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Specific information for events:
- Monday evening: Veeco User Meeting
At the “Dandy” club.
- Tuesday evening: Debate & Cocktail-buffet.
“Why and how could be achieved MBE at lower economic and ecological costs?”
At Movie Theater Le Riounet

We are pleased to welcome you to the cinema hall from 19:30 (with drinks and snacks)
before we start the debate.

The debate is expected to last for about one hour.

- Wednesday evening: Riber User Meeting - Banquet
At Hotel Restaurant Bataclan
There will be a shuttle that brings you from Salle « Rovery » to the restaurant.
Pick-up point: Salle « Rovery »
- 1*t departure: 19h20
- 2" departure: 19h45

It is recommended to take multi-purpose shoes with you.

A There is a few hundred meters of walking on the snow from the shuttle drop-off
to the restaurant.

- Shuttle departure to Nice Airport (pick-up point at movie theater “Le Riounet”):

- 1t departure: 12h30

- 2"d departure: 14h f—C—
. e s . (=] st ]
For any question or specific information b
please join our WhatsApp community: (=i e
Uy
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Invited talk : 23min + 7min questions
Oral : 15min + 5min questions

Monday, 10.03

08:00 Registration

08:30 Opening

Invited talk 11 : MBE growth of mid-IR interband cascade lasers, Laurent Cerutti, IES, University of Montpellier,
CNRS, F-34000 Montpellier, France

S1.1: Antimonide based heterostructures: MBE growth strategies for infrared applications , Volker Daumer,
Fraunhofer Institute for Applied Solid State Physics IAF, Tullastral3e 72, 79108 Freiburg, Germany

S1.2: InAs/GalnSb W-Quantum Well based Interband Cascade Lasers for Mid Infrared Emission , Matthew
Bentley, Department of Physics, Lancaster University, LA1 4YB, UK

S1.3: Formation of one dimensional nanostructures in the molecular beam epitaxy of antimony triselenide,
Piotr Wojnar, Institute of Physics, Polish Academy of Sciences, Warsaw, Poland

S1.4: Interband cascade lasers emitting below 3 um grown on GaAs substrate, Maeva Fagot, IES, University
of Montpellier, CNRS, F-34000 Montpellier, France

break

Invited talk 12: Properties of ScN and (Sc,Al)N alloys grown by plasma-assisted molecular beam epitaxy,
Van Duc Dinh, Paul-Drude-Institut fur Festk drperelektronik, 10117 Berlin, Germany

S2.1: Ammonia-source molecular beam epitaxy of SCAIN/GaN heterostructures for high-power high-
frequency applications, Ywon Cordier, Université Céte dAzur, CNRS, CRHEA, Valbonne, FRANCE

S2.2: Fabrication of a-plane AIN pseudosubstrates grown by Molecular Beam Epitaxy, Amalia Fernando
Saawvedra, ISOM and Dept. Ingenieria Electronica, ETSI Telecomunicacién, 28040 Madrid, Spain

S2.3: Growth of Fully Relaxed (In,Ga)N Pseudo-Substrates by a Two-Step Protocol Without Ex-situ
Patterning, Huaide Zhang, Paul-Drude-Institut fur Festk drperelektronik, 10117 Berlin, Germany

S2.4: Epitaxy of self-assembled Al1-xScxN nanowires on metallic TiN: Towards vertical and flexible
piezoelectric nanogenerators, Philipp John, Paul-Drude-Institut fur Festk 6rperelektronik, 10117 Berlin, Germany
Lunch Boxes

S2.5: Tuning the morphology and structure of In-rich InGaN nanocolumns suitable for biomedical
application, Matteo Canciani, University of Milano-Bicocca, Via R. Cozzi, 55, Milano, 20126

S2.6: New generation of near-UV Laser Diodes by Plasma Assisted MBE, Marcin Siekacz, Institute of High
Pressure Physics PAS, ul. Sokotowska 29/37, Warsaw, Poland

S2.7: AlGaN based Heterostructures grown on h-BN by quasi van der Waals Molecular Beam Epitaxy for
Ultra-Violet Light Emitting Diodes, Julien Brault, Université Céte dAzur, CNRS, CRHEA, Valbonne, 06560, France

Invited talk 13: Harnessing Redox Epitaxy for Tailored Functionalities at Oxide Heterointerfaces, Martina
Miller, Universitét Konstanz, Fachbereich Physik, Germany

8§3.1: k-Ga, O3 thin films and related heterostructures grown by Suboxide-MBE and conventional MBE
Alexander Karg, Universitat Bremen, Institute of Solid State Physics, Bremen, Germany

S3.2: Elevated cryogenic permittivity of epitaxial SrTiO3 films on silicon by stoichiometry and thickness
control, Andries Boelen, Imec, B-3001 Leuven, Belgium

S3.3: Strong optical anisotropy in epitaxial SrO(SrTiO3)n Ruddlesden—Popper thin layers
Mohamed Bounab, INL-UMR5270/CNRS, Ecole Centrale de Lyon, Ecully (France)

19:00

20:00 Veeco user meeting




I1: MBE growth of mid-IR interband cascade lasers

M. Fagot,! D. A. Diaz-Thomas,* A. Gilbert,® Y. Rouillard,! J.-B. Rodriguez,! E. Tournié'? and
L. Cerutti”

LIES, University of Montpellier, CNRS, F-34000 Montpellier, France 2Institut
Universitaire de France (IUF), F-75005 Paris, France

*E-mail: laurent.cerutti@umontpellier.fr

Interband cascade lasers (ICLs) were first proposed 30 years ago [1] and have since become essential for a wide
range of applications within the 3-6 um wavelength range [2,3] thanks to their operation in continuous wave above
room temperature and a power consumption below 0.5 W. However, the active region of ICLs is particularly
complex and relies on the alternance of few-monolayers thin layers of binary antimonides and alloys with non-
common atoms. Therefore, the molecular beam epitaxy (MBE) growth of ICLs remains challenging. In fact, the
extensive group-V intermixing at the interfaces, the different optimal growth temperatures required for the various
layers, and the sensitivity to thermal annealing can affect the properties such as threshold current and emission
wavelength [4, 5].

However, despite the high sensitivity of ICL to their growth conditions, these structures are surprisingly very
tolerant to high crystalline defect densities such as dislocations. In contrast to interband diode lasers, which are
very sensitive to dislocations with a rapid degradation of their performance [6], ICL grown on highly mismatched
substrates such as GaAs and Si exhibit very similar performances without degradation during ageing [7]. These
properties open the way for the direct integration of mid-infrared lasers on GaAs or Si photonic integrated circuits
for the development of compact and low-power consumption optical sensors.

In this talk, we will first detail the influence of the growth conditions on the properties of the QWs constituting the
ICL active region and then review the growth and performance of ICLs on different substrates emitting between
3.3and 4.7 pm.

[1] R.Q. Yang et al, Superlattices and Microstructures, 17, 77 (1995)

[2] H.Wu et al, Sensors and Actuators B: Chemical, 297, 126753 (2019)

[3] P. Didier et al, Photonics Research, 11, 582 (2023)

[4] C. Canedy et al, Journal of Vacuum Science and Technology B, 28, C3G8 (2010)
[5] D.A. Diaz-Thomas et al, Optics Express, 27, 31425 (2019)

[6] J.lietal, Advanced Photonics Research, 5, 2300348 (2024)

[71 M. Fagot et al, Optics Express, 32, 11057 (2024)

This work was partially funded by France 2030 program (EquipEx EXTRA and HYBAT, ANR-11-EQPX-0016, ANR-21-
ESRE-0026), the French Occitanie Region (LASIDO project), the French Agency for Defense and Innovation (AID-DGA)
and the Banque Publique d’Investissement (Hyquality Project DOS0188007/00).






S1.1: Antimonide based heterostructures: MBE growth strategies for
infrared applications

V. Daumer*, L. Kirste, R. Miller, R. Rehm, A. Vogt, M. Wagstaffe
Fraunhofer Institute for Applied Solid State Physics IAF, Tullastralle 72, 79108
Freiburg, Germany

*volker.daumer@iaf.fraunhofer.de

The 6.1 A materials family, which includes InAs, GaSb, and AISb, along with their ternary and quaternary
alloys and corresponding type-1I superlattices (T2SLs), allows for extensive wavelength tuning across the infrared
(IR) spectrum. This versatility in detector design enables the creation of advanced device concepts and high-
performance, bandgap-engineered IR technologies suitable for a range of applications. By growing these materials
lattice-matched on GaSb substrates through molecular beam epitaxy (MBE), we can effectively combine them to
fulfill specific requirements. At Fraunhofer IAF, we harness these materials to design and develop IR detectors and
arrays for the extended shortwave infrared (eSWIR), mid-wavelength infrared (MWIR), long-wavelength infrared
(LWIR), and various combinations thereof.

Alternatively to extended InGaAs on InP substrate, which suffers from a high dislocation density resulting in
limited performance, we have recently developed lattice matched InGaAsSb heterojunction photodiodes on GaSh
substrate for the extended short-wavelength infrared (eSWIR) spectral range from 1.7 up to 3.0 um. Initial results
demonstrate first-rate performance with low dark current and high detectivity, which will be presented.

For the thermal infrared in the range from 3 up to 12 um covering MWIR to LWIR, T2SLs based on InAs/InAsSb and
InAs/GaSh are developed. The activities range from basic studies up to pilot line production with detectors at TRL 8.
In the latter case reproducibility and process-accompanying quality control are of great importance and will be
addressed in this talk.

Recent developments on large-format, Ga-free type-Il superlattice (T2SL) detectors are focused on achieving high
operating temperatures (HOT) in the mid-wavelength infrared (MWIR) range. Epitaxial growth studies have been
conducted to enhance material quality, supported by extensive structural and electro-optical characterization. We are
currently involved in several collaborative European projects to demonstrate a non-dependent supply chain for
antimony based high quality infrared detectors. With its material expertise, Fraunhofer IAF is a reliable partner for

industrial customers without a suitable MBE facility of their own.
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S1.2 : InAs/GalnSb W-Quantum Well based Interband Cascade Lasers for Mid
Infrared Emission

M. Bentley*!, P. J. Carrington?, Q. Zhuang?*
1Department of Physics, Lancaster University, LA1 4YB, UK
2School of Engineering, Lancaster University, LA1 4YW, UK

*m.bentleyl@lancaster.ac.uk

Mid-infrared emitters, emitting in the 2-5um wavelength range, offer a wide range of applications, including;
atmospheric pollution monitoring, chemical process control, thermal imaging, and noninvasive medical diagnosis.
To fully realise the potential of mid-infrared emitters in these applications a high-performance room temperature
tuneable laser diode with low power consumption is required. Interband Cascade Lasers (ICLs) offer the potential
for low threshold current densities and as such lowpower while being able to generate continuous wave (CW) high
optical power emission at room temperature [1]. W-Quantum Well (WQW) active regions offer great flexibility in
band-structure engineering through modifying each QW individually. This provides a two-dimensional density of
states for both electrons and holes (high differential gain), high wavefunction overlap despite their type-1l band
alignment (high gain) and a reduction in Auger recombination. Through combining an ICL with a WQW active
region to produce an Interband-Cascade W-Quantum Well Laser (ICWQWL) highperformance room temperature
laser diode has been achieved [2].

This work will present details on the growth and characterisation of ICWQWLs grown via molecular beam epitaxy
(MBE) at Lancaster University. The WQW consists of InAs electron confinement wells and GalnSb hole
confinement wells in a InAs/GalnSbh/InAs configuration, which can achieve tuneable emission in the 3.6um range
close to room temperature [3]. To achieve electron injection and collection InAs/AlSb and AlSh/GaSb superlattices
were used respectively. A series of samples were first produced utilizing these WQW, injection, and collection
layers, to assess material quality via X-ray diffraction (XRD) measurements and lower temperature
photoluminescence (PL). Device fabrication was then performed in Lancaster University’s Quantum Technology
Centre (QTC) using standard cleanroom processing techniques yielding Fabry-Perot ridge contact laser devices
with cavity lengths of 1mm ridge widths of 10, 20, and 50um. Initial Imm cavity length 10 & 20um ridge width
laser devices yielded threshold currents of 576 & 580mA and peak emission wavelengths of 3.56 & 3.60um
respectively at room temperature.

[1] C. S. Kim, M. Kim, J. Abell, W. W. Bewley, C. D. Merritt, C. L. Canedy, I. Vurgasftman and J. R. Meyer, "Mid-infrared
distributed-feedback interband cascade lasers with continuous-wave single-mode emission to 80 °C," Applied Physics
Letters, no. 061104, p. 101, 2012.

[2] C. L. Canedy, W. W. Bewley, J. R. Lindle, I. Vurgaftman, C. S. Kim, M. Kim and J. R. Meyer, "High-power continuous-
wave midinfrared type-I1 "W" diode lasers," Applied Physics Letters, no. 211105, p. 86, 2005.

[3] G. K. Veerabathran, S. Sprengel, A. Andrejew and M. -C. Amann, "Room-temperature certical-cavity surface-emitting
lasers at 4um with GaSh-based type-11 quantum wells," Applied Physics Letters, no.
071104, p. 110, 2017.

12



- 1 ~ & = & = ¥ = € = & * 1 ‘

200 F " - 10um Ridge, Threshold 576mA o =
- -®@ - 20um Ridge, Threshold 580mA Wt

1.75 —
1.50 — ]
125k &
1.00 -

075 F

Zero Order Intensity (a.u.)

0.50 F

025

000f o—e o & 4"
| I 1 L 1 " 1 L 1 " 1 L 1 L 1 PR

0 100 200 300 400 500 600 700 800 900
Current (mA)

Figure 1: Room temperature current-Intensity characteristics of 1mm cavity length FabryPerot laser with
10 & 20um ridge contact.
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Figure 2: Room temperature electroluminescence (EL) spectra of 1mm cavity length FabryPerot laser with
10 & 20um ridge contact under 600mA drive current 1% duty cycle.
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S1.3: Formation of one dimensional nanostructures in the molecular beam
epitaxy of antimony triselenide

P. Wojnar'? *, S. Chusnutdinow®?, A. Kaleta!, M. Aleszkiewicz!, S. Kret!, J.Z. Domagala, P.
Ciepielewski®®, T. Wojtowicz?
! Institute of Physics, Polish Academy of Sciences, Warsaw, Poland
2 International Research Centre MagTop, Institute of Physics, Polish Academy of Sciences,

Warsaw, Poland
3 Lukasiewicz Res Network, Institute of Microelectronics & Photonics, Warsaw, Poland

*E-mail : wojnar@ifpan.edu.pl

Antimony triselenide belongs to the family of one-dimensional semiconductors, which could be used for
downscaling semiconductor channels in transistors even to the limit of a single atomic chain [1]. Its crystal
structure consists of one dimensional ribbons held together by weak Se-Se van der Waals interactions. The interest
in bulk antimony triselenide has been boasted mainly by its applications in photovoltaic devices leading to the
development of Sh,Ses-based solar cells with the efficiency exceeding 10% [2]. The advantages of using antimony
triselenide for these purposes are the high absorption coefficient, the appropriate value of the band gap that allows
the absorption of the solar spectrum, single-phase structure and low toxicity.

In this work, the growth of antimony triselenide by molecular beam epitaxy on GaAs substrates with various
crystalline orientations is reported [3]. It is demonstrated that this semiconductor spontaneously forms tiny,
monocrystalline, highly anisotropic Sh,Sesnanostripes with the areal density of the order of 10° cm and the cross-
section dimensions of the order of a few nanometers implying a significant contribution of the quantum
confinement to their electronic landscape. They lie always in the surface plane and their orientation corresponds
to one of <1-10> azimuths of the substrate, Figure 1. With increasing deposition time all three dimensions: the
length, the width and the height of these nanostructures increase simultaneously, with the length usually one order
of magnitude larger than the two other parameters. The monocrystalline nature of Sbh,Ses lattice within a single
nanostructure is demonstrated by transmission electron microscopy. Raman scattering and X-ray diffraction
confirm its high crystalline quality.

To confirm that there is an epitaxial relationship between the substrate and the nanostripes, and thus the crystalline
orientation of the substrate is an important parameter that directly affects the orientation of the nanostripes’ growth
direction, antimony triselenide is grown on three differently oriented GaAs substrates. It is found that in the case
of (111)B oriented GaAs substrate three equivalent growth directions of the nanostripes are preferred
corresponding to [1-10], [10-1] and [01-1] crystallographic directions of the substrate. In the case of (100) oriented
GaAs substrate, there are only two equivalent growth directions: the [011] and [01-1] directions, while in the case
of (110) oriented GaAs substrate, there is only one preferred orientation of the nanostripes: the [1-10] direction.

14



_10nm 100nm

Figure 1 (@) Antimony triselenide nanostructures on (111)B GaAs substrate measured by atomic force microscope
(AFM). (b) Crystallographic model illustrating three possible Sbz 3 Se orientations on (111)B GaAs substrate. One
dimensional nano-stripes grow always along {011) directions of GaAs substrate (c) Close-up of a AFM image showing

the orientation of the nanostripes.

