status solidi (RRL) — Rapid Research Letters, vol. 18, no. 11, Nov. 2024,
doi: 10.1002/pssr.202400013.
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OD-Fri-1 - Origin of non-radiative point defects in InGaN/GaN quantum wells

3. Optical devices
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Abstract text: For decades, dislocations have been considered the main factor limiting the internal
quantum efficiency (IQE) of InGaN/GaN quantum wells (QWs) in blue light-emitting diodes.
Recently, it has become clear that point defects (PDs) are just as important. The presence of these
point defects in QWs has been shown to be related to the growth temperature of the GaN buffer
layer, but their origin and nature are still unknown.

In this presentation, we will report on recent experiments that highlight the critical role of the
stability of the c-plane GaN surface with respect to temperature and ammonia overpressure on the
IQE of InGaN/GaN QWs. This leads us to propose a mechanism for the formation of PDs in QWs
that create efficient non-radiative centers. Finally, we will discuss the relative weight of PDs and
dislocations on the efficiency of QWs.
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Abstract text: Red InGaN-based LEDs are challenged by high lattice mismatch and strong
piezoelectric polarization fields. These fields lead to a strong QCSE and create polarization-induced
barriers, making carrier injection difficult. Hence, random alloy fluctuations and V-defects play vital
roles in red LEDs in reducing the forward voltage [1]. However, experimental observations reveal
the leakage currents at low biases [2]. Dislocation lines (TDs) may trap carriers, causing
nonradiative recombination. To resolve this discrepancy, we incorporate an additional leakage
mechanism into our analysis by introducing tail states that may originate from crystal imperfections,
strain-induced bandgap variations, random doping effecting, or impurities. In our study, tail states
are modeled using a Gaussian distribution density of states (Niwi) with energy distribution width (o).
The simulation method used the 2D-DDCC program in red InGaN MQW LEDs by including the
effects of random alloy fluctuations and V-defects. We vary the tail state parameters to examine their
impact at threading dislocation centers and V-defect sidewalls.

The electron and hole distributions show that the incorporation of tail states increases leakage
currents and nonradiative recombination. This additional leakage pathway leads to a better match
with the experimentally observed current-voltage characteristics at low biases (V<Viwm-on). Tail states
in TDs result in strong leakage and enhanced nonradiative recombination. In contrast, those at the V-
defect sidewalls reduce the barrier for carrier injection, thereby enhancing current injection
efficiency. At lower voltages, tail states alter current behavior by enhancing injection while also
increasing leakage and nonradiative losses if they flow to the TD centers. The different densities of
Nii and present a different degree of leakage current below the turn-on voltage. On the other hand,
the tail state also significantly reduced the forward voltage. Hence, the optimized condition between
IQE and WPE must be found. For optimizing carrier injection with V-defect while mitigating
leakage and nonradiative losses, controlling the N during growth is essential. This new loss
mechanism needs to be considered for device design and optimization.

[1] C.-H Ho, et al., Physical Review Applied 17, 014033, (2022)

[2] J. Park, et al., Optics Express 32, 24242 (2024)
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Abstract text: This work presents an in-depth analysis on the electrical and optical properties of V-
pits and trench defects in multiple quantum well-based gallium nitride optoelectronic devices.

The presence of V-pits was included in numerical simulations in TCAD Sentaurus. A strong
improvement in carrier injection efficiency and current level below the turn-on of the diode is
detected when the V-pits reach the quantum wells. The effect depends on the number of affected
quantum wells, and optimized simulations can accurately reproduce the experimental characteristics.

[1]

High-resolution light beam induced current (LBIC) measurements carried out in low forward bias
(below the turn-on voltage of the diode) confirm the injection efficiency improvement in the location
where V-pits are present and in correspondence of V-pit clusters forming trench defects. [2] In these
positions u-EL spectra show the presence of a second EL peak, significantly redshifted in the trench
defects compared to the emission from the rest of the sample. [3]

The origin of the redshift can be understood by microscopic analysis of the cross-section of the
trench defect. An increase in indium incorporation inside the trench defect is clearly visible in
spatially-resolved energy-dispersive X-ray spectroscopy (EDX) measurements, leading to the
redshift in the emission detectable by the cathodoluminescence (CL) wavelength map. [4]

The experimental findings were confirmed testing devices with thicker p-GaN, leading to better V-
pit filling and lower effect on the electrical and optical characteristics.

[1] 10.1109/JPHOTOV.2023.3311891 [2] 10.1063/1.4768291 [3] 10.1109/TED.2024.3353711 [4]
M. Nicoletto et al., manuscript under preparation

This study was developed in the framework of the research activities carried out within the Project
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Abstract text: Cascaded light-emitting diodes (LEDs) with separate InGaN/GaN-MQW active
regions interconnected by tunnel junctions (TJs) offer higher efficiency as well as individual on-
device color mixing. In this work, we demonstrate first experiments on MOVPE-grown two-color
cascaded LEDs featuring green-emission color from the top LED and blue-emission from the bottom
LED which are connected in series by a GaN:Ge/GaN:Mg tunnel junction. Performing no post-
growth annealing step for p-GaN activation, electroluminescence intensity of the green LED section
is already comparable to previously reported blue LEDs with TJs, while the current-voltage
characteristic exhibits a voltage penalty of around 1 V due to a non-optimized doping profile of the
TJ in this LED section. However, the buried blue LED section suffers from strongly increased
operation voltage and non-homogeneous, punctual luminescence. From X-ray diffraction and
luminescence spectroscopy as well as annealing experiments, changes of the InGaN/GaN multi-
quantum well section during overgrowth can be excluded to large extent. Secondary ion mass
spectroscopy shows that Mg atoms from the p-GaN region diffuse into the bottom MQW section.
Post-growth annealing at 750°C in nitrogen for 1 hour after mesa formation helps to improve
electrical and optical characteristics of the buried blue LED section, which is a fingerprint of
insufficient Mg activation during growth. Thereby, homogeneous luminescence of the blue LED
section was achieved for 300x300 um? large LEDs. However, the post-growth annealing caused an
increase of the forward voltage of the green LED section due to Mg and Ge diffusion at the TJ-
interface. A study on growth process parameters was conducted aiming at reduced Mg diffusion and
improved light output of the cascaded LED. Lower growth temperature and shorter duration of
growth process steps following the bottom blue LED section significantly increased its optical
emission intensity. Also the growth temperature of the Si-doped GaN layer as part of the pn-junction
of the top green LED section takes impact on luminescence intensity, which may be associated with
recent discussions on non-radiative point defects in the low-temperature GaN underlayer.
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Abstract text: To realize the full color without indirect methods (e.g., quantum dot, color filter) for
augmented reality (AR), III-V based micro-LEDs (uLLEDs) are attractive. As for blue and green light
sources, InGaN-based puLEDs are mature, the most efficient and reliable material compared to other
light sources. As for the red-light source, however, both AlGalnP and InGaN-based red unLEDs are
being competitively developed due to their different characteristics. For example, Lumileds directly
compared external quantum efficiency (EQE) of a few microns sized red pLEDs either AlGalnP and
InGaN-based and demonstrated that the EQE of InGaN red uLEDs is independent of the size and
becomes even more efficient at lower current density [1]. This size-independent behavior is
important regarding ultra-small sized pnLEDs for AR displays since the high pixel density requires
maximum efficiency. Thus, a fundamental understanding of the performance of InGaN-based red
LLEDs is a key factor in realizing highly efficient AR displays.

We experimentally found that non-radiativethe sidewall-surface recombination is determined by the
inner state of InGaN uLEDs. First, through the comparison of devices that have ~1.5 x 10®cm™ and
> 10° cm™ defect density, a device with high defect density suffers less from the sidewall-surface
recombination, resulting in no significant size-dependent degradation [2]. Second, the observation of
indium fluctuation for different indium content (e.g., 30, 15, and 7.5%) InGaN layer through atom
probe tomography (APT) finds the relationship between indium fluctuation and diffusion length of
carrier [3]. For example, EQE of InGaN blue uLEDs remarkably decreases with shrinking size in
which behavior is more serious without TMAH chemical treatment, contributed by the long
diffusion length of the carriers. Meanwhile, the EQE of InGaN red pLEDs does not rely on the size
as well as sidewall condition.

To conclude, a better physical understanding of how the inner state of uLEDs affects the carrier
movement gives guidance to realize ultra-small and high-efficiency pLEDs.

[1] Moran et al., SID symposium Digest of Technical Papers, 54, 414 (2023).

[2] Park et al., Laser Photonics Rev., 17, 2300199 (2023).

[3] Park et al., Appl. Phys. Rev., 11, 041427 (2024).
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Abstract text: The monolithic integration of GaN high-electron-mobility transistors (HEMTs) and
peripheral circuits provides a solution to unlock the full potential of GaN-on-Si technology for high-
frequency applications [1]. However, the half-bridge topology, which consists of a high-side (HS)
switch and a low-side (LS) switch, presents challenges for monolithic integration on the
conventional platform. The use of a common Si substrate makes it impractical to implement the
substrate-to-source (STS) termination for each transistor. Consequently, the HEMT that lacks the
STS termination suffers severe degradation in static or dynamic on-resistance (Ron) due to the back-
gating effects [2]. Prior arts, including the employment of engineered substrates and implementation
of a virtual body have demonstrated the suppression of the back-gating effects [3-5] with more
costly substrate engineering, new buffer design and all request trenches for isolation.

In this work, we investigate the back-gating effects in a p-GaN gate double-channel HEMT (DC-
HEMT) under UV illumination. Our findings indicate that the upper channel plays a crucial role in
hole spreading, which facilitates efficient spreading of photon-generated holes to the gated region.
When a p-GaN Schottky-type gate DC-HEMT is subjected to UV illumination, electron-hole pairs
are excited in the access regions by incident photon from an external 340-nm UV light-emitting
diode (LED) and subsequently separated by the electric field originating from the Si substrate bias
(Vsus). Regarding the photon-generated holes, those generated in the upper channel are partially
blocked by the thin AIN barrier layer between the two channels. Moreover, the vertical electric field
from Vsus enhances the carrier confinement at the hetero-interface, allowing holes to spread along
the lower portion of the upper channel and provide effective shield and compensation to the upper
and lower channel, respectively. Consequently, the device characteristics of the DC-HEMT under
UV illumination are well protected and free from any adverse effects from negatively biased Si
substrate, which highlights the potential of the p-GaN gate double-channel platform for power
integration in a synchronous gate/LED driving mode.

Acknowledgement: This work is supported by Hong Kong RGC Strategic Topics Grant (STG) under
STG3/E-602/23N and RGC GRF under project 16209423,
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Abstract text: The high breakdown voltage and high electron saturation velocity of GaN have made
this material platform a leading choice for high-power and high-frequency applications. Scaling has
allowed GaN high electron mobility transistors (HEMTs) to reach impressive operation frequencies,
however decreasing device dimensions has given rise to troubling short channel effects (SCEs) and
low power density. A double-gate (DG) architecture has gained interest as a new paradigm for
managing SCEs in III-V devices with experimental demonstrations for GaAs HEMTs showing high
transconductance and frequency performance as well as improved functionality based on the back
gate bias condition [1]. For GaN HEMTs, the DG design should facilitate a tunable threshold voltage
and improved current density, transconductance, and oscillation frequency while suppressing SCEs.

[2]

We explore a novel AlGaN/GaN DG-HEMT architecture, describing device operation with TCAD
simulations and experimental results while highlighting key processing steps. The device fabrication
utilizes thermal compression wafer bonding with a hydrogen silsesquioxane (HSQ) interlayer and
flip-processing followed by removal of the original substrate to create the stacked gate-channel-gate
structure. The proposed HSQ bonding method is CMOS compatible with a high thermal budget and
good heat dissipation [3], and the processing temperature of 400°C makes this method transferable
to InAIN barrier devices and other technologies like back-end heterogeneous integration. Compared
to single-gated HEMTs, the double-gate structure offers greater resilience to drain-induced barrier
lowering enabling greater access to high voltage operation for short channel devices, and the
increased current density and tunable threshold voltage will lower overall power consumption.

Acknowledgements
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Abstract text:  In this study, we demonstrate Al-rich AlGaN multi-channel nanowire transistors
with regrown contact of n”" Al-rich degenerate AlGaN (d-AlGaN) prepared via pulsed sputtering,
achieving precise sidewall gate control, low on-resistance (Ron, sp) of 2.5 mQcm? and breakdown
voltage (BV') as high as 2.7 kV.

Although AlGaN based HEMTs are quite attractive for high-power applications, the devices
reported so far generally exhibit high device resistance in the on-state due to low channel
conductance and high contact resistance with the metal electrode. To improve the channel
conductance practically, the use of AIN/AlGaN multichannel structures that generate multiple 2DEG
layers within a high breakdown voltage matrix is expected. By stacking the 2DEG channels, we can
boost the net sheet electron density while maintaining electron mobility, effectively mitigating the
conventional trade-off between BV versus Ron, sp. To reduce the contact resistance between channels
and electrodes, regrowth of n™" Al-rich degenerate AlGaN is expected to be promising.

Here, we report that three-dimensional architectures composed of AIN/Al-rich AlGaN multi-
channel structures and n™" Al-rich AlGaN regrown ohmic contacts via pulsed sputtering deposition
(PSD). Pulsed delivery of high-energy precursors promotes surface migration of atoms even at low
temperatures, thus suppressing the formation of misfit dislocations and enabling coherent growth of
high-quality multichannel AIN/AlGaN structures. For example, Reciprocal Space Mapping (RSM)
confirms coherent growth of AIN/Aly¢GaosN 8-channel structures without lattice relaxation,
yielding a low sheet resistance of 949 )/s. Furthermore, employing the sputter regrown ohmic
contacts of n"" Al-rich AlGaN with an electron concentration exceeding 1 x 10%° cm™ resulted in a
contact resistance below 1 Qmm for single-channel of Al compositions ranging from 50% to 71%.
The AIN/AlGaN multi-channel transistors with slanted tri-gates and the regrown contact
demonstrated a successful gate modulation with a single-peaked transconductance, low Ron,sp = 2.5
mQcm?, and BV = 2.7 kV. This is the lowest Ron,sp among UWBG transistors with BV > 1 kV to
date. These results indicate that the PSD AIN/AlIGaN multichannel architecture with d-AlGaN
contacts has great potential for high-voltage and high-power device applications.
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Abstract text: UWBG AlGaN-channel HEMTs exhibit excellent electron transport, with ~50% Al
achieving a breakdown field of >10 MV/cm and a saturation velocity >1.5%107 cm/s. However,
challenges such as poor ohmic contacts and current collapse persist. Advances include a high drain
current (~1.3 A/mm), record-low contact resistance (0.25 Q-mm), and stable operation at 600°C,
making them suitable for RF, high-power, and high-temperature applications. Recently, the
introduction of ScAIN barriers has enhanced polarization engineering, improving device
performance. Key results for SCAIN/GaN HEMTs include a high 2DEG density (~6x10"* cm?) with
710 cm?/V-s mobility, Ip > 4 A/mm with fmn. >130 GHz, and stable operation at 423°C. Its
ferroelectric nature enables nonvolatile memory, achieving a 3.8 V Vy, tuning range and an Ion/Iorr
of 3x107. While integrating ferroelectric SCAIN with AlGaN holds promise for multifunctional
devices, it has not been demonstrated yet. This study presents the first experimental realization of a
ferroelectric HEMT with an MBE-grown Sco.15AlpssN barrier and MOCVD-grown Alp s0Gag soN
channel, enhancing 2DEG density through strong polarization and large conduction band
discontinuity.