References
[1] Meng Y, Wang W, Ho JC One dimensional atomic chains for ultimate scaled electronics ACS Nano

2022; 16, 13314

[2] Duan, Z. et al. Sb2Se3 Thin-Film Solar Cells Exceeding 10% Power Conversion Efficiency Enabled by
Injection Vapor Deposition Technology Adv. Mater. 2022, 34, 2202969

[3] P. Wojnar et al. ,Spontaneous formation of monocrystalline nanostripes in the molecular beam epitaxy of
antimony triselenide, Nanoscale 2024 16, 19477-19484

This research was partially supported by the Foundation for Polish Science through the IRA Programme
“MagTop” no. FENG.02.01-1P.05-0028/23 co-financed by EU from the funds of Priority 2 of the European
Funds for a Smart Economy Program 20212027 (FENG)
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S1.4: Interband cascade lasers emitting below 3 um grown on GaAs substrate

M. Fagot,!* D. A. Diaz-Thomas,* Y. Rouillard, * J.-B. Rodriguez, ! E. Tournié!? and
L. Ceruttit
IES, University of Montpellier, CNRS, F-34000 Montpellier, France 2Institut
Universitaire de France (IUF), F-75005 Paris, France

*E-mail: maeva.fagot@umontpellier.fr

Interband cascade lasers (ICLs) are mainly used in the 3 — 5 um range, as diode lasers dominate below 3 um due
to their high efficiency and low threshold current. However, beyond 2.5 um, diode laser performance begins to
degrade, due to increased internal losses and non-radiative Auger recombination, causing an exponential increase
in threshold current density [1]. GaSb-based laser diodes grown on Si have recently shown promising threshold
currents, only three times higher than on native substrates [2], but suffer from rapid degradation, limiting their
reliability. ICLs, on the other hand, are highly tolerant to dislocations within their operating window [3,4] and have
demonstrated an extrapolated mean time of failure exceeding 35 years. While much efforts have been focused on
extending ICL performance at longer wavelengths [5], little has been done to explore their potential at shorter
wavelengths. Extending the operating range of ICLs below 3 um could bridge the performance gap between 2.5

and 3 um, leveraging the unique advantages of their design to improve laser technology in this spectral range.

This work presents our latest results on type-1l ICLs designed to emit at 2.7 um, grown on both GaSb and GaAs
substrates. The laser structure includes a five-stage active region, situated between two 350 nm separate
confinement heterostructures and two AlSb/InAs superlattice claddings. The ICL structure was first grown on GaSb
to assess performance, then on GaAs substate for comparison. Laser ridges are fabricated using standard
photolithography process, creating 8 pm-wide and 2 mm-long cavities with uncoated facets. The light-current-
voltage (L-1-V) characteristics of the lasers, taken under pulsed operation (DC 1%, 10 kHz) at 20°C and presented
Figure 1, show a slightly higher threshold current for GaAs (100 mA vs 80 mA for GaSh) while maintaining a
similar slope efficiency (~ 130 mW/A for both GaSbh and GaAs). The ICL on GaAs, however, has a higher series
resistance (5.9 Q vs 2.7 Q for GaSb). Spectra (shown in insert) reveal emission between 2.8 and 2.9 um for both
structures, with a slight shift in the GaAs device likely caused by the higher As content in its active region. Aging
tests will be conducted to evaluate the laser durability at this wavelength. These findings open the way for efficient

devices on Si below 3 pm.

[1] K. S. Gadedjisso-Tossou et al, Semicond. Sci. Technol. 28, 015015 (2012).

[2] A.Remisetal, J. Appl. Phys. 133, 093103 (2023).

[3] L. Cerutti et al, Optica 8, 1397 (2021).

[4] M. Fagot et al, in The 23rd International Conference on Molecular Beam Epitaxy, Matsue, Japan (2024).
[5] J. A. Massengale et al, Semicond. Sci. Technol. 38, 025009 (2022).
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Figure 1: Pulsed L-I-V curves for 8 um x 2 mm type-Il ICLs grown on GaSb (red) and GaAs (blue) substrates.
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Insert: Emission spectra of ICLs measured under pulsed operation at 20°C with an injection current of 400 mA.

This work was partially funded by France 2030 program (EquipEx EXTRA and HYBAT, ANR-11-EQPX-0016, ANR-21-
ESRE-0026), the French Occitanie Region (LASIDO project), the French Agency for Defense and Innovation (AID-DGA)
and the Banque Publique d’Investissement (Hyquality Project DOS0188007/00).
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12: Properties of ScN and (Sc,Al)N alloys grown by plasma-assisted molecular beam
epitaxy

D. V. Dinh!*, M. Yuan?, J. L4hnemann?, F. Peiris?, S. Mandal®, O. A. Williams?, Z. Chen?,
P. V. Santos', L. Geelhaar?, O. Brandt!

@ Paul-Drude-Institut fir Festkorperelektronik, 10117 Berlin, Germany.
@ Department of Physics, Kenyon College, Gambier, 43022 Ohio, United States.
@ School of Physics and Astronomy, Cardiff University, Cardiff CF24 3AA, United Kingdom
® Huawei Technologies Co Ltd, Ottawa, Ontario, Canada

*Corresponding author email: dinh@pdi-berlin.de

In this work, we review our recent studies on the plasma-assisted molecular beam epitaxy of ScN, a group-I11b
transition-metal nitride, as well as its alloys with conventional group-llla wurtzite nitrides, focusing on the
formation of wurtzite (Sc,Al)N.

Although ScN was first synthesized over five decades ago, its electrical and optical properties remain not fully
understood. Regardless the growth method, ScN has usually been found to be heavily doped, making it a highly
degenerate semiconductor. The uncontrolled doping and its consequences hinder the understanding of the intrinsic
electrical and optical properties of ScN, and also impede many of its potential applications. We have recently shown
that lattice-matched ScN layers on wurtzite GaN can be nondegenerate with comparatively low electron densities
and high electron mobilities. Temperature-dependent Hall-effect measurements provide insights into the dominant
scattering mechanisms [1].

Wurtzite (Sc,AN alloys are of great interest due to their strong piezoelectric response. Despite numerous
studies, their lattice constants remain controversial. By optimizing the growth conditions of (Sc,Al)N on GaN, we
were able to produce thick layers that allowed us to accurately measure their lattice constants. We found that
Sco1AlggN layers are lattice-matched to GaN. This knowledge has supported the development of (Sc,AI)N on

polycrystalline diamond substrates for surface-acoustic-wave devices [2].

[1] D. V. Dinh, O. Brandt, Phys. Rev. Appl. 22, 014067 (2024).
[2] M. Yuan, D. V. Dinh, S. Mandal, O. A. Williams, Z. Chen, O. Brandt, P. V. Santos, J. Phys.
D: Appl. Phys. 57, 495103 (2024).

18



19




S2.1: Ammonia-source molecular beam epitaxy of SCAIN/GaN heterostructures for
high-power high-frequency applications
C. Elias, S. Chenot, M. Nemoz, F. Bartoli, A. Courville,
V. Gallardo Médinger, P. Vennégués, M. Hugues, Y. Cordier”

!Université Cote d’ Azur, CNRS, CRHEA, Valbonne, FRANCE
*yvon.cordier@crhea.cnrs.fr

ScAIN is a wide bandgap semiconductor with large piezoelectric and spontaneous polarization coefficients
ensuring a very high charge density at the interface with GaN, which makes it a promising barrier layer for HEMTs
in view of power switching and RF/mm-wave power amplifier applications. Furthermore, it can benefit ferroelectric
properties opening the way for new applications. The development of the epitaxy of this alloy has started with
plasma-assisted MBE, followed by MOVPE. More recently, we have demonstrated the feasibility of the growth
with ammonia source MBE under nitrogen-rich regime and an optimum temperature was identified for the growth
of ScxAl1.xN barriers quasi-lattice matched on GaN (x~14%) [1]. The advantages of this growth regime in terms of
growth rate, alloy composition and homogeneity [2] have been demonstrated. HEMT heterostructures have been
grown on GaN-on-Si and GaN-on-Sapphire templates, demonstrating two-dimensional electron gases (2DEGS)
with charge densities Ns-cv ranging from 2x10* to 4x10%3/cm? depending on the nominal thickness of the ScCAIN
barrier which was varied from 5 nm to 25 nm. Functional transistors with 9 um source-drain spacing have been
fabricated on these heterostructures. Drain current density exceeds 700 mA/mm on 10 nm barrier and 1 A/mm on
25 nm barrier (twice the one obtained on our standard AlGaN/GaN devices) while a limited gate leakage current
could be observed up to a drain voltage of 100 V. This result is of primary importance as the gate leakage through
the ScAIN barrier has been reported as a major concern [3]. 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 and AIN
have been studied. According to Hall effect measurements, the room-temperature electron mobility in the 2DEG of
most of the samples ranges from 500 to about 1000 cm#/V.s depending on the quality of the interface between
ScAIN and GaN which features a 1-2 nm AIN exclusion layer. The typical 2DEG sheet resistances range between
240 and 300 Ohm/sqg. In absence of the AIN exclusion layer, the resistance rises to 785 ohm/sg. Furthermore,
optimizations of the growth of a 10 nm barrier HEMT lead to a sheet resistance of 210 ochm/sq, a promising result
for the fabrication of high-performance transistors. This work is partly supported by the French technology facility
network RENATECH, the French
National Research Agency (ANR) through the ‘Investissements d’ Avenir’ program GaNeX (ANR-11LABX-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] P. Déring et al, Appl. Phys. Lett. 123,
032101 (2023).
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Fig. 1: RHEED patterns of the surface of SCAIN (left) capped with AIN (centre) or GaN (right).
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Fig. 2: Tapping mode atomic force microscopy images showing the morphology of SCAIN (left) capped with AIN (centre)
or GaN (right).
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Fig. 3: Left: X-ray diffraction reciprocal space map around the (1015) node showing the in-plane lattice matching of SCAIN
with GaN. Centre: high-resolution cross-section transmission electron microscopy view of the HEMT interface. Right:
transport properties of the SCAIN/GaN HEMTs.
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Fig. 4: DC output characteristics Ids(Vds,Vgs) of 2 um gate transistors with 9 um source-drain spacing fabricated on the
ScAIN/GaN HEMT grown on Silicon with (a) a 25 nm barrier and (b) a 10 nm barrier. (c) Gate leakage of the 10 nm barrier
HEMT in 3-terminal off-state configuration.
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$2.2: Fabrication of a-plane AIN pseudosubstrates grown by Molecular Beam
Epitaxy
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Av. Complutense 30, Ciudad Universitaria, 28040 Madrid, Spain, 2Tianrui Semiconductor Materials
(Suzhou) Ltd.co., the Third Zone of Datong rd. 20, Suzhou New District, 215151 Suzhou, P.R. China.

e-mail: amalia.fsaavedra@fundetel.upm.es

High quality native AIN substrates used to develop ultraviolet (UV) and deep UV (DUV) emitters, such as
light emitting diodes (LEDs) and laser diodes (LDs)*? are an extremely successful choice. Unfortunately, suitable
low-cost, large-area AIN native substrates are not available, and AIN is typically grown hetero-epitaxially on
substrates like silicon, sapphire or SiC. These approaches generate a high density of threading dislocation (TDs)>*
which is detrimental to electron mobility and reduces the quantum efficiency of UV emitters®. In addition, the strong
internal electric field, present along the polar direction, may be detrimental to device performance because it
modifies the carrier distribution and potential profile in Quantum Wells (QWSs) and favors the emission energy shift
by screening effects. These negative effects can be avoided by growing devices on non-polar AIN buffers.

This work reports on the growth by Plasma Assisted Molecular Beam Epitaxy (PAMBE) of a-plane AIN
pseudo-substrates on r-sapphire by controlled coalescence of ordered AIN nanocrystals (etched nanopillars, NPs)
following three steps: i) growth of a-plane AIN buffer on r-sapphire, ii) etching down of the AIN buffer to obtain
an array of ordered AIN NPs, and iii) AIN overgrowth until full coalescence.

Prior the growth of the a-plane AIN buffer, the r-sapphire substrate was nitridated for 30 min with a N flux
of 7.5 nm/min at 860 °C. AIN growth was then performed at 860 °C under nominal fluxes of 7.9 nm/min and 8.3
nm/min for Al and N respectively. After that, a square pattern of ordered Ni dots was defined by e-beam lithography
on the AIN buffer. Etching by inductively coupled plasma with a CI/Ar mixture resulted in an ordered array of AIN
NPs. Finally, PAMBE overgrowth on the AIN NPs arrays was performed with the same nominal fluxes for Al and
N (i.e. 3 nm/min).

Two samples were prepared with areas having NPs with different pitch (350, 450 nm) and diameters (110
nm — 200 nm). The samples were analyzed by Scanning Electron Microscopy, Atomic Force Microscopy and
Transmission Electron Microscopy to study the AIN coalescence into a continuous film and how the different
geometries and sizes of the NPs affect the quality of the final AIN layer. Previous work on m-plane GaN® using
similar approach shows a preferential growth rate on the NPs along the c-direction and a significant reduction of
extended defect density in the coalesced film compared to the initial GaN buffer.

[1] Y. Taniyasu, M. Kasu, T. Makimoto, Nature, 2006, 441, 325-328.

[2] A. Khan, K. Balakrishnan, T. Katona, Nature Photonics, 2008, 2, 77-84.

[3] N. Teraguchi, A. Suzuki, Y. Saito, T. Yamaguchi, T. Araki, Y. Nanishi, J. Cryst. Growth, 2001, 230, 392397.
[4] N. Onojima, J. Suda, H. Matsunami, Appl. Phys. Lett., 2002, 80, 76-78.

[5] M. Kneissl, T. Kolbe, C. Chua, V. Kueller, N. Laobo, J. Stellmach, A. Knauer, H. Rodriguez, S. Einfeldt, Z.
Yang, N.M. Johnson, M. Weyers, Semicond. Sci. & Technol., 2011, 26, 014036.

[6] A. Fernando-Saavedra, S. Albert, A. Bengoechea-Encabo, A. Trampert, M. Xie, M.A. Sanchez-Garcia, E.
Calleja, J. Cryst. Growth, 2023, 617, 127272.
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S2.3: Growth of Fully Relaxed (In,Ga)N Pseudo-Substrates by a Two-
Step Protocol Without Ex-situ Patterning

Huaide Zhang*, Jingxuan Kang, Oliver Brandt, Lutz Geelhaar

Paul-Drude-Institut fir Festkorperelektronik, Leibniz-Institut im Forschungsverbund Berlin e.V.,
Hausvogteiplatz 5-7, 10117, Berlin, Germany
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The band gap of (In,Ga)N spans the entire visible spectrum. This semiconductor is thus a promising candidate for
the fabrication of red-green-blue light emitting diodes (LEDs) from one and the same material class. Blue and green
(In,Ga)N LEDs have been commercialized, but the quantum efficiency of red (In,Ga)N LEDs is insufficient for
practical purposes. This limitation arises from the large lattice mismatch between the active region with increased
In content of around 40% and GaN. The large strain in the QW results in large internal fields, reducing the
recombination rate. Also, certain point defects (such as Ca) become increasingly active in nonradiative
recombination. We note that in general bulk group-Ill nitride substrates are expensive, and the long-standing
success of blue (In,Ga)N LED:s is a result of mature procedures for the growth of GaN template layers on sapphire
and SiC substrates.

In this study, we present a simple yet effective two-step growth protocol without patterning that results in essentially
fully relaxed (In,Ga)N pseudo-substrates on GaN templates. The key concept is to grow by plasma-assisted
molecular beam epitaxy first a rough (In,Ga)N layer under N-rich conditions and second proceed with overgrowth
under metal-rich conditions that leads to a smooth surface.

In detail, the first (In,Ga)N layer is grown at 500 °C under N-rich conditions for 30 min. These growth conditions
lead to a spotty reflection high energy electron diffraction (RHEED) pattern typical for a rough surface. The In
content and degree of strain relaxation are determined from x-ray diffraction reciprocal space maps (RSM). The In
content varies between samples in the range 25 to 42%, and the relaxation degree reaches up to 95%. The thickness
of the layer with In content 42% and relaxation degree 95% as measured by scanning electron microscopy is about
200 nm. Characterization by atomic force microscopy (AFM) reveals a surface with a root mean square (RMS)
roughness of 4.4 nm in an area of 2x2 pum?.

That N-rich growth leads to a rough surface for group-I11 nitrides is well known. The main innovation of this study
is the demonstration that the surface can be smoothened again in the case of (In,Ga)N. To this end, (In,Ga)N
overgrowth is carried out at 550 °C under metal-rich conditions for 60 min. The RHEED pattern exhibits streaks
with undulations in intensity, and AFM analysis shows a surface morphology with a clearly reduced RMS
roughness of 1.8 nm. These properties are achieved for an In content of =30% and a strain relaxation degree of
~80%. A layer with a lower In content of 24% and similar relaxation degree and surface roughness is obtained by
reducing the In flux during growth and increasing the substrate temperature. The photoluminescence spectra
acquired at room temperature exhibit a single emission band centered at 574 nm and 543 nm, respectively. The full
widths at half maximum (FWHM) are 53 nm (225 meV) and 28 nm (118 meV), respectively. The latter value
indicates excellent homogeneity, and the increase compared to a reference (In,Ga)N sample emitting in the blue
spectral range and grown directly on a GaN template is related to more pronounced alloy disorder for higher In
content.