Fig. 1 shows the device schematic (a), top-view of SEM image (b), energy band diagram (c), and
fabrication process (d). Fig. 2 presents output (a) and transfer (b) curves, showing a maximum /p of
~16.3 mA/mm at Vgs = 1 V with a Ron ~340 Q-mm, and Ion/Iorr of 2.3x10° at Vps =5 V. The gate
leakage (5.53%10° mA/mm), same as the off-current, indicates high epitaxial quality. A Vi shift
(Fig. 3(a)) in the backward sweep suggests electron trapping, with counterclockwise hysteresis
indicating ferroelectric charge coupling. The AV reaches 6.4 V at Vps =1 V, which is ~4x than
reported SCAIN/GaN HEMTs. The lowest SS (~65 mV/dec) (Fig. 3(b)) approaches the Boltzmann
limit, confirming potential for memory applications. Figs. 4(a) and (b) shows Ip increasing with
temperature, reaching 3.75x and 2.47x its RT values at 400°C for Vps =1 and 5 V, respectively,
probably due to thermionic emission. The leakage current (Fig. 4(c)) increased to ~10> mA/mm at
400°C, an order higher than RT.

These results establish ferroelectric SCAIN/AIGaN HEMTs as promising platform for nonvolatile,
reconfigurable power, and high-temperature memory applications.
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Abstract text: We present an original approach to power switching technology featuring scalability
up to power grid levels. Unlike all other power transistor technologies, the Piezo-Acoustic
Transistor (PAT) lacks an electrically driven gate electrode, rendering it highly resistant to noise,
and greatly reducing the complexity required for switching circuitry. Electrical current through the
PAT is modulated instead by a piezoelectric transducer. When triggered, the transducer applies
uniaxial compressive stress along the c-axis to a wurtzite I1I-Nitride epitaxial layer structure, altering
the net polarization charge at each interface by virtue of piezoelectric contrast. Modulation of
interfacial polarization charge forms and extinguishes conducting channels between remote lateral
electrodes. As a consequence of the PAT’s structural symmetry, current flow within the PAT is bi-
directional, reducing the device count required for many power conversion applications.

PAT performance is limited primarily by device geometry rather than fundamental physics. The
distance between lateral electrodes controls blocking voltage, and device width and/or thickness
determine on resistance. Moreover, applied pressure is distributed evenly within the active region
after a brief acoustic switching transient, guaranteeing uniform channel conductivity. Unlike
conventional semiconductor power switches, a PAT device accommodates top- and bottom-side heat
sinks, making heat extraction more than twice as efficient.

Structural, elastic and piezoelectric properties of non-conventional wurtzite III-N materials are
calculated by DFT, and are used to elucidate the piezo-conductive effect for various heterointerfaces.
Solutions of electrostatically self-consistent charge transport equations enable the determination of
channel mobility and ultimately on and off resistances as a function of device length and width, and
the number of channels grown. A process flow is demonstrated to realize tapered rather than
vertical sidewalls, facilitating electrical access to multiple channels. FE simulations of uniaxial
compressive stress reveal distribution of force throughout the PAT, and suggest design modifications
to minimize plastic deformation. Together, these features predict 10s-100’s kV operation at currents
limited only by total device thickness and associated heat dissipation limits.
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Abstract text: Nowadays, the increasing need for electric energy is driving the development of new
semiconductors technologies, with better efficiency and lower power consumption with respect to
silicon (Si). Owing to their outstanding properties, wide band gap (WBG) semiconductors, like
silicon carbide (SiC) and gallium nitride (GaN), can guarantee better performances than Si and have
progressively entered the high-power and high-frequency devices markets, in several strategic fields
(e.g. automotive, consumer electronics, telecommunications, transportation, datacenters, aerospace,
industry, etc.). These materials have gained traction in the semiconductor industry, although their
technological platforms are not yet as mature as Si. Hence, WBG devices manufacturing processes
and architecture must be further explored to open novel applications and improve energy efficiency.
Moreover, materials costs must become more affordable to avoid limitations on the market's
adoption. Besides SiC and GaN, Ultra-WBG (UWBG) semiconductors, e.g. gallium oxide (Ga,03),
aluminum nitride (AIN) and diamond, are currently explored for future ultra-high-power
applications and quantum technologies. However, their wafer size and crystal quality are still
insufficient for processing in the industrial environment.

In general, for devices manufacturers, the intermediate stages of products development are
characterized by high costs and significant risks, which can become major bottlenecks when moving
from R&D to mass production. Hence, the creation of pilot lines can bridge the gap between R&D
demonstration in the lab and large-scale industrialization, ensuring a smoother transition to
production and reducing the overall risks.

The WBG Pilot Line aims at creating an integrated infrastructure focused on the development of
WBG semiconductors technologies for power- and high-frequency electronics. The project, funded
by Chips JU and National Authorities, will be implemented by a Consortium distributed in seven EU
countries (Italy, Poland, Sweden, France, Austria, Germany and Finland), involving Universities and
Public Research Centres with a recognized experience in the field of advanced semiconductors
technologies. The WBG Pilot Line will address all the crifical processing issues related to materials
growth and devices fabrication based on both WBG and UWBG semiconductors, refining the
roadmap of such technologies. The project outcomes and the “know-how” developed within this
initiative will be a boost for innovation and competitiveness in Europe, by creating new carrier
opportunities for young researchers, and a fertile environment for large device manufacturers and
small companies to test and validate new technologies and to explore new market segments.
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Abstract text: We present an update on Infineon's process of creating GaN HEMT devices on
300mm diameter Si substrates. Not only does the use of 300mm Si allow for 2.3 times more chips
per wafer, but it also permits for the use of more advanced semiconductor production equipment,
opening up the path for greater advances in future chip and technology design. Infineon is also in
the unique position to incorporate GaN transistor production along with an existing high level Si
manufacturing line, therefore reducing the overall capital requirement. This will help GaN HEMTs
achieve cost parity with Si devices over time.

We present the results from the conversion of a 200mm production line to a 300mm fabrication
facility. The epitaxial material is made in-house and important figures of merit are compared to our
production process in 200mm, such as wafer bow and crystal quality. We show excellent within-
wafer and wafer-to-wafer uniformity, and the ability to tune the device layers to get 2DEG properties
matching our current production. We also describe a contamination mitigation concept to prevent
cross-contamination in our 300mm high volume Si production line.

Finally, we present electrical results comparing devices made from our standard 200mm process
and our developing 300mm fabrication process, including matching forward threshold voltage and
vertical breakdown. This shows that Infineon is on the path to developing a high volume
manufacturing line for 300mm GaN in its existing Si power fab.
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Abstract text: An electric field crowding is one of the limitation factors for a performance of a
vertical GaN power device. A deep and gradual junction formed by channeled ion implantation can
relax the electric field at a junction and allows robust design of junction termination extensions [1].
This study compared junction properties formed by channeled Mg/N ions implantation with those by
random ion implantation.

Lightly n-type GaN layers were formed on homoepitaxial n'-type GaN layers using metalorganic
vapor phase epitaxy (MOVPE). Mg and N ions were implanted with multiple energies into the n-
type layers to obtain the 3x10'” cm™ box-shape profile. Then, conditions of random and channeled
implantations were applied. Post-implantation annealing was carried out at 1300 °C under 500 MPa
of nitrogen gas ambient for 30 or 60 min. After that, p'-type GaN contact layers were grown by
MOVPE, followed by dehydrogenation annealing. Through sloped mesa isolation and electrode
formation, p-n diodes were formed.

Secondary ion mass spectrometry (SIMS) analyses revealed minimal diffusion of Mg atoms by
controlling the sequential N-ion profiles [2] even after UHPA for 60 min, indicating robustness of
the process. Both implantation conditions produced forward bias properties with ideality factors of 2,
indicating recombination current in good p-n junctions. The p-n diodes formed by channeled
implantation exhibited less reverse leakage due to the deep and gradual doping profiles. The
acceptor concentration N, was examined as a function of depth using capacitance—voltage (C-V)
curves. For the random implantation, N, was below 10% of dopants after 30 min-UHPA, resulting in
full depletion of the p-type layer, while was improved to 25 % after 60 min-UHPA. In contrast, the
higher N, values (~60%) were obtained even after 30 min-UHPA for the channeled implantation,
which was also confirmed by scanning nonlinear dielectric microscopy (SNDM). Furthermore,
hysteresis in C—V curves due to residual point defects was reduced for channeled implantation.
Rapid recover of implantation damage and a deep gradual junction are advantages of channeling
process for termination of vertical GaN devices.

This work was supported by the MEXT program (Grant no. JPJ009777).

[1] K. Kitagawa et al., IEEE Trans. Electron Dev. 71, 5239 (2024). [2] H. Sakurai et al., Appl. Phys.
Express 14, 111001 (2021).
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Abstract text: Recently we have reported on a new pulsed metalorganic chemical vapor deposition
(PMOCVD) process for n-type Si-doping of AIN homoepitaxial layers. It was shown to yield a
higher doping efficiency than conventional MOCVD. Here we report a study of the high-field
performance of the PMOCVD Si-doped homoepitaxial n-AIN layers by incorporating them as the
drift layer in a quasi-vertical conduction Schottky barrier.

The epilayer structure of our study comprises of 250 nm thick undoped AIN/300 nm undoped i-
AlpsGao N buffer layers followed by a 1 um thick silicon doped n-contact formation n""-Alp7Gag 3N
layer. Then a 100 nm thick undoped graded composition AlxGa; N layer (x from 0.7 to 1.0) is added
to compensate the band offset at the n""-AlGaN/n-AIN drift layer interface. Using mercury probe
CV measurements, we determined its carrier concentration to be around 3.5 x10'” cm™. Finally, a
0.4 um thick Si-doped n-AIN drift layer which is deposited using the PMOCVD procedure as
described in our recent publication. All the layers were grown at 1150 °C and 40 torr.

High resolution X-ray (0002) and (1012) spectra were then measured and the off-axis FWHM values
were found to be 90 arc-sec and 56 arc-sec for the n""-AlGaN and the AIN layers respectively. From
the AFM data, the RMS roughness was found to be ~0.32 nm for a (2pm x 2pum) scan.

To study the high-field performance of the PMOCVD AIN layer, circular MESA geometry quasi-
vertical conduction Schottky barrier diodes were fabricated using standard photolithography and
reactive ion etching (RIE) processes. The n-ohmic contacts Zr/Al/Mo/Au (150/1000/400/300A) were
annealed at 950 °C in a nitrogen ambient for 30 seconds. The Schottky contact metals Ni (100 nm)/
Au (200 nm) nm were deposited using e-beam evaporation.

For a 30 um diameter un-passivated Schottky barrier diode on the PMOCVD n-AlN layer, a reverse
breakdown voltage Vep=396V was measured. This translates to a breakdown field of ~9.9

MV/cm. At a forward bias of 20V we measured a current density of 2.68 kA/cm?. The ideality
factor for our devices was also measured to be 1.8. From a linear plot of the I-V characteristics,
device turn-on voltage was found to be approximately 2.2 Volts. Our study thus demonstrates the
viability of the PMOCVD growth and doping approach to yield n-AIN layers suitable for high
current-high voltage devices.
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Abstract text: Suppression of threshold voltage (V1) instability is a crucial issue in GaN vertical
power MOSFETs. We investigated Vryinstability using a GaN lateral planar-gate MOSFET, a key
component of vertical power DMOSFETs. In our previous study,[1] stress-time and bias dependence
suggested that electrons were trapped in near-interface traps (NIT) via tunneling. Therefore, we
performed a theoretical analysis of Vry shift with a simple model of electron tunneling to trap states.
However, the bias dependence of the Vry shift could not be reproduced. In this study, we modified
the tunneling model by taking into account the thermal excitation of electrons and the energy
distribution of NIT. Using common parameters, our modified model successfully provided a unified
explanation for the bias dependence of Vry shift at room temperature. Based on the agreement
between the experimental and analytical results, we obtained important information on the trap
density (Nt), the energy level of NIT, and other parameters. We also performed an analysis of the
bias dependence of Vry shift at various temperatures using the proposed model to elucidate the
mechanism.

Gate dielectric (100 nm Si0O,) was deposited on homoepitaxial p-type GaN (0001) via remote-
plasma-assisted CVD. Source and drain regions were formed through Si-ion implantation followed
by activation annealing. To investigate the effect of stress bias over time, the application of bias
stress and transfer characteristic measurements were conducted repeatedly for a total duration of
6000 seconds. These measurements were carried out under different gate bias voltages and at various
temperatures.

The amount of Vry shift increased with increasing stress duration and bias voltage. A trap energy
level of Ec +0.78 eV and Nr of 2-8.5 x10'? cm™ were obtained using the modified tunneling model.
Additionally, we successfully reproduced the bias dependence at each temperature by varying only
the trap density Nt. Nt was found to increase with rising temperature. Furthermore, we confirmed
that Vy shift behavior at room temperature was restored after high-temperature stress, suggesting Nt
is not permanently increased by high-temperature bias stress.

This work was supported by MEXT-Program for Creation of Innovative Core Technology for Power
Electronics Grant Number JPJ009777.

[1]1Y. Ichikawa et al., Jpn. J. Appl. Phys. 63 02SP31 (2024).
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Abstract text: AIScN is a promising material for electronics and photonics due to its high
piezoelectricity and ferroelectricity'=. N-rich growth necessary to avoid intermetallics during AIScN
growth results in 3D islands with rough surfaces*>. In surfactant is known to promote 2D step flow
growth of AlGaN°®. Considering the preference of nitrogen to bond to Al and Sc over In, we evaluate
here if indium is a suitable surfactant in AIScN growth.

AlScN films were grown on UID GaN with varying In flux from 0 to 5x107 Torr. Excess Ga
droplets after GaN growth were consumed to avoid Ga incorporation in AIScN. Without In, AIScN
films showed a 3D island growth with pits. With In, the underlying GaN morphology was
reproduced on AIScN surface with 0.45 nm RMS. EDAX and XPS confirmed that In acts as
surfactant without getting incorporated in the AIScN for all samples except the highest flux sample.

The AlScN films grown from 450-750 °C preserved underlying GaN morphology and showed
atomically smooth surfaces. Indium incorporation at <650 °C was confirmed by XRD 002 peak
shift, increased In incorporation, an growth rate. We report In surfactant-based growth without
undesirable rock-salt, intermetallic phases. Lastly, XRD rocking curve FWHM indicates that the
overall crystal quality of the quaternary alloy AlScInN is similar to that of AIScN with In surfactant.
To investigate the valid range for the use of In as a surfactant, an In desorption curve was calculated
and the measured thermocouple temperature was calibrated using a known desorption curve for
GaN’. This confirms the observed results with In incorporating in the 450-550 °C from the
temperature series as well as the 5107 Torr sample.

In surfactant assisted AIScN film growth in the In-desorption regime (T > 550 °C, In flux < 5.0 x 10
" Torr) showed improved morphology without In incorporation. This growth regime is compatible
with most AIScN epitaxial heterostructures with other Ill-nitrides such as AIN and GaN*, providing
a new pathway to the crystalline AIScN with robust surface quality.

Refs:

[1]. J. Casamento et al., IEEE IEDM, 2022.

[2]. K. Umeda et al., IEEE MEMS, 2013.

[3]. L. Deurzen, et al., App. Phy. Lett. 123, 2023.
[4]. M. Hardy, et al., App. Phy. Lett. 110, 2017.
[5]. G. Ferro, et al., J. Crys. Growth 209, 2000.
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[7]. B. Heying, et al., J. Appl. Phys. 88, 2000.
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Abstract text: Recently, wurtzite-type nitrides, represented as XAIN (X = Sc, Y, B), have attracted
significant attention as promising barrier layer materials for GaN high electron mobility transistors
(HEMTs). Among them, ScAIN has been extensively studied due to its unique ferroelectricity and
significant spontaneous polarization. It has been reported that SCAIN with a certain Sc composition
can be lattice-matched to GaN. However, the impact of SCAIN growth conditions on its structural
and electrical properties remains unclear. In this study, we explore the sputter epitaxy of SCAIN
films on AlGaN/AIN/GaN HEMT structures grown by MOCVD, focusing on their structural and
electrical characteristics.