In conclusion, we have demonstrated the growth of (In,Ga)N layers with high In content up to 42%, smooth surface,
and essentially full strain relaxation. These properties stand out in comparison to other approaches for the
fabrication of pseudo-substrates, and the facile two-step growth protocol can easily be scaled up. Therefore, this
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advancement represents a critical step toward the realization of highperformance red (In,Ga)N LEDs for next-
generation micro-LED applications.
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Figure 1: (a) Schematic of the two-step growth protocol for the fabrication of relaxed (In,Ga)N pseudo-
substrates. RHEED patterns of (b) the GaN(0001) template along the [1120] direction, (c) the first (In,Ga)N
layer along the [1120] direction, and the second (In,Ga)N layer along the (d) [1120] and (e) [1010] directions.

The spotty and streaky patterns show the surface smoothening during overgrowth. The (\/§ X \/§)R30° surface
reconstruction seen in (e) reflects that growth was carried out with an In adlayer at the growth front.
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Figure 3: Photoluminescence
spectra of three (In,Ga)N
samples acquired at room
temperature. The blue curve
corresponds to a 500-nm-thick
reference (In,Ga)N layer with
In content of 13% grown
directly on a GaN template.
The green and orange curves
correspond to the (In,Ga)N
pseudo-substrates grown by

Figure 2: (a) AFM topograph of the first (In,Ga)N layer with a RMS the two-step protocol with In
roughness of 4.4 nm. (b) RSM of the first (In,Ga)N layer around the 105 contents of 24 and 30% in the
reflection revealing a strain relaxation degree of 95% and In content of second layer, respectively.
42%. (c) AFM topograph of the second (In,Ga)N layer with a RMS The text labels indicate the
roughness of 1.8 nm. (b) RSM of both the first and second (In,Ga)N layer FWHMs of the spectra.

around the 1015 reflection indicating a strain relaxation degree of 80%
and In content of 30%.
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S2.4: Epitaxy of self-assembled Al:xScxN nanowires on metallic TiN:
Towards vertical and flexible piezoelectric nanogenerators
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The incorporation of Sc into the hexagonal wurtzite lattice of AIN is an effective way to extend the
functionalities of the group IlI-nitride semiconductor family. Ternary Al:xScxN exhibits giant piezoelectricity,
ferroelectricity and exciting non-linear optical properties, which are already utilized in novel devices. New
functionalities, such as flexibility and enhanced piezoelectric response may arise from the growth in the form of
nanostructures.

In this work, we demonstrate the molecular beam epitaxy of ternary AlixScxN nanowires. We start with the
previously established, self-assembled growth of AIN nanowire stems on metallic TiN thin films [1], which are
subsequently overgrown with ternary Al.«ScxN varying both substrate temperature and metal flux ratio. At high
substrate temperatures (> 800 °C), a phase separation of the ternary Al;«ScxN is observed, accompanied by
nanowire branching and Raman signals characteristic for cubic rock-salt ScN. In contrast, moderate substrate
temperatures below 800 °C favor the formation of wurtzite Al;xScxN nanowires, with a morphology characterized
by inverse nanowire tapering. Still, Sc is homogeneously incorporated with concentrations of 0 < x < 0.35, as
investigated by energy-dispersive x-ray spectroscopy (EDX) and scanning transmission electron microscopy
(STEM). The E,"" and A;(TO) Raman modes of AIN are broadened upon Sc-incorporation, suggesting wire-to-
wire inhomogeneities and/or disorder in the Al1xScxN alloy. Their consistent red-shift observed as a function of
Sc concentration confirms its enhanced incorporation into the wurtzite lattice.

Pure wurtzite Al1«ScxN nanowires are processed into vertical piezoelectric nanogenerators, for which the
metallic TiN substrate serves as bottom electrode. The output response resulting from a sinusoidal force excitation
indicates metal-polarity and is compared to that of AIN and GaN nanowirebased reference samples [2].

The growth of wurtzite Al;«xScxN nanowires on conductive substrates and the demonstration of first
nanogenerators paves the way towards the development of flexible piezoelectric energy harvesters with improved
device performance.

[1] P. John et al., Nanotechnology 34, 465605 (2023).
[2] N. Buatip et al., ACS Appl. Nano Mater. 7, 15798 (2024).
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Fig. 1: Cross-section secondary electron mlcrographs of AIo 8SCo.2N/AIN nanowires grown at (a) 1150 °C, ( b) 830 °C and (c)
440 °C. The scale bar is identical for all micrographs. Raman spectra of (d) AlgsSco2N/AIN nanowires grown at different
temperatures and (e) AlixScxN/AIN nanowires with different Sc concentrations grown at 440 °C . The spectra are taken at
room temperature with a 473 nm excitation laser.
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Fig. 2: (a) STEM- EDX map of a branched Al sSco. 2N/A|N nanowire grown at 1150 °C, indicating regions of Alrich wurtzite

(inset 1) and Sc -rich rock-salt phases (inset 11). (b) STEM-EDX map of a inversely tapered Al 0.7aSco26N/AIN nanowires,

indicating homogeneous Sc incorporation. (c) STEM-EDX profile along the direction indicated by the white arrow in (b) and

confirming the nominal Sc concentration.
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Fig. 3: (a) Schematic of a vertical nanowire-based piezoelectric generator. (b) Charge output of an AlgsSco2N/AIN nanowire
generator in response to a sinusoidal force excitation, compared to GaN and AIN reference devices.
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S2.5: Tuning the morphology and structure of In-rich InGaN nanocolumns suitable
for biomedical application
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Developing wearable transdermal biosensors for real-time health monitoring is a very attractive
and promising field of research and medical application. Among the materials studied, InGaN
heterostructures stand out for their chemical stability, biocompatibility, low cytotoxicity, and high carrier
mobility. Biosensors based on InN/InGaN quantum dots (QDs) exhibit twice the sensitivity and five
times faster response compared to InN thin films, surpassing the classical Nernstian limit by leveraging
the super-Nernstian behavior enabled by InN QD surface nanostructuring®. The study presented analyzes
the nanostructured InGaN growth made using PlasmaAssisted Molecular Beam Epitaxy (PA-MBE) on
Si (111) substrates. The significant lattice mismatch is used to promote a nanocolumnar morphology,
while achieving high indium content, critical for optimizing surface energy states and enabling ohmic
contact, requires low substrate temperatures to prevent indium desorption and InN decomposition?.

Accurate structural analysis, detailed surface morphology, and key growth parameters as In/Ga
ratio, substrate temperature, and I11/V flux ratio, were carried out using X-Ray Diffraction (XRD) and
Atomic Force Microscopy (AFM). To monitor the individual nanocolumns’ chemical composition and
local structure, Energy Dispersive X-ray Spectroscopy (EDX), Electron backscatter diffraction (EBSD),
and Transmission Electron Microscopy (TEM) measurements were performed, confirming the high
indium content (60%) with nanocolumns exhibiting excellent epitaxial alignment along the (001) plane
with a negligible misorientation of only 1° (Figure 1b). Samples with elevated indium levels displayed
larger column diameters, correlating with indium higher thermal diffusion coefficient (Figure 1c). The
mechanisms governing the growth and geometry of InGaN nanocolumns were investigated through
scanning electron microscopy (SEM), examining both top and side views (Figure 1). SEM observations
also uncovered fascinating phenomena during nanocolumn vertical growth, contributing to the optimized
design and enhanced performance of biosensor materials.

This study is fundamental for enabling a comprehensive understanding of the growth mechanisms
of InGaN nanocrystals (NCs) on silicon (Si) substrates. It establishes a foundation for optimizing the
crystal quality, dealing with the formation of different crystal structures (i.e. wurtzite and zinc-blende)
and the size of the nanocrystals, which is crucial for future QDs depositions. Moreover, it represents a
significant step in the optics of assembly of the biosensor and in testing its overall performance.
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Figure 1. a) SEM side view and TEM images of a nano-column (NC). b) EBSD analysis of the sample and
corresponding Kikuchi pattern. The Kernel Average Misorientation map shows a negligible misorientation of 1°. Data
acquired using a FE-SEM JEOL IT710HR microscope with QUANTAX EBSD & EDS Bruker detectors. c) Relation between
the NCs basis radii with the In/Ga ratio made via EDX analysis. D) SEM top view of a sample with nanocolumns.
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The ultraviolet (UV) laser diodes (LDs) attract attention due to their wide range of applications, e.g. in the field
of gas detection, lithography, biomedical, 3D printing, purification, sterilization etc. In this paper we will focus on
group-IlI nitride-based LDs operating in the near ultraviolet range. Interestingly, despite the abundance of potential
applications and significant resources devoted to development of UV LDs, their commercial success is yet to come.
There are a number of issues which hinder their implementation in many potential applications. Some of those are:
i) lack of proper substrates — devices grown on standard GaN substrates suffer from large band-to-band light
absorption, ii) lattice mismatch between AlGaN claddings and GaN substrates — significant strain leads to relaxation
through generation of extended defects, and iii) increased degradation rate for short-wavelength LDs.

In this work we focus on novel architecture of UV LDs with GaN quantum well (operating at =360 nm). Instead
of classical LD structure with GaN waveguides and AlGaN claddings (Fig.1a) we used an AlGaN waveguide and
air claddings (Fig. 1b). The structure of LDs is grown by plasma assisted molecular beam epitaxy (PAMBE). The
upper air cladding is created by implementation of the tunnel junction (TJ), which allow for side contact deposition
(outside of laser ridge). The air above mesa acts as upper cladding. The bottom cladding is made from low Al
content porous AlGaN. The proof of concept of LDs with TJ and bottom porous GaN claddings was already
demonstrated for true-blue LDs grown by PAMBE [1-2]. We will discuss the development of low resistance
AlGaN/AIGaN TJ which do not absorb 360 nm UV light as well as electrochemical etching of nanoporous AlGaN
cladding. The simulation of laser diode optical mode confinement, absorption losses for different parameters of TJ
and AlGaN cladding porosification will be shown.
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Ultra-wide bandgap aluminum gallium nitride (AlxGaixN) materials are widely investigated for numerous

applications taking advantage of their direct bandgap going from 3.4 to 6 eV. Despite the lack of bulk substrates,
which remain difficult to find and very expensive, AlxGaixN heterostructures have led to the development of a
broad range of optical and electronic devices [1], in particular regarding ultra-violet (UV) light emitting diodes
(LEDs) grown on sapphire substrates [2]. Indeed, UV LEDs focus a lot of attention due to strategic applications
(e.g. in environment, medical fields). Quasi van der Waals (VDW) epitaxy is attractive due to its potential to
minimize the impact of the lattice-mismatch between the substrate and the heterostructure, as well as the ability to
transfer the structure onto a designated substrate, enabling the creation of devices with innovative functionalities.
Along this view, hexagonal boron nitride (h-BN) has demonstrated effectiveness in the growth of nitride-based
LEDs [3,4].

By using molecular beam epitaxy (MBE), we have first shown the growth of AIN on h-BN [5], AIN being used
as a template for the fabrication of AlxGai-«N heterostructures. Next, we obtained an emission in the deep UV with
the fabrication of strain-induced AlyGai.yN quantum dots [6].

Here, we have studied the growth conditions and characterization of AlGai;xN heterostructures on h-BN
templates. The templates were deposited on sapphire via metal organic vapor phase epitaxy, followed by MBE
grown Alo7GaosN / AIN heterostructures. The structural properties of the layers were investigated by atomic force
microscopy, scanning electron microscopy and X-Ray diffraction measurements. An improvement of the structural
guality was observed as the AIN and Alo7GaosN thicknesses were increased, as well as a significant influence of
the h-BN template thickness. As a next step, Si-doped n-type Alp7GaosN layers were used as templates for the
fabrication of AlosGaosN (nominal composition) QDs based UV LEDs. Surfaces exhibiting RMS roughnesses
around 2-3 nm at the micro-scale were obtained and electroluminescence in the UVC, down to 270 nm, was
obtained at room temperature. The electric characteristics were investigated through current-voltage and
transmission line method measurements, while EL and optical power were also examined, showing different
operation modes as a function of the injected current. This work was supported by ANR funding DOPALGAN
<ANR-22-CE51-0035> and GANEX (ANR-11-LABX-0014).

[1] B. Gil, Physics of Wurtzite Nitrides & Oxides, Springer Series (2014); [2] M. Kneissl et al., Nat. Photonics 13, 233 (2019);

[3] Shin, J., et al., Nature 614, 81-87 (2023); [4] S. Sundaram et al., Journal of Crystal Growth 507, 352, (2019); [5] A. Zaiter,
et al., Materials 15, 8602 (2022); [6] A. Zaiter, et al., Nanomaterials 13, 2404 (2023).
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Fig. 1: (left) Atomic force microscopy image (2 x 2 um?) of an MBE Alo7Gao 3N layer grown on h-BN and (right) a reflection

high energy electron diffraction photograph of the same layer at the end of the growth showing a streaky pattern.
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Fig. 2: (left) Schematic of the ultra-violet (UV) LED structure with five planes of Alp3Gao7N (hominal composition) quantum

dots and (right) electroluminescence (EL) spectrum of an LED device (310 x 310 um?) showing an emission in the deep UV

, centered at 267 nm.
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13: Harnessing Redox Epitaxy for Tailored Functionalities at
Oxide Heterointerfaces

Martina Miller
Universitat Konstanz, Fachbereich Physik, Germany martina.mueller@uni-konstanz.de

The tunability of the oxygen content in complex oxides and heterostructures has emerged as a key to designing
their physical functionalities. Controlling the interface reactivity by redox reactions provides a powerful means to
deliberately set distinct oxide phases and emerging properties — down to the monolayer limit. With regard to
metal-oxide growth, the importance of the choice of oxide substrate materials has typically been downplayed with
regard to reduction-oxidation reactions. Only lately, the huge potential of this determining factor was received for
the design of oxide functionalities via interfacial oxide exchange, such as magnetic oxides. This way, we have
accomplished to i) realize the growth metastable oxide phases [1,2], to ii) control reversibly phase transitions of
multivalent Fe oxides [3] and iii) tailor 2D electronic and hole states at oxide heterointerfaces [4]. The emerging
properties are uncovered by the unique capabilities of photoelectron spectroscopy using hard X-rays to access
bulk and interface properties in an element selective way.

Here we will consider two examples. First, by exploiting the active oxygen supply of the substrate material
without the need for external oxygen dosing, high-quality, crystalline ultrathin films of the Heisenberg
ferromagnet europium monoxide (EuO) can be stabilized on YSZ (001). This socalled redox-assisted growth
mode (or, vice versa, the extreme case of a distillation growth) was monitored from end to end by in situ X-ray
photoelectron emission spectroscopy and electron diffraction techniques. The evolution of Eu 3d core levels
allows us to disentangle the processes of interfacial oxygen diffusion and vacancy formation in stabilizing the
very first monolayers of EuO on YSZ (001). An convenient background correction analysis is presented, which
allows us to quantify the critical Eu3+/Eu2+ ratio in the ultrathin film regime. We concluded on the key
mechanisms of redox-assisted EuO/YSZ (001) thin film synthesis, which merge in a universal three-process
growth model (see Fig. 1) that may serve as guideline for redox-assisted synthesis of metastable lowdimensional
oxides.

Second, we provide evidence for individually emerging hole- and electron-type 2D band dispersions at Fe-SrTiOs;
heterostructures [4]. The emergence of p- or n-type bands is closely linked to the Fe oxidation state which enables
the possibility to tune the interface properties to set or even switch between negatively (n) charged electrons or
positively (p) charged holes. One of the main processes that controls the interface properties is the oxygen exchange
between the film and the substrate.

Using an UHV-MBE system, we grow high-quality ultrathin TM (e.g. Fe, Co) oxide films on SrTiOs substrates by
systematically varying the growth parameters, e.g. (i) growth temperature, (ii) substrate annealing, and (iii) metal
film thickness. The present work discusses the effect of different growth parameters on the interfacial properties
like oxygen vacancies, the oxidation state of the redox-formed TM oxide as well as the concentration of defects in
SrTiOs, which strongly influences the valence band alignment between electron and hole band bending. In this way,
we can effectively control the properties of the 2D interface to ultimately add ferroic functionalities to these
confined electronic states. In summary, exploiting the tunability of the oxygen content in the materials and
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understanding interface formation are versatile strategies in designing new functional properties through controlled
interfacial oxygen exchange.