We grew ScAIN films (~20 nm) with Sc compositions ranging from 5% to 20% on Alp.GagsN (~3
nm)/AIN (~1 nm)/GaN/SiC templates via sputtering.'” The growth temperatures for ScAIN ranged
from 250 to 800 °C. Some samples were annealed at temperatures higher than their respective
growth temperatures. Structural characterization was conducted using high-resolution X-ray
diffraction (XRD), reciprocal space mapping (RSM), atomic force microscopy (AFM), and scanning
transmission electron microscopy. Hall effect measurements were performed to evaluate the
electrical properties of the SCAIN/AIGaN/AIN/GaN heterostructures.

We performed the XRD 26/w scans of SCAIN/AlGaN/AIN/GaN heterostructures with various Sc
compositions. A systematic shift in the SCAIN 0002 diffraction peak toward lower angles was
observed with increasing Sc composition, indicating an increase in the c-axis lattice constant. RSM
measurements around the 10-15 diffraction, showing vertically aligned reciprocal points, confirm the
coherent growth of ScAIN on the GaN HEMT structures. The Hall effect measurements
demonstrated that the sheet electron density (ns) and electron mobility of a
Sco.06Al0.04N/Alg 2Gag sN/AIN/GaN structure were 1.4 x 10" ecm ™ and 1332 cm®*V's™'. The #, of
this structure was higher than that of the HEMT structure without the ScAIN layer. These results
indicate that the ScAIN epitaxially grown by sputtering remotely induces additional electrons at the
AIN/GaN interface.

References

1) A. Kobayashi et al., Appl. Phys. Express 17, 011002 (2024).
2) T. Maeda et al., App. Phys. Lett. 125, 022103 (2024).

3) T. Okuda et al., App. Phys. Lett. 126, 052105 (2025).

474



GR-Fri-3 - Impact of strain on thermoelectric properties of ScN films grown by high-power
impulse magnetron sputtering

1. Growth

Arnaud Le Febvrier'

Sanath Kumar Honnali!, Charlotte Poterie?, Tiago Fernandes F ernandes', Fabien Giovanelli’, Jean
Francois Barbot?, Per Eklund'

! Inorganic Chemistry, Department of Chemistry — Angstrém Laboratory, Uppsala University,
Uppsala, Sweden

? Institut Pprime, University of Poitiers, Poitiers, France

3 Laboratoire GREMAN, CNRS, Université de Tours, Blois, France

Abstract text: Scandium nitride (ScN) is a cubic NaCl-structured, degenerated narrow-bandgap n-
type semiconductor with an indirect bandgap of ~0.9 eV and a direct band gap estimated at around
2.6 eV. It has remarkable semiconducting phonon-polariton application, electrical, and piezoelectric
application. The physical properties of ScN nitride are sensitive to defects such as crystal defect,
morphology, intentional or unintentional doping. In this work, the impact of strain on the electrical
transport properties and optical properties has been investigated. With the purpose of reducing the
deposition temperature of ScN, High power impulse magnetron sputtering (HIPIMS) technique was
used to produce a series of film on c-sapphire in a 250-850 °C temperature range. The composition
and overall crystal structure of the film remained relatively the same in the sample series while its
optical and electrical properties were deteriorated upon temperature decrease. Using in depth XRD,
optical and electrical characterization, the effect of strain and dislocation on the semiconductor
properties of ScN was evaluated. A reduction of deposition temperature from 850 °C to 450 °C yield
a slow degradation of the electrical, and optical properties to a drastic change for a film deposited
below 450 °C. Below 450 °C, the films present a high dislocation density (10" m?) along with a
rhombohedral distortion of ScN cell (a: 90° — 88.6°) being the main cause of electrical transport
deterioration (o/10000; n/100, w/100). The presence of dislocation / crystal defect in the film creates
defect states near the valence and conduction bands which impact the electron density, hence their
correlated electrical transport and thermoelectric properties. To the best the ScCN shows promising
thermoelectric properties with its natural orange appearance when grown at high temperatures while
behaving like a poor semiconductor with a black appearance when grown at low temperature.
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Abstract text: SCAIN is a promising barrier layer for high electron mobility transistors (HEMTs) in
view of power switching and RF/mm-wave power amplifier applications. The development of the
epitaxy of this alloy has started with plasma-assisted molecular beam epitaxy (MBE), followed by
metal organic vapor phase epitaxy (MOVPE). More recently, we have demonstrated the growth with
ammonia-source MBE under nitrogen-rich regime of ScxAl;«<N barriers quasi-lattice matched with
GaN (x~14%) [1]. The advantages of this growth regime in terms of control of growth rate, alloy
composition and homogeneity [2] have been demonstrated and functional transistors have been
fabricated on heterostructures grown on Silicon [3] and GaN-on-Sapphire templates. However, the
surface of ScAIN rapidly oxidizes and suffers a lack of stability during the device process. For this
reason, in-situ grown cap layers such as AIN, GaN and their combination have been investigated.
Furthermore, the electron mobility in the 2-dimensional electron gas (2DEG) generated at the
interface between the barrier and the GaN channel is highly sensitive to the confinement of carriers
and the AIN exclusion layer intercalated between ScAIN and GaN plays a major role. According to
Hall effect measurements, the room-temperature electron mobility in the 2DEG (populated with 2-
4x10" electrons/cm?) of most of the samples we have grown ranges from 500 to about 1000 cm?/V.s
depending on the quality of the interface which features a 1-2 nm AIN exclusion layer. The typical
2DEG sheet resistances range between 240 and 300 Ohm/sq. In absence of the AIN exclusion layer,
the resistance rises to 785 ohm/sq. Furthermore, optimizations of the growth of the AIN exclusion
layer within a 10 nm barrier HEMT structure lead to a sheet resistance of 210 ohm/sq, a promising
result for the fabrication of high-performance transistors adapted for RF applications.

This work is partly supported by the French technology facility network RENATECH, the National
Research Agency (ANR) through the ‘Investissements d’Avenir’ program GaNeX (ANR-11-LABX-
0014) and the project TWINS (ANR-23-CE51-0011) as well as ECSEL JU project GaN4AP under
Grant Agreement No. 101007310.

[1] C. Elias et al, Appl. Phys. Lett. Materials 11, 031105 (2023).

[2] S. Ndiaye et al, Appl. Phys. Lett. 123, 162102 (2023).

[3] C. Elias et al, Phys. Status Solidi A, 2400963 (2025).
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Abstract text: Within the last decade, scandium (Sc) bearing aluminium nitride (AIN) increasingly
appears as a promising material for next generation of semiconductor devices. This is due to a 4-5
times higher piezoelectric response, compared to pure AIN [1]. The enhanced piezoelectric response
led e.g. to a high 2D electron gas concentration in high-electron mobility transistors enabling high
efficiencies and switching frequencies, which are essential parameters e.g. for power electronic
applications and others.

All these Al;..Sc,N thin films with x up to 0.4 are considered being thermodynamically metastable
due to a huge miscibility gap between AIN and ScN, even substrate misfit strain may stabilise their
existence [2].

In this study we demonstrate that excessive annealing between 1400° and 1700°C led to a new kind
of Sc-ordering [3]. Scanning transmission electron microscope (STEM) investigations reveal at
atomic resolution that a self-organised ordering process led to a complete ordering of Sc-atoms into
basal monolayers, which are recurring statistically every 5 to 8 layers. Inside these layers, Sc-atoms
change their coordination from former tetrahedral in disordered AIN wurtzite structure to octahedral
in these layers. This local equilibration of Sc-atoms is assumed as driving force for the formation of
the layered phase. Whether this is triggered by a high oxygen content present in these layers, is
discussed. In between these layers, Sc-free AIN occurs in the wurtzite structure. The sequence of
atomic positions along the hexagonal c-direction is strictly ordered, except the statistic recurrence of
Sc-layers. Thermo-dynamically these Sc-rich layers are interpreted as exsolution lamellae of
minimal atomic width, for which tiny nuclei has been first observed at 1400°C.

This study demonstrates that the metastable existence of disordered AIScN of wurtzite structure is
limited in temperature relatively close to e.g. MOVPE process temperatures. To obtain excellent
material for electronic devices, the growth temperature should be sufficiently high to gain good
quality instantaneously, but below the onset of significant diffusion to prevent structural
degradation.