References
[1] Patrick Lomker and Martina Muller, Redox-controlled epitaxy and magnetism of oxide interfaces, Physical Review

Materials 3, 061401(R) (2019)

[2] Paul Rosenberger and Martina Mller, Europium Oxide: Growth guide for the first monolayers on oxidic substrates,
Physical Review Materials 6, 044404 (2022)

[3] Martina Miiller, Patrick Lémker, Paul Rosenberger, Mai Hussein Hamed, David N. Mueller, Ronja A. Heinen, T.
Szyjka and Lutz Baumgarten, Hard X-ray photoelectron spectroscopy of tunable oxide interfaces, Journal of Vacuum Science
and Technology A, 40, 013215 (2022)

[4] Pia Maria Diring, Paul Rosenberger, Lutz Baumgarten, Fatima Alarab, Frank Lechermann, Vladimir N. Strocov, and
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Fig. 1: Sketch of the three-process growth model for EuO/YSZ (001). While mainly hidden under (a) classical
distillation conditions the individual processes are best observable under (b) extreme distillation conditions, i.e., the
absence of externally supplied oxygen gas. (c) In process 1, a first oxygen-rich layer forms, which (d) acts as diffusion
barrier and reduces the oxygen flux from the substrate towards the film surface, resulting in a selflimitation of the
growth to a maximum EuO film thickness of about d max ~ 3 nm. (e) Finally, an Eu-redox process is part of the growth
process whenever the supply of Eu metal is larger than the oxygen supply at the surface (either as O2 gas or by diffusion).

Taken from Ref [1].

35



S3.1: k-Ga:0s thin films and related heterostructures grown by Suboxide-MBE and
conventional MBE
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Bremen, MAPEX Center for Materials and Processes, Bremen, Germany 2 Max Planck Institute
for solid state research, Stuttgart, Germany

*karg@uni-bremen.de

The wide-bandgap semiconductor Ga20s is considered a promising material for high-power electronic devices,
benefiting essentially from its large bandgap and the associated high breakdown field strength. The five polymorphs
of Ga»0:s also exhibit unique material properties M. Widely investigated is the thermodynamically stable monoclinic
B-Ga20s, from which bulk substrates are commercially available 12, and precise n-type doping that enables high
carrier mobilities has been established . However, the primary focus of this contribution is on the metastable
orthorhombic k-Ga20s. Due to its crystal structure, it is assumed to possess a spontaneous polarization along the c-
axis, which makes the realization of high sheet carrier densities at heterointerfaces feasible ©I.

In this study we focus on two key aspects of k-Ga.0s growth, the stabilization of the metastable polymorph and
the realization of heterostructures. Here, we initially demonstrate the growth of the Ophase and discuss the phase
stabilization and the growth process using suboxide-MBE (S-MBE) as a novel MBE technigue and conventional
MBE (C-MBE), both combined with the use of the known additive tin 5¢1. The growth regimes in which a phase
transformation from B-Ga.0s to k-Ga.0s occurs are identified and characteristics of the obtained layers are
compared.

Additionally, we focus on the growth of Ga.Os-based heterostructures using both growth techniques (S-MBE
and C-MBE). The study examines the combination of different polymorphs in superlattice heterostructures,
specifically B-Ga20s/k-Ga20s. This provides through scanning transmission electron microscopy insights into the
atomic arrangement of both polymorphs at the interfaces. Furthermore, kGa.0s/x-(Al,In,Ga).Os heterostructures
are studied and the strain state in k-Ga.0s/x-InGaO/k-AlGaO heterostructures is investigated "1, since fully strained
structures are promising candidates for the realization of carrier accumulation at heterointerfaces.

[1] Roy et al., J.Am.Chem.Soc. 74, 719-722 (1952)

[2] Galazka et al., Cryst. Res. Technol. 45, 1229-1236 (2010)
[3] Maccioni et al., Appl. Phys. Express 9, 041102 (2016)
[4] Kang et al., J. Phys. Condens. Matter 29, 234001 (2017)
[5] Vogt et al., U.S. Patent No. 11,462,402 (2022)

[6] Karg et al., J. Appl. Phys. 132, 195304 (2022)

[7] Karg et al., APL Mater. 11, 091114 (2023)
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Fig. 1: a) Ga,O3 growth rate as a function of gallium suboxide (Ga20O) flux. For both series grown at different plasma settings,
the adsorption-controlled regime with a constant growth rate is reached, indicating the single-step growth mechanism of O-
Ga,03; when using S-MBE. b) XRD spectra of the series grown at 150 W and 0.5 sccm  revealing the phase transition from O-

to 0-Ga03 when increasing the GaO flux.
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Fig. 1: a) STEM images of a k-Ga20s/x-(In,Ga).0s/x-(Al,Ga)203 heterostructure, showing a sharp distinct transition between
the k-(In,Ga).03 and «-(Al,Ga),0s layer. b) The corresponding reciprocal space map of the heterostructure displayed in a)

indicates the pseudomorphic growth throughout the layer sequence 1.
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S3.2: Elevated cryogenic permittivity of epitaxial SrTiOs films on silicon by stoichiometry and
thickness control
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3. Department of Information Technology (INTEC), Photonics Research Group, Ghent University, B-9052 Ghent, Belgium 4.
Department of Electrical Engineering (ESAT), KU Leuven, B-3001 Leuven, Belgium

Strontium titanate (SrTiOs, STO) stands out as a promising material for various electronic applications thanks to
its exceptional dielectric properties. Its intrinsic parameters allow a direct growth on silicon, it shows nonlinear
optical behaviour and importantly, its bulk dielectric permittivity of several hundred at room temperature is very
high and increases further to ~10* at cryogenic temperatures thanks to its quantum paraelectric behaviour [1].

Molecular beam epitaxy (MBE) is one of the few techniques which allows epitaxial growth of STO directly on
industry-relevant Si substrates. The large lattice mismatch between STO and Si (-39.1%) can be reduced
tremendously to only few percents when the STO lattice rotates 45° with respect to Si, i.e., (001) [100]sto// (001)
[110]si, allowing direct heteroepitaxy [2]. However, maintaining precise stoichiometry and high crystalline quality
in this process remains a significant challenge. Establishing this is essential to obtain STO with bulk-like dielectric
properties and to minimize leakage current and optical absorbance. In this study, the importance of cationic
stoichiometry and the effect of thickness are investigated for STO thin films epitaxially grown on (001)-oriented
silicon substrates.

During epitaxy, the Sr molecular beam is gradually disturbed by the high oxygen environment generally conduct
to a Ti-rich STO layer. We employed real-time reflection high-energy electron diffraction (RHEED) as a feedback
loop mechanism to counteract Sr source oxidation and maintain a constant flux. Additionally, high-temperature
post-growth annealing treatments in O, were investigated to promote layer relaxation and reduce oxygen vacancy
concentration, thereby improving the physical, electrical, and optical properties of stoichiometric STO. As a result,
high-quality STO thin films exceeding 100 nm were successfully fabricated featuring a bulk-like out-of-plane
lattice parameter and refractive index, as well as rocking curve full width at half maximum (FWHM) below 0.2°,
smooth surface (Rq < 0.2 nm) and a leakage current density below 1E-7 A/cm? [3].

This epitaxy process for MBE growth of high-quality thick STO layers on silicon (001)-oriented substrates is
essential for optimizing dielectric properties, such as the dielectric permittivity. By establishing a correlation
between cationic stoichiometry, crystallinity, and STO thickness, we achieve significant enhancement of the
effective permittivity at cryogenic temperatures, reaching value of over 2,500 for our stoichiometric 105 nm STO
film. To our knowledge, this is the highest reported permittivity for STO thin films on silicon. This study paves the
way for using STO thin films as active materials in advanced devices for various applications, including energy
storage and quantum information technology.

References:

[1] Miiller, K., Burkard, H., “SrTiOs: An intrinsic quantum paraelectric below 4K,” Phys. Rev. B, (1979), 19, 3593—
3602.
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S3.3: Strong optical anisotropy in epitaxial SrO(SrTiOs)n Ruddlesden—Popper
thin layers
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2 C2N-UMR9001/CNRS Université Paris-Saclay, Palaiseau (France)
*guillaume.saint-girons@ec-lyon.fr

Optical anisotropy is at the hearth of many essential optical devices raging from phase-matching elements or
modulators! to more exotic devices exploiting unconventional optical modes,2 with potential applications ranging
from sensors, displays and medicine to non-linear and quantum optics.3 Device fabrication requires anisotropic
materials to be integrated compactly, in the form of thin films, with silicon based photonic circuits. Flexibility in
controlling anisotropy is also required for device design. So-called optical metamaterials based on
planar/multilayer nanostructuration enable strong birefringence and significant flexibility for permittivity
engineering, but generally their morphology complicates their integration into devices.* Intrinsically anisotropic
homogeneous materials are quite few in number, present a fixed anisotropy that cannot be engineered, are barely
available in the form of thin films, and their elaboration processes are not compatible with the constraints of the
photonics industry.> A homogeneous material exhibiting strong and controllable optical anisotropy, compactedly
integrable as thin-film in silicon photonic platforms, is therefore still lacking.

In this contribution we will show that SrTiO; (STO) based Ruddlesden-Popper thin layers (noted STORPy, general
formula Srn+1TinOsn+1), grown by molecular beam epitaxy by inserting an extra SrO plane every N STO unit cells
in the STO lattice, present a strong optical anisotropy, higher than the highest values reported in the literature in
the UV and visible ranges. In contrast to known highly anisotropic materials, STO-RPy anisotropy can be
controlled by changing the STO-RPy order N, which leverages flexibility to optimize the material properties
depending on the targeted functionality/device design. STO-RPy thin layers combines the advantages of optical
metamaterials in terms of engineering flexibility with the integrability of homogeneous anisotropic materials,
bridging the gap between both approaches. They can be epitaxially grown on Si and GaAs platforms thanks STO
templates.® by using industry-standard growth processes. This collection of unique properties confers on these
materials considerable interest for the design of novel integrated optical devices.

[1] L.H. Nicholls et al., Nat. Photonics 11 628, (2017)

[2] O. Takayama et al., Nature Nanotechnology 9, 419 (2014)
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[4] J.D. Caldwell et al., Nanophotonics 4, 44 (2015)

[5] H. Meietal., Adv. Mater. 35, 2303588 (2023)
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40



nu/ ki

ne/ky

___n/kSTO

35

30

25

g

20

25
20

1.0
0.5

0.0

35

0.0

300 400 500 600

700 300 400 500 600

700 300

400

500 600 700 300 400

Wavelength (nm)

500 600 700 300

400 500

600

700

Fig. 1: Refractive indices and extinction coefficients for the five STO -RPy samples, compared to that of STO.

STO-RPs

STO-RPs

STO-RP;

STO-RP:

STO-RP4

25

20

1.5

1.0
0.5

’3

LR

’
LY ~,

o’

e |

’
LY

0.0
25

20
1.5
1.0
0.5

300 350 400 450 300 350 400 450 300 350

Wavelength (nm)

400 450 300

0.0

Van der Waals
crystals
Ta,NiSg
~———o-MoO,

MoS,
~———h-BN

Quasi-1D
chalcogenides

Fig. 2: Birefringence of the STO-RPy layers (pink) compared to that of materials with the highest anistropy in the UV -visible

spectral range : van der Waals crystals Ta2NiSs, 0-MoQO3, MoS; and h-BN and quasi-1D chalcogenides BaTiSs and SrgsTiSs.

41



42



Invited talk : 23min + 7min questions

Oral : 15min + 5min questions

Tuesday, 11.03

08:00

Registration

Invited talk 14: Group-IV epitaxy at ultra-low temperatures for optoelectronic and quantum photonic
applications, Moritz Brehm, Institute of Semiconductor and Solid State Physics, Johannes Kepler University Linz,
Austria

S4.1: Direct MBE growth of GaSh on Ge, Ge-on-Si and Ge-on-SiGe-on-Si platforms for integrated mid-
infrared photonics, Milan Silvestre, IES, University of Montpellier, CNRS, F — 34000 Montpellier, France

S4.2: MBE-grown Ge-rich nanosheets on silicon-on-insulator as a planar platform for nanoelectronic
devices, Moritz Brehm, Institute of Semiconductor and Solid State Physics, Johannes Kepler University Linz, Austria
$4.3: Tunable GaAsxP1-x Quantum-Dot Emission in Wurtzite GaP Nanowires, Paolo De Vincenzi, Department
of Physics, Sapienza University of Rome, P.le A. Moro 5, 1-00185 Rome, Italy

S4.4: Design and growth of GaAsBi and InGaAs based Vertical-External-Cavity Surface-Emitting-Lasers
Andrea Zelioli,

10:20

break

Invited talk 15: Ultra-Thin Semiconductors: From Epitaxy to Band Engineering and UV Photon Sensing,
Amalia Patané, School of Physics and Astronomy University of Nottingham, Nottingham NG7 2RD, UK

S5.1: Epitaxial 2D HfSe2 Semiconductor/TaSe2 Metal van der Waals Heterostructure, Corentin Sthioul, Univ.
Lille, CNRS, Centrale Lille, Univ. Polytechnique Hauts-de-France, Junia-ISEN, UMR 8520 - IEMN, Lille, France

S5.2: Multi-particle Excitonic Systemsin WSe2 Grown on hBN by Molecular Beam Epitaxy, Julia Kucharek,
Institute of Experimental Physics, Faculty of Physics, University of Warsaw, 02-093 Warsaw, Poland

S5.3: Optically active indium selenide crystal phase heterostructures grown by molecular beam epitaxy
Piotr Wojnar, Institute of Physics, Polish Academy of Sciences, Warsaw, Poland

S5.4: High-temperature MBE of hBN for Deep-ultraviolet, Single-photon Emitters and Lateral
Heterostructures, Sergei V. Nowvikov, School of Physics and Astronomy, Univ. of Nottingham, Nottingham, UK

12:30

Lunch Boxes

16:00

Poster session 1

Invited talk 16: IlI-Nitrides NWs based ULEDs: a solution for AR display technology, Benoit Amstatt, ALEDIA,
Rue des Laviéres ZAC Saut du Moine 38800 Champagnier

S6.1: Emerging Growth Opportunities for GaN Using Molecular Beam Epitaxy
(MBE): From Research to Production, Samuel Matta, RIBER SA, 31 Rue Casimir Périer 95873 Bezons France

S6.2: GaN Power HEMT with Breakdown Voltage >800 V Grown by MBE, Eason Liao, MASSPHOTON
LIMITED, Hong Kong SAR

18:40

19:30

Debate & Cocktail-buffet "Why and how could be achieved MBE at lower economical costs?"

43



14: Group-1V epitaxy at ultra-low temperatures for optoelectronic and
guantum photonic applications

M. Karaman,! J. Aberl,! J. Marbock,! E. P. Navarrete,! D. Haya Enriquez,* C. Wilflingseder,*
A. Salomon,! T. Fromherz,! M. Brehm®*
! Institute of Semiconductor and Solid State Physics, Johannes
Kepler University Linz, Austria

*E-mail : moritz.brehm@jku.at

For homo- and heteroepitaxy of group-IV materials like Si and Ge, ultra-low temperature (ULT) growth, (100°C
and 350°C), is the key to extending the material properties beyond the state-of-the-art. We highlight that MBE is
the suitable choice for ULT growth and stress that the chamber conditions during the growth need to be excellent
to limit detrimental point defect formation during epitaxy [1-6].

First, we show that ULT growth can lead to unattainable layer structures for the strained (Si)Ge/Si(001) system.
While Ge has successfully entered Si technology, due to the inherent lattice mismatch, high-crystalline and flat
SiGe/Si epitaxial layers of a sufficient thickness could only be grown for relatively low Ge concentration (<40%).
In turn, planar Ge-rich heterolayers on SOI can be essential for efficient integration and reliable addressing of
novel devices [1]. ULT growth can lead to layer that are significantly thicker than their equilibrium thickness [2].
These can be used to demonstrate double heterostructure light-emitting diodes emitting at room temperature and
above in the telecom band [3].

Second, we use ULT Si homoepitaxy to obtain Si-color centers within thin carbon-doped Si layers. Such Si
telecom emitting color centers, normally generated through ion implantation, can be envisioned as scalable
deterministic group-1V-based quantum light sources. However, the resulting ion implantation profiles are broad
and lead to a decisive lack of control over the vertical emitter position. This drawback can significantly degrade
the coupling efficiency to photonic structures such as resonators or waveguides, and no two SiCC emitters will be
located vertically at the same position below the substrate surface. The here presented all-epitaxial approach for
fabricating variable SiCCs departs entirely from ion implantation and enables us to restrict the formation of SiCCs
to a specific epilayer and control their vertical position in a structure even with sub-nm precision [4,5]. Thereby,
the emitter density can be conveniently controlled via the C doping concentration and the Si:C layer thickness [4].
Furthermore, we show the first results for electrically-pumped self-assembled SiCCs by integrating the Si:C
nanolayers into ULT-grown p-i-n light-emitting diodes [5].
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platforms for integrated mid-infrared photonics
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Monolithically integrated mid-infrared (MIR) photonics is of major interest for free-space
communications, bio-sensing, etc. While Si is transparent up to ~7 um, longer MIR wavelengths require other
materials [1]. Ge being transparent up to ~15um, a variety of photonic integrated circuits (PICs) covering a broad
wavelength range from the near-IR to the MIR has recently been developed based on Ge-on-Si and Ge-on-SiGe-
on-Si waveguides with various Ge contents and composition profiles [2]. The epitaxial growth of MIR lasers on
these PICs is now the missing brick to develop fully integrated active devices.

In this work, we studied the MBE growth of GaSh-based materials on various Ge-based templates grown
on silicon wafers by low energy plasma enhanced CVD [3]. Similar to the growth of 111-Vs on Si, the main issue is
removing anti-phase domains (APDs) delineated by anti-phase boundaries (APBs), a defect detrimental to devices
because they create short circuits in lasers [4].

As a preliminary step, we first investigated the growth of GaSb layers on (001) Ge substrates. We will
show that the APD burying mechanism previously established for GaSh-on-Si growth, which relies on the substrate
surface organization and step-flow growth of GaSb [5], also operates during growth on Ge substrates, but only
when they are prepared by UHV annealing in a narrow temperature window.

Next, we studied the growth of GaSb on Ge-on-Si and on Ge-on-SiGe-on-Si relaxed-buffer
layers with various Ge-composition profiles. In this case, the cross-hatch pattern on the template surfaces (Fig. 1 c)
) prevents the proper surface organization prior growth for on axis (001) substrates. However, this effect can be
alleviated by using slightly miscut (1°) substrates. By carefully adjusting the surface preparation and GaSb growth
conditions, APB-free GaSh layers with a roughness rms as low as 1.0 nm can then be achieved on these templates
(Fig. 1 b) ). Such layers can be used for the direct growth of I11-V lasers on germanium-based photonic platforms,
and represent a further step in the development of integrated MIR photonics.

Part of this work was sponsored by “France 2030” (Equipex EXTRA, ANR-11-EQPX-0016, Equipex+ HYBAT, ANR-21-
ESRE-0026) and the Horizon Europe program (project UNISON, #101128598).

[1] R. Soref, Nat. Photonics 4, 495 (2010), 10.1038/nphoton.2010.171 .

[2] D. Marris-Morini, Nanophotonics 7(11), 1781 (2018), 10.1515/nanoph-2018-0113 .
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Fig. 1: AFM images of a) 4 um of Ge template grown on Si with 1° offcut, before GaSh growth. A faint crosshatch is visible.
b) Surface after the growth of 500 nm of GaSb on template a). The surface is APB-free. c) Surface of 1 um Ge gown on graded
SiGe buffer on Si with 1° offcut, before GaSbh growth. Surface roughness is due to cross-hatch patterns. d) Surface after the
growth of 500 nm of GaSb on template c).
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Heteroepitaxial layers comprising crystalline stacks of Group-1V alloys, predominantly SiGe, have been employed
to enhance the operational efficiency of Si-based devices [1]. However, achieving defect-free pseudomorphic
(Si)Ge layers on Si(001) substrates with high Ge compositions (x = 50%) poses significant challenges due to strain-
induced relaxation beyond a layer thickness of a few monolayers [2].

This study explores molecular beam epitaxy (MBE) growth at ultra-low temperatures (ULT),
ranging from 100°C to 350°C, departing from conventional epitaxy temperatures >500°C. Reduced surface kinetics
in ULT conditions leads to notable layer supersaturation, allowing for the growth of thicker pseudomorphic layers
than previously achieved [3]. We show that maintaining pristine growth pressures at the lower end of the ultra-
high-vacuum range (<3-10°2° mbar) is crucial to minimizing impurities and preserving superior electrical and optical
properties of the heterostructures. This is particularly true during ULT growth, where a limited thermal budget
hampers efficient gas desorption.

Here, we show that combinig ULT and excellent growth pressures enables the fabrication of
high-quality, fully strained, defect-free (Si)Ge epitaxial layers directly grown on Si and silicon-oninsulator (SOI)
substrates. These layers exhibit remarkable structural qualities, as confirmed by Atomic Force Microscopy (AFM),
X-ray diffraction (XRD) and transmission electron microscopy (TEM) experiments [3]. Furthermore, these
nanosheets serve as a scalable platform for advanced multifunctional SiGe and Ge-based transistors such as
reconfigurable field-effect transistors, capable of runtime switching between n-type and p-type operation,
exhibiting outstanding performance for adaptive electronics [4], [5]. For these devices, high-resolution TEM
reveals sharp and reproducible interfaces with single-element crystalline Al contacts formed through a thermally
induced Al-Sii.xGex exchange reaction [6]. The precisely chosen (Si)Ge channel stoichiometry and abrupt interfaces
contribute to exceptional symmetric I-V operability in RFET devices, as observed in their transfer characteristics
[4].

References
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S4.3: Tunable GaAsxP1x Quantum-Dot Emission in Wurtzite GaP Nanowires
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Quantum light emitters can be realized by employing semiconductor quantum-dots (QD) for advanced quantum
optics and nanophotonic applications. Tunable Gallium Arsenide Phosphide (GaAsxP1-x) QD in nanowires (NWS5)
with emission in VIS-NIR wavelength range have a strong technological potential. Here, we synthesized crystal-
pure wurtzite Gallium Phosphide (GaP) nanowires (NWSs), incorporating single GaAsxPi1x QDs of various As
content with a great degree of control over the shape and composition of the ternary alloy QD. A well-defined
confinement of the QD and the tunability of the emission wavelength are confirmed by low-temperature micro-
photoluminescence (,-PL) spectroscopy showing that the QD NW emission is dominated by a narrow peak whose
energy shifts according to the As content of the QD: from 650 nm (As = 70%) to ~720 nm (As = 90%) (see Fig.
1). Moreover, a localized and efficient carrier recombination mechanism is found by single-NW ,-PL mapping,
confirming that this emission arises from the QD. Finally, a power and temperature dependent ,-PL study is
performed to characterize the QD excitonic properties and to identify the origins and the nature of the involved
energy levels [1].

Acknowledgments This work has been funded by the PRIN Project 20223WZ245 (“Growth and optical studies of
tunable QDs and superlattices in semiconductor nanowires”), supported by the Next Generation EU program in the
context of the PNRR Italian plan, mission 4 “education and research”. It has also been funded by the European
Union (ERC starting grant, NANOWHYR, 101042349).
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Fig.1 Scanning and transmission electron microscopy images (left side panels) and low-temperature u-PL spectra (right

side panel) of GaAsxP1x QD NWs with As = 70% and As = 90%.
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Vertical-External-Cavity Surface-Emitting Lasers (VECSELS) have emerged as a versatile alternative to
traditional Vertical-Cavity Surface-Emitting Lasers (VCSELS) by replacing the top Distributed Bragg Reflector
(DBR) with an external coupler, enabling efficient optical pumping and cavity access. This design offers higher
output power potential, constrained primarily by thermal management challenges [1, 2].

In this work, two VECSEL chips were fabricated, targeting emission wavelengths of 976 nm and 1070 nm. The
976 nm VECSEL employed InGaAs multiple quantum wells (MQW) in the gain region, while the 1070 nm
VECSEL utilized GaAsBi MQW. Incorporation of Bi in the GaAs lattice reduces the bandgap faster than In. This
also improves bandgap temperature stability, and increases the spin-orbit split-off energy, mitigating non-radiative
Auger recombination, and making GaAsBi an attractive material for long-wavelength optoelectronic devices.

Both MQW structures were grown via solid-source Molecular Beam Epitaxy (MBE) using a Veeco GENxplor
system. The DBR, comprised 30 AlAs/GaAs periods, was designed to centre the MQW emission within the
photonic stopband. A gain region with 12 QWs and alternating barrier thicknesses, shown in Figure 1, was adopted
to reduce the chip total thickness and improve thermal management. The thicknesses of the barrier were calculated
to align the antinodes of the lasing standing wave with the position of the QWs allowing for coupling of enhancing
emission.

In the InGaAs based chip the thickness of the QW was 5.7 nm with an indium content of 20% and barrier of 7
nm. The pairs of QWs were separated by 98 nm thick-barrier. While in the gain region based on GaAsBi the QW
thickness was 5.5 nm with a bismuth content of around 8% and alternating barrier thicknesses of 7 nm and 150
nm.

Lasing was successfully demonstrated from the InGaAs/GaAs MQW VECSEL at 976 nm, with emission
from a 500 um diameter region. The lasing from the GaAsBi/GaAs MQW VECSEL was observed at 1070 nm,
marking the first reported instance of lasing from a GaAsBi based VECSEL.

Lasing characteristics of bismide VECSEL presented in the Figure 2.
This research was funded by the Research Council of Lithuania (LMTLT), agreement No. [S-LT-TW-24-8].
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I5: Ultra-Thin Semiconductors: From Epitaxy to Band Engineering and UV
Photon Sensing

Amalia Patane
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amalia.patane@nottingham.ac.uk

Two-dimensional semiconductors can drive advances in fundamental science and advanced technologies. However,
they should be free of any contamination; also, the crystallographic ordering and coupling of adjacent layers, and
their electronic properties should be wellcontrolled, tuneable and scalable. Here, these challenges are addressed by
a new approach, which combines molecular beam epitaxy and in-situ band engineering in ultra-high vacuum of
semiconducting gallium selenide (GaSe) on different platforms [1-2], including graphene to form a heterostructure
referred to as 2semgraphene.

In-situ studies by electron diffraction, scanning probe microscopy and angle-resolved photoelectron spectroscopy
reveal that atomically-thin layers of GaSe align in the layer plane with the underlying lattice of graphene. The
GaSe/graphene heterostructure features a centrosymmetric polymorph of GaSe, a band structure tuneable by the
layer thickness, and a charge dipole at the GaSe/graphene interface. Both as-grown and defective GaSe layers are
remarkably resilient to oxidation at room temperature. However, a high-temperature annealing of the grown layers
in an O-rich environment can promote the chemical transformation and full conversion of GaSe into the crystalline
oxide Ga;0s [3]. These features are scalable, as demonstrated experimentally and modelled by density functional
theory. The newly-developed 2semgraphene is used to demonstrate ultrathin optical sensors that exploit the
photoactive GaSe and the sensitivity of its interface with the graphene channel to photogenerated carriers. Versatile
functionalities are demonstrated in GaSe- and oxide-based photon sensors, ranging from electrical insulation to
unfiltered deep ultraviolet (UV) optoelectronics [4], unlocking the technological potential of GaSe and its
crystalline oxide for a myriad of potential applications.

[1] Shiffa et al. Small 20, 2305865 (2024)

[2] Bradford et al. Small 20, 2404809 (2024)

[3] Cottam et al. ACS Applied Nano Materials 7 (15), 17553 (2024)
[4] Cottam et al. ACS Photonics (2025)
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The formation of low resistance electrical contacts on 2D semiconductors remains a challenge and is one of the
bottlenecks for their application in devices. Although some successful attempts have been reported [1], the standard
contact fabrication by metal deposition often induces defects and damages to the 2D materials, which degrade their
intrinsic properties. One way to circumvent that relies on the use of a metallic 2D material allowing a van der Waals
interface with the 2D semiconductor. In this work, we focus on such a system involving a metallic (TaSe;) and a
semiconducting (HfSe,) transition metal dichalcogenide (TMD). HfSe;, seems promising due do its predicted high
carrier mobility [2] whereas TaSe. clearly exhibits a metallic character in its 2H phase [3]. Interestingly, a high
work function has been reported for both materials and make their association appealing for contact realization [4].
We first optimize the growth of TaSe; and HfSe, layers on Se-terminated GaP(111)g substrates. The layers are
prepared by MBE under excess Se with a typical growth rate in the 3-4 ML/h range. HfSe; crystallizes in the 1T
phase whose structural quality is rather independent on the growth temperature within the explored range (250-
500°C). By contrast, multilayers TaSe, mostly exhibit the 3R and 2H polytypes with an improvement of the film
crystallinity with increasing growth temperature and the layers grown between 250°C and 500°C have a resistivity
comparable to those reported for bulk TaSe,. In both cases, diffraction techniques clearly evidence the epitaxial
relationships between the GaP substrate and the TMD layer. These latter are preserved during the growth of the
HfSe./TaSe; heterostructure (Fig. 1) and the respective polytypes of each material are clearly identified in the
stacking using scanning transmission electron microscopy (Fig. 2). Finally, photoelectron spectroscopy
measurements show a n-type doping in HfSe; and a small work-function mismatch with TaSe; (Fig. 3).

The authors acknowledge the financial support from the Tunne2D (ANR-21-CE24-0030) and ADICT (ANR-22-
PEEL-0011) projects, as well as the French technological network RENATECH.
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[2] W. Zhang et al., Nano Research 7, 1731 (2014)
[3] F. J. Di Salvo et al., Physical Review B 14(4), 1543 (1976).
[4] D. Tsoutsou et al., ACS Appl. Mater. Interfaces 8, 1836—1841 (2016)
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Fig. 1: In-plane grazing incidence X-ray
diffraction pattern of a TaSe,/HfSe./GaP
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Fig. 2: Scanning transmission electron
microscopy of a TaSe2/HfSe2/GaP
heterostructure.
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Fig. 3: Band alignments in a TaSe2/HfSe2
heterostructure grown on n-type GaP
substrates, as derived from X-ray and ultra-
violet electron spectroscopy measurements.
The GaP electron affinity and band gap
energies are from the literature [5,6].
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S5.2: Multi-particle Excitonic Systems in WSe> Grown on hBN by
Molecular Beam Epitaxy

J. Kucharek!”, M. Raczynski', R. Bozek?, A. Kaleta?, B. Kurowska?, M. Bilska?, S. Kret?, T.
Taniguchi®, K. Watanabe®, P. Kossacki®, M. Goryca!, W. Pacuski!

T Institute of Experimental Physics, Faculty of Physics, University of Warsaw,
02-093 Warsaw, Poland
2 National Institute for Materials Science, Tsukuba 305-0047, Ibaraki, Japan * Institute
of Physics, Polish Academy of Sciences, 02-668 Warsaw, Poland

Monolayer transition-metal dichalcogenides (TMDs) exhibit exceptional optical properties useful for
optoelectronic applications. However, for industrial use, large-scale homogeneity optical response is needed. To
address this demand we utilize molecular beam epitaxy (MBE). In our previous works, we have achieved super-
high quality of MBE grown MoSe; on hexagonal boron nitride (hBN) [1] and then we have mixed it with Mn ions
and showed that it can lead to the induction of 1T’ phase of this material [2]. Here, we report on the WSe, grown
on hBN by MBE, demonstrating high structural and optical quality on a large-scale. For the first time, multi-particle
excitonic systems can be observed in WSe, samples fabricated in a bottom-up approach. Monolayers of WSe, were
grown by MBE on exfoliated hBN flakes that are the best substrate known for TMDs growth. Because of its
atomically smooth surface, lack of dangling bonds and uncompensated charges, hBN substrates allows to grow the
highest quality monolayers both in terms of optical and structural properties. Before TMD growth, hBN flakes
were exfoliated from bulk and deposited on a Si substrate with polycrystalline SiO; buffer. Growth has been
realised in very easy, two - step process: first deposition at relatively low temperature (300 °C) and then annealing
at a high temperature (800 °C) under a high Se flux. WSe, was investigated by atomic force microscopy and
transmission electron microscopy in crosssection to verify their structural properties. Both techniques confirm that
most of the TMD material is observed in the form of one monolayer thin flakes, that covers ~50% of the substrate
surface. Both techniques confirm hexagonal structure of the material as well as high crystalline quality. We have
used room and low temperature photoluminescence measurements to study optical properties of monolayers. WSe;
features narrow and resolved spectral lines of neutral and charged exciton as well as wide range of localised
excitons present in energies lower that charged exciton. Material exhibits high homogeneity of optical properties
within micrometres squared. This is the first MBE grown WSe; exhibiting such a high resolution of spectral lines.

[1] Narrow excitonic lines and large-scale homogeneity of transition metal dichalcogenide monolayer grown by
molecular beam epitaxy on hexagonal boron nitride, W. Pacuski, M. Grzeszczyk, K. Nogajewski, A. Bogucki, K. Oreszczuk,
J. Kucharek, K.E. Potczynska, B. Seredynski, A. Rodek, R. Bozek, T. Taniguchi, K. Watanabe, S. Kret, J. Sadowski, T.
Kazimierczuk, M. Potemski, P. Kossacki, Nano Letters 20, 3058 (2020).

[2] Molecular Beam Epitaxy Growth of Transition Metal Dichalcogenide (Mo,Mn)Se, on 2D, 3D and polycrystalline
substrates, J. Kucharek, R. Bozek, W. Pacuski, Materials Science in Semiconductor Processing 163, 107550 (2023)
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S5.3: Optically active indium selenide crystal phase heterostructures grown by
molecular beam epitaxy
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Indium selenide attracts the great interest due to its outstanding electronic and photonic properties, such as the
excellent photo-responsivity, good electron mobility, robust room temperature ferroelectricity, high Seebeck
coefficient and the large band gap tunability depending on the thickness. One of the challenges of fabrication
indium selenide is the complexity of its phase diagram. Most of indium selenide crystalline phases belong to the
family of two-dimensional (2D) semiconductors which are characterized by strong in-plane covalent bonds and
weak interlayer van der Waals forces. Different crystalline phases of indium selenide may be characterized by a
significantly different value of the band gap, e.g., the band gap of bulk y-In2Se3 amounts to 2.15 eV and that of
bulk y-InSe to 1.32 eV (at cryogenic temperatures).