[1] M. Akiyama et al., Adv. Mater. 21, 593-596 (2009).

[2] M. A. Moram and S. Zhang, J. Mater. Chem. A. 2, 6042-6050 (2014).

[3] U.W. Bl4B et al., J. Mater. Chem. C, DOI: 10.1039/d4tc04545a (2025).
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AIN — The Extreme Bandgap Semiconductor

1. Growth
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Materials, Inc., Cary, NC, USA.

Abstract text: AIN is an extreme bandgap material (E; = 6.1 eV) that can potentially revolutionize
not just UV and VUV optoelectronics but also high-power, high-frequency electronics. Although
most challenges in crystal growth and epitaxy of AIN have been overcome, achieving controlled
electrical conductivity of technological interest has proven to be challenging. While controlling the
chemical and electrochemical potentials during doping has been crucial for achieving doping and
compensation control, the obtained conductivity was still modest. The presumed DX formation has
been considered an insurmountable killer defect as it pins the Fermi level and imposes a
technologically unimpressive limit on the achievable free carrier concentration. We have developed
several novel equilibrium and non-equilibrium approaches for doping and point defect management
in AIN and have shown that donors in AIN do not undergo a DX transition but rather are
distributed between a shallow and deep state. The shallow state can be kinetically stabilized to
obtain highly-conducting n-type AIN with carrier concentrations in the mid-10'® cm™ range and
mobilities approaching 400 cm?/Vs. These results have enabled the first demonstration of AIN
Schottky diodes capable of >5 kAcm™ with a critical breakdown field exceeding 12 MVcem™ and
stable operation up to 700°C.

480



Plenary 6

2025-07-11
11:10 - 11:50
Plenary 6

481



Nitride micro-LEDs for Digital Light

3. Optical devices
Ulrich Steegmiiller'
' ams OSRAM, Regensburg, Germany

Abstract text: Over the recent years, u-LEDs with lateral sizes below 50 um got much interest from
various scientific and commercial institutions. Especially the idea of using LEDs for self-emitting
displays got much attention.

Ams OSRAM is actively working on InGaN p-LEDs for different display applications that will be
discussed in this talk. Besides the area of displays, we will give an overview of other potential
applications depending on the laterals pixel size and discuss the different technological challenges
coming with smaller chip sizes. Besides the well-known basic physics related problem of decreasing
efficiency there are also severe challenges regarding the large-scale manufacturing of such tiny
LED:s.

The combination of arrays of very small pLEDs with a field of driving circuits by a

structured bondlayer has been developed and commercialized by ams OSRAM as

a groundbreakingtechnology. The principle allows for controlling each p-LED

pixel individually based on digital data provided to the driver array. It is therefore called the “Digital
Light”.

We will present and discuss different applications of the Digital Light and the respective challenges.
In the field of automotive exterior lighting it already found its way into commercial products. But
since it is a basis technology there are many more future applications like augmented reality (AR),
short-range optical data communication and neuromorphic networks. The significance of the Digital
Light technology in existing and future products that make our lives more safe and more comfortable
was recognized by the German Future Award for researchers of ams OSRAM and Fraunhofer [IZM
in 2024.
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Developments and Prospects of GaN-based VCSELs

3. Optical devices
Tetsuya Takeuchi'
! Meijo University, Nagoya, Japan

Abstract text: GaN-based visible vertical-cavity surface-emitting lasers (VCSELSs) are expected to
be used as novel light sources in retinal scanning displays, adaptive headlights, visible light
communication systems, and point-of-care testing devices. The first room temperature (RT)
continuous wave (CW) operation of the GaN-based VCSEL was reported in 2008, with a light
output power (LOP) of 0.14 mW at a wavelength of 414 nm. Since then, many research and
development efforts have been made, resulting in the demonstration of a wall-plug efficiency (WPE)
over 20% in GaN-based VCSELs of 400-450 nm wavelength range, and the demonstration of green
VCSELs under RT CW operation.

This presentation will review the research and development history of GaN-based VCSELs in terms
of WPE and operating wavelength. A comparison will also be made with GaAs-based infrared
VCSELs that have already been commercialized, highlighting the differences between the GaN-
based and GaAs-based VCSEL structures. For example, while top and bottom semiconductor-based
distributed Bragg reflectors (DBRs) are commonly used in GaAs-based VCSELs, the choice of
bottom DBRs, semiconductor-based or dielectric-based, is still controversial in GaN-based VCSELSs.
In addition, a perfect lateral optical/current confinement structure formed by a lateral selective
oxidation in GaAs-based VCSELSs cannot be adopted in GaN-based VCSELSs.

Next, the developments towards higher WPE at Meijo University are described, including three key
technologies, such as high quality AlInN/GaN DBRs, nano-height mesa for lateral optical/current
confinement, and in-situ cavity length control. Using a combination of the above three technologies,
our GaN-based VCSELs have demonstrated a LOP of 15 mW and a WPE of 26% at 420 nm under
RT CW operation. Finally, the future prospects of the GaN-based VCSEL developments are
discussed.
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II-Nitride Electronics in the Era of Artificial Intelligence
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Abstract text: Microelectronics is quickly becoming a trillion dollar industry and its strategic
importance for modern society is driving governments worldwide to increase R&D efforts and make
its supply chain more resilient. At the core of this industry is a growing need for more efficient and
flexible power management solutions. Just in the same way that silicon is an almost perfect material
for information processing, GaN is an ideal material for energy processing and its importance is
quickly growing with the increase of power consumption by electronic systems and, more
specifically, data centers [1].

This paper will describe some of the many new opportunities that III-Nitride electronics has to
enable key building blocks of future artificial intelligence (Al) data centers. Although modern data
centers consume as much energy as it can be generated by a nuclear power plant, approximately 30
to 40% of that energy never reaches the CPU’s and GPU’s. It is either dissipated as heat in the
power converters that reduce the grid-level voltages down to the 0.7-1.1V typical in highly scaled Si
chips, or used to remove the dissipated hear. These power converters can benefit tremendously from
recent developments in vertical GaN transistors, which by increasing the voltage swing in the
converter, can potentially reduce the number of conversion stages and increase efficiency
significantly. These medium voltage converters, however, suffer from electromagnetic interference
(EMI) and difficult gate driver circuits. A GaN optically-controlled device could significantly
improve their performance [2].

A second type of novel GaN power switches is needed at the interposer and CPU/GPU level.
Approximately 30% of the electrical power in the interposer never reaches active transistors. It is
lost as Joule dissipation in the interconnects due to the extremely large current levels induced by the
low operating voltages of modern microelectronic chips. To fix this problem, distributed networks of
power management circuits with very high power density levels need to be embedded in both future
interposers [3] and the back-end-of-the-line (BEOL) of Si chips. III-Nitrides are, again, ideal for
many of these circuits, however they need to be optimized for operation at very low voltages (<10
V) [4]. This talk will describe these new transistors, as well as an outlook for their heterogeneous
integration with Si.

Acknowledgements: This work was supported in part by the SUPREME and CHIMES centers in
JUMP 2.0, a Semiconductor Research Corporation (SRC) program sponsored by Defense Advanced
Research Projects Agency (DARPA) under the award no. 145105-21913.The authors would also like
to acknowledge the partial support of the Air Force Office of Scientific Research (Dr. Ken Goretta)
and the Office of Naval Research (Cpt. Lynn Petersen).
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GR-Mon-P1 - Convective Transport and Supersaturation Distribution in Ammonothermal
GaN Crystallization: A CFD Analysis
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Marek Zak'

Pawel Kempisty', Boleslaw Lucznik!, Robert Kucharski', Mikolaj Amilusik', Arkadiusz Puchalski’,
Michal Bockowski'

! Institute of High Pressure Physics "Unipress", PAS

Abstract text: Gallium nitride (GaN) substrates of high structural quality are essential for next-
generation electronic and optoelectronic devices. One promising technology for crystallizing bulk
GaN is the ammonothermal method. This method dissolves polycrystalline GaN (feedstock) in
supercritical ammonia in one zone of an autoclave and transports it to a second zone where the
solution becomes supersaturated and GaN crystallizes. A proper temperature gradient between the
zones enables convective mass transport. However, due to technological limitations (tightly closed
reactors) and extreme conditions (chemically aggressive environment and high ammonia pressure),
direct monitoring of the reactor processes in ammonothermal growth experiments is challenging.
Autoclaves act as “black boxes” with temperature measured externally. A detailed analysis of
convective transport can deepen our understanding of the ammonothermal crystal growth process,
thereby accelerating its further development.