In this work we report on the crystal phase control of indium selenide thin layers during a molecular beam epitaxy
(MBE) process. It is achieved by changing the growth conditions, such as the growth temperature and the indium
to selenium flux ratio, during the growth. In the case of thin layers grown at 350°C on (111)B-GaAs substrate
keeping indium to selenium flux ratio of 0.2 an almost perfect y-In.Ses crystal phase is obtained. This is confirmed
by a comprehensive study involving X-ray diffraction and low temperatures photoluminescence which reveals a
single emission line at 2.15 eV corresponding well to the bandgap of y-In.Ses. In the next step, the MBE growth is
stopped and the indium to selenium flux ratio risen up to 0.5. After the restart of the growth, indium selenide
changes its crystal phase which is monitored in situ by a distinct change in the reflection of high energy electron
diffraction (RHEED) pattern. This observation is consistent with atomic force microscopy, Figure 1, which reveals
a remarkable change of the surface morphology: triangular shaped structures with the side lengths of the order of
a few um and the height of ~ 1.2 nm are characteristic for the growth with the indium to selenium flux ratio of 0.5,
while rather oblique structures without any sharp edges - for indium selenide growth with indium to selenium flux
ratio of 0.2.

Interestingly, a quite intense optical emission in the near infrared spectral range appears as effect of the growth of
the above described indium selenide crystal phase heterostructures, Figure 2. Moreover, it is found that the
emission energy exhibits a distinct change depending on the average thickness of the second layer, from 1.1 eV
for layers thicker than 20 nm up to 1.2 eV for a layer with the average thickness of 5 nm. This variation is consistent
with the quantum size effect influence on the emission energy of thin layers. Furthermore, the photoluminescence
lines exhibit a distinct blue shift with increasing excitation fluence. Based on the latter effect the observed optical
emission is ascribed to the recombination at the type Il interface between the two crystalline phases. Consistent
with this interpretation is also the fact that the energy of this transition is lower than both: the bandgap of y-InSe
and the bandgap of y-In,Ses. Inhomogeneity of indium selenide thin layers is investigated by spatially resolved
cathodoluminescence revealing changes of max.40 meV of the emission energy depending on the spatial position
of the excitation spot.
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Figure 1 An almost flat surface of an Figure 2 (a) Transmission electron microscopy
indium selenide layer grown at 450°C evidencing the presence of two distinct indium
with In/Se flux ratio of 0.05 revealed by selenide crystalline phases: the y-In2Se3 and y-InSe
atomic force microscopy. Atomic steps on the left and right side of the image, respectively.
with the height of 1.2 nm are visible. (b) Photoluminescence spectrum from y-InSe/y-
Scale bar corresponds to 500nm. In2Se3 heterostructure with the top layer thickness of

17 nm and 60nm, respectively, in blue, compared to
the reference y-In2Se3 layer, in red. Temperature of
the measurement 10K, excitation 405 nm
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S5.4: High-temperature MBE of hBN for Deep-ultraviolet, Single-photon Emitters

and Lateral Heterostructures

T.S. Cheng?, J. Bradford?, C.J. Mellor!, K. Watanabe?, T. Taniguchi?, 1. Aharonovich®, L.F.
Zagonel®, B. Gil°, G. Cassabois®, P.H. Beton' S.V. Novikov'*
1 School of Physics and Astronomy, University of Nottingham, Nottingham, NG7 2RD, UK
2 National Institute for Materials Science, 1-1 Namiki, Tsukuba 305-0044, Japan
3 School of Mathematical and Physical Sciences, University of Technology, Sydney, Australia
4 Institute of Physics, University of Campinas, UNICAMP, Campinas, 13083-859, Brazil
% Laboratoire Charles Coulomb, CNRS-Université de Montpellier, 34095, Montpellier, France

*E-mail: Sergei.Novikov@nottingham.ac.uk

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 (SPESs) 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 will discuss our measurements of 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 can be reproducible
produced in hBN layers by C-doping.

Boron has two naturally occurring stable isotopes and the natural mixture contains B (80.1%) and °B
(19.9%). We will explore HT-MBE of h-BN using isotopically enriched (>98%) boron *°B and B with 6N purity.

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.
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16: 111-Nitrides NWs based uLEDs: a solution for AR display technology

Benoit Amstatt *, Walf Chikhaoui®, Marion Gruart!, lvan-Christophe Robin, Pierre
Tchoulfian?, Pascal Guénard?, Mehdi Daanoune and Philippe Gilet*

IALEDIA, Rue des Laviéres ZAC Saut du
Moine
38800 Champagnier
Benoit. Amstatt@aledia.com

The major challenges of micro-displays for augmented reality (AR) are to find ways of drastically increasing the
amount of lumens provided to the user eyes via an optical system. The projector form factor has to be as small as
possible while keeping the power consumption as low as possible.

Micro-LED micro-displays can potentially meet those requirements because the brightness of micro-LEDs can be
several orders of magnitude higher than the competitive technologies such as OLED or LCOS, and with an excellent
contrast ratio. However, most of the micro-LED technologies experience efficiency loss when reducing the size of
the micro-LEDs, provide a lambertian emission, which limits the coupling efficiency with an optical waveguide
and need complex processes such as junction stacking or color conversion for RGB array manufacturing. Those
issues limit the capability of those micro-LED technologies to produce efficient and cost competitive RGB micro-
displays.

Aledia has developed a technology based on the epitaxy of GaN NanoWires (NWSs), allowing the growth on 200mm
to 300mm Si substrates. By its know-how in epitaxy, Aledia has succeeded in combining two epitaxy worlds, Metal
Organic Chemical Vapor Deposition (MOCVD) and Plasma Assisted-Molecular Beam Epitaxy (PA-MBE) to
develop this specific technology. Thanks to the unique combination of NWs and PA-MBE characteristics, Aledia
is able to grow in the same epitaxy run, Red, Green and Blue active regions of a RGB array. The pixels and
subpixels are constituted of array of NWs (Figure 1), which prevents EQE reduction with size, enabling to target
subpixels down to 1.25um. This allows to drastically reduce the size of a micro-LED micro display and the RGB
light engine.

Moreover, the periodic arrangement of the NWs in the subpixels allow to obtain a photonic crystal effect
that greatly increases the directivity of the emission of the subpixels. The amount of lumens emitted in +/- 20°
around the normal of the microdisplay can be increased up to a maximum theoretical factor of 8 compared to a
Lambertian emission, without the use of micro-lenses.

In this paper we will present RGB devices obtained in a single epitaxy run and show the directional emission of
our GaN NWs based LEDs grown on Si wafers. We will emphasize how PA-MBE can revolutionize the RGB
Augmented Reality world.
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Figure 1: Bird view SEM image of Aledia 2 um subpixel pitch Native Color NWs grown on Si
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S6.1: Emerging Growth Opportunities for GaN Using Molecular Beam Epitaxy
(MBE): From Research to Production

S. Matta ,'* R. Roger,! S. Rennesson,? F. Semond?® and J-L. Guyaux®
'RIBER SA, 31 Rue Casimir Périer 95873 Bezons France
2EasyGaN SAS, Rue Bernard Grégory, Sophia Antipolis, 06560, France
3Université Cote d’Azur, CNRS, CRHEA, Sophia Antipolis, 06560, France

*E-mail: smatta@riber.fr

Gallium Nitride (GaN) is a wide-bandgap semiconductor with exceptional properties, making it an ideal
material for the new generation of optoelectronic and electronic devices such as UV LEDs, micro-LEDs, and RF
components [1]. Molecular Beam Epitaxy (MBE) has proven to be an effective method for growing high-quality
I11-Nitride epilayers [2,3] due to its precise control over layer thickness, composition, purity and low growth
temperature. This abstract explores the emerging growth opportunities for Nitride MBE production Machines, with
a particular focus on the competitive advantages it offers in the development of next-generation of devices.

We highlight the Riber MBE 49 Nitride Production system (compatible with 1x200 mm and 3x4’’ wafers),
a fully automated hybrid production platform that is compatible with both ammonia and nitrogen plasma sources
[4]. This system facilitates the production of high-quality GaN based layers with exceptional purity, crystal quality
and uniformity. Optimizing the new generation of MBE production machines for Nitride applications permit the
growth from research to large-scale production, supporting applications in optoelectronics and electronics fields.

Key results from the MBE 49-GaN system demonstrate the potential of this technology. Specifically, we
report the dedicated MBE component developed for nitrides production machines, the layer thickness and
composition uniformity < £ 2% (with capabilities to reach uniformity < £1%) on 200 mm wafers. Additionally,
high-purity GaN films with excellent crystal quality were confirmed through a combination of Secondary lon Mass
Spectrometry (SIMS), X-ray Diffraction (XRD), and Photoluminescence (PL) measurements.

These results confirm the system's ability to produce highly uniform, GaN based layers suitable for
advanced applications.

The MBE 49-GaN system can also play a key role in the production of high-quality GaN/AIN based layers
on silicon substrates [2], offering improved breakdown voltages, and reduced the RF losses. This makes the MBE
49-GaN system an optimal solution for high-volume production of next-generation GaN-based devices, driving the
future of optoelectronic and electronic technologies.

The authors would like to thank CRHEA/CNRS team for the collaboration work on the MBE49-GaN.

[1] Mishra, U.K.; Parikh, P.; Wu, Y.F. AlIGaN/GaN HEMTs—An overview of device operation and applications.
Proc. IEEE 2002, 90, 1022-1031.

[2] E. Carneiro et al., Electronics, 12, 2974 (2023) ;

[3] Y. Liao et al., Applied Physics Letters, 98(8),081110, (2011) ;

[4] https://www.semiconductor-today.com/news_items/2023/oct/riber-171023.shtml;
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Figure 1. Uniformity of GaN thickness grown by plasma and NH3 assisted MBE on a 200 mm Si wafer

Figure 2. 200mm GaN grown by MBE
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S6.2: GaN Power HEMT with Breakdown Voltage >800 V Grown by MBE

ZC Yang,'* YQ Wang,! JG Zhuang?, and Eason Liao®
L MASSPHOTON LIMITED, Hong Kong SAR
*zcy@massphoton.com

We report GaN power HEMT with breakdown voltage >800 V grown by MBE on sapphire. High breakdown
voltage >800 V is obtained by using ultra-thin AIN buffer grown by MBE and one gate field plate structure
technique. MBE technique enables dopant-free buffer layer and pseudomorphic growth of epilayers, which is
beneficial to the high reliability of GaN power HEMT. One gate field plate technique helps reduce the total cost of
fabrication and also contribute to the high reliability of GaN power HEMT. These merits shows the potential of the
reported GaN power HEMT in the applications of high power electronics [1].

The schematic epitaxy structure of GaN power HEMT is shown in Fig. 1 (a). Plasma-assisted MBE was
employed to fabricate the complete HEMT structure on a sapphire substrate. 1 um AIN buffer layer [2], AlGaN
layers with Al compositions of 70%, 50% and 20%, GaN channel layer, 1 nm AIN spacer, 24nm 30% AlGaN and
10 nm in-situ SiN were sequentially grown on the sapphire substrate. The schematic cross section of GaN power
HEMT is shown in Fig. 1 (b). Source/drain ohmic contacts with typical contact resistance of 1.2 Q-mm were
obtained with Ti/Al/Ni/Au (20/120/30/50 nm) and rapid thermal annealing at 800 °C in N for 30 s. One gate field
plate structure (GS and GT) was formed with 120 nm gate recess in the 150nm thick ICP-CVD SiN layer with gate
length of ~2 um and gate field plate metal of Ti/Al/Ti (30/500/30 nm) with field plate length of ~9 um. The gate
drain spacing Lgd was ~22 um. Interconnection M1 to the ohmic contacts was formed by Ti/Al/Ti (30/1000/30 nm)
through via holes V0.

The fabricated normally-on GaN HEMT exhibits an on-state current of ~160 mA/mm and a ON-resistance of
44 Q-mm at drain bias Vds = 10 V and gate bias VVgs = 0 V, as shown in Fig. 2 (a). The device shows threshold
voltage of ~-30 V and low gate leakage current below 1 pA/mm at drain bias of ~5 V, as shown in Fig. 2 (b). The
insitu SiN grown by MBE suppresses the interfacial defects and thus enables the low gate leakage and device
operation. The relatively high ON-resistance is due to the thin GaN channel and a back barrier of 8% AlGaN.
Increasing the channel thickness and barrier composition and further optimization of the growth will lead to lower
ON-resistance. Off-state characteristics is shown in Fig. 3. Off-state leakage less than 10 uA/mm was achieved at
gate-drain voltage of 800 V, showing a breakdown voltage greater than 800 V. The relatively high breakdown
voltage with one gate field plate structure shows the promise of the fabricated GaN HEMT in the applications of
high power electronics with low cost.

References

[1] Zhibo Cheng et al., IEEE Transactions on Electron Devices, vol.71, no.12, pp.7689-7695, 2024.
[2] Junbo Wang et al., IEEE Transactions on Electron Devices, vol.71, no.11, pp.6609-6615, 2024.
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Fig. 3: Breakdown properties of GaN power HEMT grown by MBE
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I7: Hybrid Josephson junctions (JJs) realized in superconductor - semiconductor
heterostructures

Werner Wegscheider*

Advanced Semiconductor Quantum Materials Group
Solid State Physics Laboratory and Quantum Center
ETH Zirich, CH-8093 Ziirich, Switzerland *werner.wegscheider@phys.ethz.ch

Semiconductor-superconductor hybrid structures ranging from quasi 1D-nanowires to 2D electron gases
(2DEGs) serve as a platform to study interactions between confined electronic states and superconductivity,
including phenomena such as Andreev Bound States and Majorana Fermions. Realizing highly transparent
interfaces in these systems is essential for the exploration of their physics. Traditionally, hybrid materials like
epitaxial Al on InAs have dominated due to their high-quality interfaces achieved through in-situ deposition.
However, their relatively small superconducting gap and limited operating range in temperature and magnetic field
have motivated exploration of alternative superconductors.

In this work, we present a novel hybrid material platform based on Nb, NbTi and NbTiN as superconductors,
leading to a larger superconducting gap and enhanced resilience to magnetic fields. A significant challenge in
combining I11-V semiconductors with Nb-based superconductors lies in the formation of amorphous interfaces. To
address this, we introduced a thin Al interlayer, which provides an epitaxial connection between shallow InAs
2DEGs and the superconducting thin films deposited via magnetron sputtering. Guided by scanning transmission
electron microscopy, we optimized the material stack, achieving a highly crystalline interface with a well-defined
epitaxial relationship.

Transport measurements of Josephson junctions fabricated from this hybrid material show an induced
superconducting gap, nearly five times higher than typical Al-based hybrids and only twice smaller than bulk Nb.
This result demonstrates the formation of a highly transparent interface and establishes the potential of Nb-based
hybrids as a high-quality material platform for advanced superconducting devices. Furthermore, 2DEG platforms
allow for versatile device geometries beyond standard two-terminal designs. Recent advancements in multi-
terminal Josephson junctions have revealed rich physics, including spin-splitting effects, ground-state parity
transitions, and synthetic Andreev band structures, potentially hosting topological states.

This work highlights the pivotal role of interface engineering in hybrid systems and introduces a robust
methodology to maximize the induced superconducting gap, opening pathways for exploring novel quantum
phenomena in semiconductor-superconductor platforms.

Work done in collaboration with: Sjoerd Telkamp, Tommaso Antonelli, Clemens Todt, Manuel Hinderling, Marco
Coraiola, Peng Zeng, Riidiger Schott, Erik Cheah, Christian Reichl, Fabrizio Nichele, Filip Kiizek and Zijin Lei

Acknowledgements: Stefan Falt for technical support and M. Sousa (IBM) via the Binning and Rohrer
Nanotechnology Center (BRNC) for TEM support.

Funding: Swiss National Science Foundation (SNSF) through the National Center of Competence in Research
Quantum Science and Technology (QSIT).
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S7.1: Selective area epitaxy of in-plane HgTe nanowires on CdTe(001) substrate

P. Ballet 1", N. Chaize, * X. Baudry, ! P-H. Jouneau?, E. Gautier?, Y. Deblock®, B. Grandidier?,
L. Desplanque® and H. Sellier*
ICEA, LETI, Univ. Grenoble Alpes, 38000 Grenoble, France
2Univ. Grenoble Alpes, CEA, INAC-MEM, 38000 Grenoble, France
SUniv. Lille, CNRS, Centrale Lille, Univ. Polytechnique Hauts-de-France, Junia-ISEN, UMR

8520 - IEMN, F-59000 Lille, France
*Univ. Grenoble Alpes, CNRS, Institut Néel, 38000 Grenoble, France *E-mail:

philippe.ballet@cea.fr

Topologically protected system as HgTe/CdTe [2] are of great interest for the future of
electronic, spintronic and quantum technologies [1]. Nevertheless, its device integration remains
challenging. Selective area growth (SAG) of in-plane nanostructures on SiO, masked substrate by
MBE is a promising technique to address this issue enabling the realization of complex 1D networks,
with accurate control of dimensions, geometry and material quality [3]. Thus, we evidence the major
levers for SAG of HgTe nanostructures: the growth temperature (GT), the equivalent 2D thickness and
the opening geometry. Figure 1 displays several micron long in-plane nanowires (NWs) grown along
the three crystal directions (<110>, <110>, or <100>) as well as networks and diamond structures with
well-defined cross-junctions. A good selectivity is achieved with very little parasitic growth on the
mask even for growth temperature as low as 140°C. Figure 2 exhibits the influence of the GT on the
growth of a ring structure. The higher the GT the more visible the side faceting, the outer rim turning
into an octagon, revealing the morphology anisotropy as function of the in-plane orientation. Indeed,
<110>oriented ridges show {111}A facets with adatoms accumulation on the sides of the top surface
as shown in Figure 3. The latter also demonstrates the morphology evolution of NWs as function of
the deposited nominal thickness: increasing the thickness enables the formation of a triangular cross-
section with smooth {111}A facets. The transmission electron microscopy image in Figure 4 reveals
the crystalline structure of a <110>-oriented NW: the center of the nanostructure shows a trapezoidal
shape with {111}B facets and two grains on the sides made of {001} planes but tilted of £70.5°, as the
symmetry with respect to {111} planes. Figure 4 also highlights the continuous epitaxial relation
between the CdTe substrate and the HgTe NW. No evidence of misfit dislocations have been found
despite the strain in the HgTe lattice. This set of parameters can be used to grow NWSs showing a sharp
substrate interface and tune their morphology before performing transport electronic measurements.

The authors would like to acknowledge financial support from the national research agency
under the INSPIRING project (ANR-21-CE09-0026-01).

[1] S. Das Sarma, M. Freedman, and C. Nayak, npj Quantum Inf., vol. 1, no. 1, 2015.
[2] C. Thomas et al., Phys. Rev. B, vol. 96, no. 24, pp. 1-9, 2017.

[3] P. Aseev et al., Nano Lett., vol. 19, no. 1, pp. 218-227, 2019.
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Fig. 1 Top-view SEM images of HgTe nanostructures grown on a patterned CdTe(001) substrate. For images (a)-(d) the opening
width is 100 nm and the growth temperature is 140°C. (e)-(f) SEM micrographs of 50 nm-wide <110>/<11 0> type NW
network
grown at, respectively, 140°C and 180°C. The scale bar is 1 um.
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Fig. 2 Top-view SEM images of three HgTe ring nanostructures grown at (a) 140°C, (b) 170°C, (c) 185°C.
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Fig. 3 Change in the NW cross section morphology for three different nominal thicknesses for two < 110>-
oriented NWs whose width is 50 nm (top) and 100 nm (bottom)
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Fig. 4 STEM image of the transversal cross-section of a [110]-oriented NW. The two red dashed 54.7°-tilted lines
correspond to grain boundaries of {111}B facets between the center and the side grains. The green outline

square is a zoom-in of the grain boundary highlighting the 70.5°tilted [001]-orientation of the grains.
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S7.2: Superconductor-semiconductor hybrids for quantum technologies: looking for
alternatives to Al
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The epitaxy community is making significant efforts to develop high-quality superconductorsemiconductor
hybrids. These heterostructures hold promise for enabling error-limited quantum computation through qubits with
longer coherence times, as well as topologically protected qubits. This effort began with the quest for improved
material interfaces for gate tunable Josephson junctions using nanowires, and in particular with the development of
in-situ epitaxial aluminum (Al) interfaces. However, Al is limited in terms of critical current, and many other
superconductors remain underexplored. Here, we present our efforts to develop expertise in alternative
superconductors such as tin (Sn) and tantalum (Ta). Both materials are known for having higher critical
temperatures and higher superconducting gap than Al. However, both are allotropes, meaning they can exist in
multiple crystalline phases, with only one phase being suitable for quantum bit technologies. Therefore, significant
work is needed to control the crystalline phase of Sn and Ta during epitaxy or deposition to favor the desired phase.
Additionally, it is critical to ensure that interfaces remain undamaged during the growth process.

Sn, for instance, has a superconducting b-phase, which is tetragonal, while its a-phase is cubic and behaves as
a semimetal. Using X-ray diffraction (XRD) and transmission electron microscopy (TEM), we demonstrated that
forming the b-phase of Sn on IlI-V semiconductors is non-trivial, particularly when depositing thin films at
cryogenic temperatures. We have shown that b-phase formation depends on surface morphology (planar or

nanowire) [1] and on strategies to prevent film dewetting during the return to room temperature [2]. Devices
fabricated from Sn/l11-V nanowires exhibit high critical currents and strong resilience to magnetic fields [1,3],
which are essential properties for quantum devices such as Josephson parametric amplifiers, gatemons, and
Majorana-based systems. Yet, one drawback of Sn is that the oxide on its surface causes losses in microwave
resonators made from this superconductor. An alternative material could be Ta, as resonators built with tantalum

have demonstrated performance comparable to those made with aluminum. The a-phase of Ta is the "holy grail,"
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as it exhibits a higher critical temperature. Achieving control over the growth of this phase requires either cryogenic
temperatures and the use of titanium sticking layers or very high temperatures incompatible with 111-V materials.
Preliminary data on the former approach will be presented.

200 nm

Figure 1: High-resolution bright field transmission electron micrograph of a partial shell of Sn grown on an

InAs nanowire. The structural analysis of the shell shows that the grains have the b-phase and are in grain by grain
epitaxial relation. Moiré patterns appear by superposition of the InAs and Sn lattices.
References:
[1] M. Pendharkar et al, Science (2021)
[2] A. H. Chen et al, Nanotechnology (2023)
[3] A. Sharma et al, in preparation (2024)

Acknowledgments: This work was supported by ANR HYBRID (ANR-17-PIRE-0001), IRP HYNATOQ and the

Transatlantic Research Partnership.
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Raphaél Rousset-Zenou'*, Rasmus D. Sclosser?, Martin Bjergfelt?,
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2 Center for Quantum Devices, Niels Bohr Institute, Univ. of Copenhagen, 2100 Copenhagen, Denmark
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Hybrid superconductor-semiconductor materials are attractive for research on several types of gatetunable quantum
devices, such as superconducting qubits [1], Andreev qubits, and cryogenic switches. They have also played an
important role in fundamental research on bound states in topological superconductors and quantum dots, where
superconductor-semiconductor nanowires have been established as an essential platform [2]. Up to now, these
platforms have been based on individual nanowires. However, coupling multiple parallel nanowires could open
new avenues. Pairs of parallel nanowires match theoretical proposals for quantum devices, such as Cooper pair
splitters and Andreev bound state molecules [3,4].

We present our results on the fabrication of multiple (5-10) parallel hybrid nanowires (Figure 1a). The synthesis
(Figure 1b) is based on arrays of closely spaced catalyst particles positioned by electron beam lithography, vapor-
liquid-solid growth of vertical InAs nanowires by molecular beam epitaxy (1), vaporsolid radius overgrowth (2)
and in-situ deposition of superconducting shells on the coupled wires (3). Our study shows that the parallel wires
grow aligned with a yield depending on the distance between adjacent catalyst particles. The yield decreases with
decreasing pitch (Figure 2a) and we ascribe this to the merging of Au droplets prior to growth. We will discuss the
morphology, structural and electrical properties of the nanowire arrays.

Furthermore, by etching away part of the in-situ deposited Aluminum one can form Josephson junctions, a key
element in superconducting circuits (Figure 2b). We show that the supercurrent in the parallel wires is an order of
magnitude higher than for a single nanowire device. By embedding the parallel wires in a microwave resonator,
we fabricate a Josephson parametric amplifier (JPA). This type of ultra-lownoise amplifier requires a large critical
current and has been made before using metal tunnel junctions, graphene [5] and planar semiconductors [6]. We
demonstrate the first nanowire-based JPA and show the gate-voltage tunability enabled by this new
semiconducting platform.

[1] Larsen, T. W. et al. Phys. Rev. Lett. 115, 127001 (2015)

[2] E. Prada et al., Nature Rev. Phys. 2, 575 (2020)

[3] Kirtdssy, O. et al. npj Quantum Mater. 7, 88 (2022)

[4] T. Kanne et al., Adv. Func. Mat. 32, 2107926 (2021)

[5] Butseraen, G. et al. Nat. Nanotechnol. 17, 1153-1158 (2022)

[6] Phan, D. et al. Phys. Rev. Applied 19, 064032 (2023)
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Figure 1: (a) Arrays of InAs nanowires grown by MBE. (b) Schematic representing the three steps growth process for two

parallel InAs nanowires (purple, top view) with in situ Aluminum (blue).
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Figure 2: (a) Yield (percentage of successfully grown parallels arrays) with respect to the distance between the catalyst particles
in an array before growth for two catalyst diameters (50nm and 60nm). Inset : scanning electron micrograph of gold catalyst
particles before growth. White arrow shows the distance between two catalyst particles. (b) Scanning electron micrograph of
parallel InAs nanowires (InAs: purple ; in situ Aluminum: blue) Josephson junction contacted with Ti/Al electrodes (green) to

perform electronic transport measurements.
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The development of quantum computing still relies on the development of advanced material platforms. Among
the most promising candidates are semiconductor-superconductor hybrid systems, such as Andreev quantum bits
and Kitaev transmons. These systems are based on high-quality superconducting thin films with transparent
interfaces to low-dimensional semiconductors, offering the potential for extended coherence times and robust
qubit-qubit coupling [1].

To this end, a metamorphic growth protocol has been employed, and low-temperature electron mobilities up to
8x10°cm?/Vs have been achieved in undoped deep InAs/Ines:Gao.19As twodimensional electron gases (2DEGS)
grown on GaAs (001) [2]. Additionally, superconducting proximity effects have been observed in Josephson
junctions between shallow InAs 2DEGs and epitaxial Al layers [3]. Optimal mobilities were achieved by tuning
the thickness t of a strain-relieving
InossAlo16AS layer beneath the quantum well (QW) region [2].

Here, discuss the strain relaxation dynamics for varying t and their impact on electron scattering mechanisms
in the InAs 2DEGs. Two-dimensional XRD reciprocal space maps of the (004) and (224) reflections (Fig. 1)
reveal how increasing t from 50 nm to 300 nm leads to near-complete strain relaxation and a reduction in
mosaicity in both the InAs QW and the surrounding barriers. Mobility measurements from gated Hall bars (Fig.
2) reveal striking gains in electron mobility and a reduced anisotropy between the [110] and [-110] orientations
as t grows. This improvement stems from diminished anisotropic scattering mechanisms, linked to the cross-
hatch roughness pattern—a memory of the buried dislocation network in the buffer layer (see insets of Fig. 2).
These features, shaped by strain and composition fluctuations, highlight the interplay between structural
engineering and electronic properties.

[1]J.S. Lee et al. Nano Lett. 19, 3083 (2019)

[2] A. Benali et al., J. Cryst. Growth 593, 1267681 (2022)
[3] M. Siit6 et al. Phys. Rev. B 106, 235404 (2022)
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Fig. 11: X ray diffraction reciprocal space maps of (004) (a-f) and (224) reflections (g-I) of InAs QWSs along the [110] direction
(a-c, g-i) and along the [-110] direction (d-f, j-I) with t = 300 nm (a,d,g,j) , 150 nm, (b,e,h,k) and 50 nm (c,f,1,).
Substrate, Ings1Alo.19AS, InossAlo16As, and InAs peaks are labelled as S, L1, L2 and L3, respectively.
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corresponding AFM images of top surfaces.
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Breaking internal material symmetries like time reversal with magnetism or gauge with superconductivity has
always been of primary interest in the perspective of discovering novel states of matter. When combined with the
recently discovered Dirac matter with non-trivial band topology, these symmetry breakings have allowed the recent
breakthrough of the quantum anomalous Hall phase in magnetically-doped topological insulator; whereas
topological superconductors are leading materials to evidence Majorana quasi-particles.

In this work, we initiate the case of ferroelectric topological insulators and see how 3D and 2D topological band
structures evolve under a ferroelectric distortion. In particular, marrying topology and ferroelectricity allows to
unravel the emergence of novel quasiparticles that mimic Weyl fermions, a gapless state with left or right-handed
chirality, i.e., massless electrons with spin parallel or antiparallel to their momentum. The search of Weyl fermions
in condensed-matter is motivated by their numerous specific properties highlighting their fundamental chiral nature.

To disclose the Weyl fermions in ferroelectric topological matter, we rely on lead salt materials such as PbSe
and PbTe that have shown both non-trivial topology when Sn is added and ferroelectricity when Ge atoms are
incorporated. Both concepts will be tackled in this talk, showing the possibility to reach topological and
ferroelectricity at the same time. The growth of Ge-doped lead salts by molecular beam epitaxy is developed and
will be discussed in a first place. Secondly, the resulting topological ferroelectric materials will be characterized
using magneto-optical spectroscopy, X-ray diffraction and Angle-resolved Photoemission spectroscopy (ARPES).
The combination of these three techniques allows us to have a complete overview on both the structural and
electronic properties of such novel material system.
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S8.1: MBE growth of Ge-doped PbSe ferroelectric Rashba semiconductor
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Ferroelectric Rashba semiconductors (FERSC) are a new class of multifunctional materials combining Rashba
physics and ferroelectricity, hence, promising for semiconductor spintronics [1-2]. Although vast variety of
materials have been theoretically predicted as FERSC, the experimental realization is, however, still limited to a
few (mainly Telluride) compounds: GeTe [3], PbGeTe [4], SnTe [5]. Hereby we report low temperature epitaxial
growth of a new ferroelectric Rashba semiconductor Pb1«GexSe, thus providing a new material system for FERSC.

High-quality epitaxial films of Pbi.xGexSe were grown by molecular beam epitaxy (MBE) on (111)oriented
BaF, substrates with 1um PbSe buffer layers using elemental sources of PbSe and GeSe. To ensure Ge
incorporation in the host material, a very low growth temperature is required to suppress
GeSe reveaporation. Despite the remarkably low-temperature growth window, which is more than 100°C below
the standard growth temperature of PbSe-based compounds, the epilayers of Pbi.xGexSe demonstrate high quality
pseudomorphic layer-by-layer 2D growth and atomically smooth surfaces exhibiting only monoatomic steps (Fig.
1). Ge incorporation in PbSe is extremely temperaturedependent and it saturates at lower growth temperatures
below 160°C (Fig. 2,a). Due to Ge incorporation, the cubic rock-sault PbSe lattice undergoes a ferroelectric lattice
distortion below the ferroelectric Curie temperature Tc., that is determined by the observation of a resistivity
anomaly at the Tc.

The effect of Ge incorporation on the band structure of Pb1.xGexSe quantum wells was determined by angle
resolved photoemission spectroscopy (ARPES) performed at the SOLARIS Synchrotron with the samples
transported in a battery operated vacuum suitcase. The ARPES measurements reveal a temperature-dependent
ferroelectric Rashba spin splitting in the ferroelectric phase below the T¢ (Fig.2.b) with a very large Rashba
coupling constant. This makes the system very promising for spintronic device applications.

[1] Picozzi, S. Front. Phys. 2, 10 (2014).

[2] Di Sante, D., Barone, P., Bertacco, R., Picozzi, S. Adv. Mater. 25, 509 (2013).

[3] Kremer, G., Maklar, J., Nicolai, L. et al. Nat. Commun. 13, 6396 (2022).

[4] Chassot, F., Pulkkinen, A., Kremer, G., Zakusylo, T. et al. Nano Lett 24, 82 (2024).

[5] Krizman, G., Zakusylo, T., Sajeev, L., Hajlaoui, M., et al. Adv. Mater. 36, 2310278 (2024).
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Fig. 1: Low-temperature high-quality epitaxial growth of Pb1xGe,Se: (a) RHEED intensity oscillations, signifying layer-by-
layer growth and selected RHEED patterns, evidencing the pseudomorphic 2D growth of PbixGexSe. (b) AFM image of

50nm - thick Pbi.xGexSe, showing atomically smooth surface.
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Fig. 2: (a) Ge incorporation in PbSe vs temperature, as determined from RHEED intensity oscillations and x-ray diffraction
patterns. (b) Demonstration of ferroelectric-driven Rahsba effect in 10 nm — thick Pb1.xGe,Se by temperature-dependent angle
resolved photoemission spectroscopy recorded along the M—K direction at a photon energy hv = 18 eV at the URANOS
beamline of SOLARIS.