In this work, we examine convective transport in a three-dimensional (3D) approximation within an
ammonia-based supercritical solution during GaN crystallization. The Computational Fluid
Dynamics (CFD) method was employed to model the processes inside large-volume autoclaves
using a time-dependent set of Navier-Stokes equations with a k-« turbulence model. Solving these
equations enabled us to determine flow velocity, temperature, and GaN supersaturation inside the
growth zone. Supersaturation computation is based on recent solubility results by Grabianska et al.
[1]. The model geometry and boundary conditions were derived from the operating conditions—
such as temperature and pressure—of the autoclaves. We used ANSYS Academic engineering
simulation software for our simulations. The fluid was modeled as a mixture of ammonia, hydrogen,
and Ga spieces. Experimental data were utilized to verify the modeling results. We investigated
structural quality, growth rate, and uniformity, relating them to the computational model.
Additionally, mass transport through baffle openings was connected to the experimental crystal
growth ratio, and the order of magnitude of diffusion coefficients was estimated to help with future
quantitative modeling of growth ratios and new installation geometries.

[1] K. Grabianska et al., Journal of Crystal Growth 647, 127864 (2024)
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GR-Mon-P2 - 3D CFD Investigation of the Effects of Baffle Geometry and Autoclave Size on
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Abstract text: High-quality gallium nitride (GaN) substrates are essential for developing the next
generation of electronic and optoelectronic devices. One of the most promising methods for bulk
GaN crystallization is the ammonothermal technique. This process involves dissolving
polycrystalline GaN in supercritical ammonia within one zone of an autoclave and then transporting
it to another zone, where the solution becomes supersaturated, leading to GaN crystallization. A
controlled temperature gradient between these zones enables convective mass transport. Due to
technological constraints (hermetically sealed reactors) and extreme conditions (a chemically
aggressive environment and high ammonia pressure), direct observation of the processes inside
ammonothermal reactors is challenging. The autoclaves function as "black boxes," with their
operation monitored primarily through external temperature measurements. A detailed analysis of
convective transport can provide deeper insights into the ammonothermal crystal growth process,
facilitating faster, more efficient advancements in this technology.

In this work, we examine convective transport in a three-dimensional (3D) approximation within an
ammonia-based supercritical solution during the crystallization of GaN. The Computational Fluid
Dynamics (CFD) method was employed to model processes inside large-volume autoclaves. A time-
dependent set of Navier-Stokes equations with k-® turbulence model was used. Solving these
equations allowed us to determine the flow velocity and temperature. The model geometry and
boundary conditions were determined based on the operating conditions, such as temperature and
pressure, of the working autoclaves. We used ANSYS Academic engineering simulation software
for our simulations. Different autoclave sizes, baffle geometries and internal installations are
compared in this study. Both computational and experimental results are used to show fluid mixing
between dissolution and growth zone. Goal is to deepen understanding of the process and simulation
methodology towards further optimization of growth ratio and structural quality of the crystals.
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Abstract text: V-pit defects significantly influence the crystal growth kinetics and optoelectronic
properties of GaN materials, yet their evolutionary behavior in Na flux-grown GaN remains
insufficiently explored. This study systematically investigates the evolution of V-pit defects through
cathodoluminescence (CL) mapping coupled with transmission electron microscopy (TEM)
characterization. CL results reveal that the lateral expansion of V-pits is governed by the anisotropic
growth of (10-11) planes, which simultaneously promotes the incorporation of elevated
concentrations of shallow donor impurities. Intriguingly, the subsequent dominance of (11-2m)
plane growth initiates a progressive annihilation process of these defects. TEM analysis further
identifies that the nucleation of V-pits originates from mixed-type dislocations (a+c type) within the
GaN lattice. These findings provide critical insights into defect engineering strategies for optimizing
Na-flux GaN crystal growth.
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Abstract text: To realize GaN vertical power devices, it is necessary to use lightly doped, thick
n-type layers that are free of impurities such as carbon (C) and iron (Fe). The hydride vapor phase
epitaxy (HVPE) method is well suited for this purpose because it offers a high growth rate and uses
source materials that do not contain C. However, the conventional HVPE method suffers from high
background doping of silicon (Si) and oxygen (O) originating from quartz components. Fujikura et
al. reported that the quartz-free HVPE (QF-HVPE) method—achieved by removing quartz
components from the growth reactor—drastically reduces the background donor concentrations [1].
Detailed characterizations were performed [2], confirming reduced concentrations of residual
impurities such as C and Fe.

Recently, we installed a new, well-designed, mass-production-oriented growth reactor that enables
GaN-on-GaN epitaxy with higher material purity, improved uniformity, and larger wafer sizes (up to
6 inches). For GaN homoepitaxial layers grown by this new reactor, the concentrations of C and Fe
impurities are reduced below the detection limit of secondary-ion mass spectrometry (SIMS). In this
paper, we performed deep-level transient spectroscopy (DLTS) and optical isothermal capacitance
transient spectroscopy (OICTS) to determine trap concentrations originating from impurities. Our
measurements revealed that the H1 hole trap concentration (corresponding to C) is 1.2 x 10" cm ™,
and the E3 electron trap concentration (corresponding to Fe) is 5.2 x 10'? cm™. These values are far
below the SIMS detection limits. Typical n-type doping concentrations for vertical power devices
range from 5 x 10" to 2 x 10'® cm ™, making the C and Fe impurity levels—two to three orders of
magnitude lower—negligible for device performance. The net donor concentration of the sample is
4.7 x 10" ecm™, which is nearly equal to the Si concentration measured by SIMS after subtracting
the H1 and E3 acceptor-type trap contributions, suggesting that no other impurities or intrinsic point
defects are present.

A part of this paper is based on results obtained from a project, JPNP21005, subsidized by the New
Energy and Industrial Technology Development Organization (NEDO).

[1] Fujikura, et al., Jpn. J. Appl. Phys. 56, 085503 (2017).
[2] Kanegae, et al., Appl. Phys. Lett. 115, 012103 (2019).
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Abstract text: Using a GaN crystal grown by the Na-flux method (referred to as “Na-flux GaN”) as
a seed crystal leads to a bulk GaN crystal with low dislocation density. Slicing the bulk crystal can
produce GaN substrates with low dislocation density. Additionally, reusing a Na-flux GaN as the
seed crystal is proposed to reduce the cost of the GaN substrate, as it takes a long time to grow Na-
flux GaN. However, the slicing process introduces a damaged layer on the surface of the Na-flux
GaN. As the crystallographic defects in the damaged layer of the seed crystal propagate to the
growth layer, the damaged layer must be removed. Conventionally, lapping and subsequent chemical
mechanical polishing (CMP) are used to remove the damaged layer. However, because the CMP
process involves mechanical removal, it is difficult to eliminate the damaged layer efficiently,
resulting in a time-consuming process that requires more than 30 hours. We propose to remove the
damaged layer using photoelectrochemical (PEC) etching. In PEC etching, the GaN surface is
efficiently oxidized with holes generated by UV light irradiation in an etchant, such as an acidic or
alkaline solution, and the etchant dissolves the oxide. The damaged layer promotes the
recombination of electron-hole pairs, making it difficult for PEC etching to remove the damaged
layer [1]. To prevent this recombination, we considered applying a bias voltage to the GaN substrate.
In this study, we removed the damaged layer induced by the lapping process using PEC etching
under the bias voltage application.

The sample was a Na-flux GaN crystal lapped with diamond abrasives, with a damaged layer
thickness of 3 um. PEC etching at a bias voltage of 3 V successfully removed the damaged layer
completely within 45 minutes, which is a 40-fold improvement over the CMP process.

Subsequently, we grew GaN using the Na-flux method on the partially PEC-etched Na-flux GaN.
We then evaluated the crystallinity of the growth layer on the etched and unetched areas using
multiphoton photoluminescence. The dislocation density in the growth layer on the etched area was
significantly lower than that on the unetched area. These results indicate that our method is
promising for removing the damaged layer efficiently after the lapping process and preparing the
seed GaN crystals.

Reference

[1] A. N. Hattori et. al., Jpn. J. Appl. Phys. 53 (2014) 021001.
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Abstract text: Hydride Vapor Phase Epitaxy (HVPE) is the primary method for growing large-sized
free-standing gallium nitride (GaN) single crystals. It is favored for its simple equipment setup, rapid
growth rate, and cost-effectiveness. In this study, we employed MOCVD-GaN/Al,O3 (MGA) as a
substrate for HVPE growth and successfully obtained a 7 mm-thick free-standing GaN single
crystal. A 4-inch GaN single crystal substrate was then prepared through cutting, surface grinding,
and polishing. The structural quality of the GaN crystal was characterized by X-ray diffraction
(XRD), showing a full width at half maximum (FWHM) of 74 arcsec for the (102) peak.
Cathodoluminescence (CL) spectroscopy revealed a dislocation density of 1.3*10° cm™. The
electrical properties of the wafers were evaluated by measuring the sheet resistance using the eddy
current method, and the resistance distribution across different wafers was analyzed to assess
uniformity. These results provide a solid foundation for further optimization of GaN single crystal
growth and the regulation of its conductive properties.

Figure 1. (a) Wafer resistance contour plot. (b) Wafer resistance mapping. (¢) 4-inch GaN substrate.
(d) CL spectroscopy.
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Abstract text: Sapphire is commonly used as the preferred substrate for LED and occasionally for
electronic applications. Especially, in case of semi-vertical high-power MOSFET structures
employing thick drift layers, a thin nucleation layer is desirable.

In this work we investigated a method of obtaining a thin GaN nucleation layer on sapphire with
similar crystal quality as a regular thicker one. By the presence of a GaN surface during nucleation
on sapphire and growth, a substantial improvement of the crystal quality as observed by a narrowing
of the x-ray diffraction (XRD) rocking curve (RC) peaks corresponding to symmetric (0002) and
asymmetric (10-12) reflections was observed. With this method a GaN layer with a thickness of less
than 1 mm having similar quality as the more commonly used thicker, about 3 mm, GaN buffer layer
on sapphire was grown.

An Aixtron MOCVD tool was used for the investigation. To evaluate the effect of a GaN surface
present during nucleation, the central position and every second position at the perimetry of the
susceptor the sapphire substrates were replaced by GaN on sapphire wafers. For comparison,
reference growths with sapphire substrates in all positions were also performed.

The nucleation procedure appeared substantially more effective in the presence of the GaN surface
as observed by in-situ reflectivity characterization by LayTec EpiTT a steady state growth occurring
at an earlier state i.e., when the top and bottom reflection levels are similar for consecutive
oscillations.

The material quality of 1 mm thick GaN nucleated with GaN catalyst wafers present was compared
with a regular 3 mm thick GaN on sapphire layer by XRD RC of (0002) and (10-12) reflection
measurements. The FWHM were found to be 355/451 arcsec and 350/630 arcsec, respectively. The
material quality of the thin layer appears improved compared to the thicker one. The narrowing of
the FMHM of the asymmetric (10-12) peak suggests a substantial lowering of the density of
threading dislocations with GaN catalyst present during nucleation.

The RMS (R,) roughness, as observed by AFM captured over 3 x 3 mm? areas, grown on the one

hand for I mm GaN with catalyst wafers present, and on the other hand for a regular 3 mm, GaN
buffer layer with sapphire only present, were both around 0.2 nm.
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High Conductivity for Vertical Power Electronic Devices
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Abstract text: The avalanche capability is crucial for high-reliability power electronics devices.
However, achieving avalanche breakdown is challenging and necessitates the use of high-quality
freestanding GaN substrates as well as sophisticated edge termination designs.

The conductivity of freestanding GaN substrates plays a crucial role in reducing the on-resistance,
lowering the specific contact resistivity of ohmic contacts on N-polar surfaces, and enhancing the
reliability of ohmic contacts. In this study, freestanding GaN substrates with carrier concentrations in
the range from 6.7 x 10" to 1.7 x 10" cm™ were grown by hydride vapor phase epitaxy (HVPE).
The crystal quality and electrical properties of GaN substrates were characterized. All samples
showed no obvious tensile stress regardless of the higher carrier concentration. Moreover, the
mobility of freestanding GaN substrates is superior to the GaN template with higher dislocation
density at the same carrier concentration. The influence of carrier concentration on the performance
of ohmic contact on the N-face of Si-doped GaN is also studied by circular transfer length
measurement. The specific contact resistivity decreases monotonically with increase of carrier
concentration, while it increases with the annealing temperature. The sample with a carrier
concentration of 1.7 x 10" cm™ still showed ohmic behavior after annealing at 450 °C.

GaN p-i-n diodes were grown on the high-conductivity freestanding GaN substrates. The avalanche
characteristics of vertical GaN PIN diodes with N-ion implantation guard rings were investigated.
The net carrier concentration in the drift layer is as low as 3.5 x 10'° cm™ measured by C-V test. The
guard rings (GRs) was formed on the edge of p-i-n diodes via N-ion implantation, resulting in a
significant reduction in reverse leakage current density by over 10°. By optimization of the GRs, we
achieved an enhancement in the device's avalanche breakdown voltage from 759.8 to 864 V.
Notably, the devices maintained an avalanche breakdown even at an elevated temperature of 225 °C.
The relationship between avalanche voltage and temperature is linear, with a positive temperature
coefficient a of approximately 4.42 x 10 K.
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Abstract text: Virtual and augmented reality are key applications for nitride-based micro-light
emitting diodes (micro-LEDs), enabling full color micro-displays with pixel pitches below 10 pm.
Achieving RGB pixels on a single substrate relies on a native emission approach using InGaN alloy.
High indium content red micro-LEDs suffer from efficiency loss due to material degradation.
Enhancing red InGaN-based LED efficiency requires strain reduction, achievable through a relaxed
InGaN pseudo-substrate. It can be obtained by porosifying an InGaN donor substrate via the
sublimation process and regrowing a top InGaN layer, enabling higher In incorporation while
preserving good crystalline quality’.

This study aimed to optimize the growth parameters of the InGaN donor substrate (InGaN grown on
GaN-on-sapphire), as its In content, thickness, and crystalline quality are crucial for the high quality
relaxed pseudo-substrate. The ultimate InGaN pseudo-substrate for red emission should comprise a
top regrown InGaN layer with a « lattice parameter of 3.238 A, equivalent to bulk .

Key objectives include reducing defect density while maximizing In incorporation. A 50 nm layer
with an In content around15% was studied under various growth conditions: lowering growth
temperature improves In incorporation but increases defect density, as known; increasing the V/III
ratio enhances In incorporation while reducing defect density due to higher active nitrogen
availability; high In/Ga ratio for a fixed Ga flow improves In incorporation and reduces In
inhomogeneities.

V-pit densities below 2.10* cm?and diameters under 30 nm were measured. Atomic force
microscopy (AFM) analysis revealed that higher Ga flow induces the formation of spiral hillocks
linked to screw dislocations, while lower Ga flow reduces surface roughness, correlate with a lower
localization energy, and thus a more homogeneous InGaN alloy, confirmed by cathodoluminescence
(CL) mappings.

An in-plane lattice parameter of 3.205 A was obtained on a regrown InGaN layer on a porous layer.
A 50 nm donor substrate was porosified by the sublimation process. An « lattice parameter of 3.230
A for a relaxation rate of 98% was obtained, already very close to the target. Regrown InGaN layer

on top of such highly-relaxed porous layer will be also presented.

'Appl. Phys. Express, 14, 092011 (2021).
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Abstract text: High-quality large-diameter GaN substrates are req