91



S8.2: AIN/NDbN epitaxial heterostructures on Si: polytypes, strain and polarity
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The combination of metal/superconductor NbN with 111-N semiconductors opens the way to a wide range of
innovative applications. Notably, it is possible to epitaxially integrate NbN and I11-N. NbN can exist in different
crystalline structures, commonly referred as polytypes. We found that by a fine-tunning of the growth conditions,
a precise control of the NbN polytype formed on AIN can be obtained. This work focuses on a detailed analysis
through advanced scanning transmission electron microscopy (STEM) of AIN/NbN/AIN heterostructures
epitaxially-grown on Si (111) substrates by NH3z-molecular beam epitaxy (MBE).

Figure 1 (a) show a high angle annular dark field (HAADF) image of a 6-NbN layer viewed along the AIN{11.
201 Zone axis where the ABC cubic stacking is clearly observed. The epitaxial relationship is
AlN<11.20> | | 8-NbN<1-10- and AlN<ooos> | | 3-NbN<111-. Conversely, it is also possible to achieve a predominantly e-
NDbN layer. Figure 2(a) show a HAADF image of such a layer observed along the AIN[11-20; Zone axis. While the
first monolayers adopt the 5-polytype, the majority of the NbN layer exhibit the AA-BB stacking corresponding to
the e-polytype. The observed epitaxial relationship is
AIN<11-20> | | £-NbN-<11-20> and AlIN<oo01> | | £-NbN<ooo1>.

The lattice mismatches between AIN and NbN depends on the NbN polytype. Specifically, the inplane lattice
mismatches are -0.7% and -4.7% for 8- and e-NbN respectively. Figure 1(b) and 2(b) show strain maps obtained
using the geometrical phase analysis (GPA) method for both heterostructures, with the AIN lattice distance used as
reference. These maps reveal that, due to the low mismatch, 8-NbN is fully strained on AIN without introduction
of misfit dislocations. For the NbN layer consisting of dpolytype at the bottom and e-polytype at the top, the -
region is strained on AIN whereas the e-region is fully relaxed.

A key distinction between wurtzite I11-N and NbN is that I1I-N are polar materials whereas NbN is non-polar.
Our observations using integrated differential phase contrast (iDPC) (figure (3)) confirm previous results: adding
a thin epitaxial NbN layer reverses the polarity of AIN from Al-Polar to N-Polar.

Our STEM study demonstrates that is possible to control the NbN polytype by adjusting the growth conditions.
Whatever the polytype, the introduction of a thin NbN layer consistently reverses the polarity of the AIN top layer.
Another interesting finding obtained from our analyses is that the AIN/3-NbN/AIN heterostructures are
pseudomorphic with no misfit dislocations paving the way for the realization of high crystalline quality hybrid
semiconductor/superconductor heterostructures and also hybrid Al-

Polar/N Polar AIN layers.
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Figure 1: HAADF image of a 6-NbN layer (a) and corresponding GPA strain

map for in plane distances (b).
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Figure 2: STEM-HAADF image of a mixed 3-NbN/e-NbN layer (a) and corresponding GPA

strain map for in plane distances (b).
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S8.3: Mutual Exchange Growth of Zintl Eusln2Ass and Eusin2Ass Nanowires by
Molecular Beam Epitaxy

Man Suk Song,** Lothar Houben,? Yufei Zhao,! Nadav Rothem,®> Ambikesh Gupta, * Binghai
Yan, ! Beena Kalisky,® Haim Beidenkopf, and Hadas Shtrikman'!

!Department of Condensed Matter Physics, Weizmann Institute of Science, Rehovot, Israel
2Department of Chemical Research Support, Weizmann Institute of Science, Rehovot, Israel
3Department of Physics and Institute of Nanotechnology and Advanced Materials, Bar-1lan University,

Ramat Gan, Israel.
*E-mail : man-suk.song@weizmann.ac.il

Eu-based Zintl compounds have emerged as magnetic topological materials due to their antiferromagnetic
(AFM) order and strong spin-orbit coupling [1]. To harness these properties and realize quantum devices, atomic-
scale precision and extremely low defect densities in crystal growth are a prerequisite. We report the successful
synthesis of Zintl-phase Eusln,Ass and Eusln,Ass nanowires (NWs) using molecular beam epitaxy (MBE) through
a mutual cation exchange mechanism [2]. Starting with wurtzite (WZ) InAs and zincblende (ZB) InAsSb NWs
grown on InAs substrates, we introduced Eu and As flux during MBE growth, which facilitated the exchange of
In atoms with Eu atoms within the InAs lattice. This process resulted in the formation of single-crystallite
Eusln,Ass and EuslnaAss along the core NWs. High-resolution transmission electron microscopy (HRTEM) and
energydispersive X-ray spectroscopy (EDS) analyses provided information on their atomic coordination and
composition, confirming the structural transformation within the NWs (Figure 1). The morphology of Eusln,Ass
grains originates from two distinctive orientational relationships between the orthorhombic Eusln,Ass and the
underlying InAs. In contrast, EusIn,Ass grains extend in four directions corresponding to the tetrahedral faces of
the ZB core, exhibiting an anisotropic growth preference along the c-axis of their orthorhombic crystal structure.
Both Eusln;As: and Eusln,Ass NWs exhibited AFM ordering, as evidenced by magnetic susceptibility
measurements such as a magnetic property measurement system (MPMS) and a scanning superconducting
guantum interference device (SQUID). The ability to convert InAs NWs into different Zintl phases by selecting
the crystal structure of core demonstrates the versatility of this mutual exchange growth method. This study
contributes to the fundamental understanding of topotactic reactions in nanostructures and highlights the potential
of MBE in fabricating complex nanomaterials with precise control over composition and structure.

References

[1] Zhao, Y. et al. Hybrid-order topology in unconventional magnets of Eu-based Zintl compounds with surface
dependent quantum geometry. Phys. Rev. B 110, 205111 (2024).

[2] Song, M.S., et al. Topotaxial mutual-exchange growth of magnetic Zintl Eusln,Ass nanowires with axion insulator

classification. Nature Nanotechnology 1-8 (2024).
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Fig. 1: (a) SEM image of as-grown Euzln,Ass along WZ InAs NWs. (b) The unique facets characterize the Zintlphase
EuslnzAsa. () TEM image of EuslnzAss grains ona WZ InAs core. (d) EDS elemental maps of Eu, In, and As (green, magenta,
and blue respectively), corresponding to the area in (c). The map shows Eu and In distributed on opposite sides of the core
boundary, while As is uniformly distributed throughout the core and shell. (€) SEM image of as-grown Eusln,Ass along ZB
InAsSb NWs. (f) The Zintl-phase Eusln,Asg exhibits anisotropic growth direction preferences. (g) TEM image of EuslnAsg
grains on a ZB InAsSb core. (h) EDS elemental maps of Eu, In, and As (green, magenta, and blue respectively), corresponding
to the area in (g). As in (d), Eu and In are located on opposite sides of the core boundary, with As uniformly distributed across

both core and shell.
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19: Machine Learning for the simulation of strained-film growth: tackling longtime
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In recent years Machine Learning (ML) has proven to be an effective tool to approximate computationally
expensive tasks in materials simulations while retaining a high degree of accuracy [1]. Here we present an
application of Neural Networks (NNs) to continuum models describing the morphological evolution of thin
heteroepitaxial films. The dynamics of this class of system is determined, through Partial Differential Equations
[2], by the (generalized) chemical potential. This, in turns, contains surface energy, strain effects and interactions
with the underlying substrate. From a computational study perspective, elastic contributions due to the possible
mismatch between the film and substrate lattice are the most expensive ones to calculate, as closed form analytical
expressions are available only in the small-slope limit [3]. For a generic free surface profile, however, the elastic
equilibrium problem should be solved, e.g. through Finite Element Method (FEM). This is the principal
computational bottleneck, as a single full evolution may require several hundreds of thousands of FEM calls [4],
hindering the study of large systems over long timescales. We show that an accurate and efficient NN model can
be trained to surrogate the full FEM solution, with a speed up of ~4 orders of magnitude for simulations.
Importantly, building the dataset required for the training procedure has a computational cost which is comparable
to a single, small computational cell evolution.

For simplicity, the 2D, isotropic case will be discussed, using Ge on Si(001) as a prototypical system [5],
although the method generalize to more complex scenarios. Once the NN is trained, it may be used to run
simulations involving coarsening and growth with a several orders of magnitude reduction in the computational
costs, pushing forward the limits of tractable systems both in terms of time and spatial scales.

[1] P. Mehta et al., Physics Reports vol. 810 (2019), p. 1-124

[2] W. W. Mullins, J. Appl. Phys. 28 (3), (1957): 333-339.

[3] D. Srolovitz, Acta Metallurgica, vol. 37, no. 2, (1989): 621-625
[4] F. Rovaris et al, Physical Review B 94.20 (2016): 205304.

[5] D. Lanzoni et al., APL Mach. Learn. 2 (3) (2024): 036108
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Figure 2: Once the NN is trained, it can be used to perform simulations over larger computational cells
at a reduced computational cost, reaching longer time scales
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The diffusion-limited model of the growth of nanowires by molecular beam epitaxy, initially developed for silicon
nanowires, has been continuously improved over years and extensively applied to describe not only elemental
semiconductors, but also compound semiconductors [1]. In the latter case, it assumes either that the growth is
limited by one of the constituents (for instance, by arsenic in the case of selfseeded growth of GaAs), or the
existence of an “average species” which tries to combine the properties of the two constituents. However, these
two constituents may have very different characteristics: A good example is InAs, where arsenic is highly volatile
with no or short-ranged diffusion, while indium is not volatile and features a micrometer-sized diffusion length.
In the present approach [2], we calculate the current of adatoms which can reach the nanodroplet and contribute
to the growth. Then we assume that the instantaneous growth rate is determined by the minority current. As the
current depends not only on the flux from the cell, but also on the nanowire radius and length, the two currents
must be calculated for each nanowire of the sample (with its radius) and at each time of the growth (with its
instantaneous length). This approach allows us to satisfactorily reproduce the final length of InAs nanowires as a
function of the radius (Fig. 1), without changing the material parameters (such as the diffusion lengths) when
changing the indium or arsenic flux. It also reveals several aspects of the growth of compound nanowires, which
are expected to apply as soon as the adatoms of the two constituents feature different behaviors - as well-
established for I11-V compounds, well beyond InAs, and probably true for other, less-known compounds.

- When describing the growth conditions, the flux ratio is not a sufficient criterion. In Fig. 1, the growth of
thin nanowires is limited by the arsenic current (due to arsenic evaporation as a result of the Kelvin effect
on a volatile species), see Fig. 2a; the growth of thick nanowires is limited by the indium current (due to
the strong diffusion of indium adatoms), see Fig. 2c.

- For nanowires with an intermediate radius value, the limiting current switches during growth (Fig. 2b).
The switch is abrupt.

- Under steady-state flux conditions, the two maximum currents strongly differ at all times, except for very
short periods of time during the growth of certain nanowires, such as at the switching in Fig. 2b.
Stoichiometric growth conditions do not exist for a whole nanowire.

[1] V. G. Dubrovskii, N. V. Sibirev, R. A. Suris, G. E. Cirlin and V. M. Ustinov, M. Tchernysheva, and J. C.

Harmand, Semiconductors 40, 1075 (2006).

[2] D. Mosiiets, Y. Genuist, J. Cibert, E. Bellet-Amalric and M. Hocevar, Cryst. Growth Des. 24, 3888 (2024).
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Fig. 1: InAs nanowires: scanning emission microscopy image (background) and length-radius plot.
Symbols are experimental, thin dashed lines correspond to the calculated maximum currents of each type,

the thick line is calculated using the instantaneous minority currents.

Maximum growth rate (nm/s)

Fig. 2: Calculated indium and arsenic currents (expressed in maximum growth rates of an InAs
nanowire), for the growth conditions and fitting parameters used in Fig. 1, as a function of the
instantaneous nanowire radius. The arsenic flux impinging the substrate is four time larger than the
indium flux. The growth is limited by the arsenic current for a small radius (a, R=14 nm), and by the indium

current for a large radius (c, R= 80 nm). At intermediate radius value (b, R= 20 nm), the growth is limited
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by arsenic at the beginning of the growth, and by indium as the length increases.
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The selective area growth (SAG) of a semiconductor inside a dielectric mask fabricated by e-beam lithography
enables the design of in-plane nanostructures with an arbitrary shape and a deterministic position. This scalable
process applied to strong spin-orbit semiconductors such as InSb or InAs is very interesting for the fabrication of
qguantum devices involving branched NW or nano-resonators exploiting coherent electron transport [1, 2]. However,
in this configuration, tuning the charge density in the NW is generally achieved with a top gate, limiting the
possibility to adjust the Fermi level inside semiconductor/superconductor hybrid nanostructures that aim to
demonstrate Majorana Zero mode [2]. In this work, we investigate (i) the growth of in-plane InSb NWs on a
GaAs(111) substrate by atomic hydrogen assisted Selective Area Molecular Beam Epitaxy (SAMBE) and (ii) the
possibility to tune the charge density and the conductivity inside the NW by adding a GalnP top barrier on the
substrate before the mask fabrication.

An InSb thin film is first grown on a 100 nm GagslnosP barrier deposited on a n-doped (n=3x 1018 cm®) GaAs
(111)s substrate (figure 1a). To ensure a quasi-two dimensional growth of InSh despite the 14.6% lattice mismatch
between InSb and GaAs, a very large Sh/In flux ratio of 120 is used. As shown in figure 1b, a quite smooth surface
with a low density of nano-holes is achieved after a 100nm-thick InSb growth. After processing Van der Pauw and
TLM devices from this layer, we measure a 300K Hall mobility of 11000cm2.V1.s and evidence an efficient
command of the source-drain current with the bottom gate. We used the same growth conditions for the SAMBE
of InSb NWs on patterned GalnP/GaAs:n+ substrates (figure 2a). Scanning Electron Microscopy reveals that quite
good morphology can be obtained for the NWs (figure 2b) after 50 nm deposition. Using Transmission Electron
Microscopy, we evidence that most of the mismatched between InSb and GalnP is accommodated with an array of
misfit dislocations at the interface together with some stacking faults within the InSb nanostructures. A variation
of the resistance of 100nm-wide NWs with bottom gate bias is demonstrated using 4P-STM measurements at room
temperature (figure 2d). More details about the structure of the NWs and their electrical measurements will be given
during the conference.
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S9.3: High-mobility InAs-AlSb core-shell nanowire heterostructures for
thermoelectric energy conversion

G. B. Hirpessa”, S. Fust, R. Maier, F. Del Guidice, J. J. Finley and G. KobImidiller

Walter Schottky Institut and Physics Department, School of Natural Sciences, Technical
University of Munich, Am Coulombwall 4, 85748 Garching, Germany

*E-mail : Genetbacha.Hirpessa@tum.de

Thermoelectric energy conversion offers widespread applications in waste heat recovery for power generation
and requires suitable materials with large thermoelectric conversion efficiency. To maximize figure-of-merit ZT
= 0S°T/x relevant parameters such as electrical conductivity (c), thermoelectric power factor (¢5?), and thermal
conductivity (k) need to be optimized for a given operating temperature T. Due to the interdependence between
thermal and electrical properties, and Seebeck coefficient S, the optimization of parameters for high ZT is limited
in bulk materials, but in nanostructures, the properties can be decoupled [1]. The aim of our work is to
experimentally realize independent control of the Seebeck coefficient and electrical conductivity by exploiting the
1D density of states in very high mobility MBE grown 111-V nanowires (NWs). First proof-of-principle studies
demonstrating these effects were performed recently on modulation-doped GaAs-AlGaAs core-shell NWs, where
enhanced ¢5?, and strongly reduced [ were found [2]. While these initial studies were limited to low temperature,
studying other Ill1-V materials with lower electron effective mass is more appealing, in order to explore
thermoelectric 1D-transport properties at higher temperatures with improved thermoelectric performance.

Here, we propose InAs-AlSb core-shell NW heterostructures as promising materials and show the first results
on the growth using solid-source MBE on lithographically pre-patterned Si (111) substrates [3]. Creating high-
mobility n-type (Si) modulated doped heterostructures is, however, particularly challenging in this system, since
typical Si dopants are amphoteric and induce p-type behavior in AISb. To mitigate this, two strategies are
demonstrated: (i) Si-delta doping of a thin InAs QW embedded in the coaxial AISb shell, and (ii) doping of a
quaternary InAlAsSb shell lattice-matched to the InAs core (Figure 1). Correlated simulations of the band profiles
and electron density distribution show clear formation of a high-mobility electron gas that is confined solely to
the core InAs region when choosing InAs QW thickness of up to 5.5 nm and Si dopants (10%° cm=) placed in the
center of the QW. For quaternary InAlAsSb with group-111 and -V molar fractions in the mid-compositional range,
Si 8-doping can be achieved directly in the shell without the need of an InAs QW (Figure 1). To realize InAs-QW
based NW heterostructures, growth temperature optimization was necessary to induce highly symmetric growth
of coaxial InAs QWs on the hexagonal NW sidewall facets, as found from cross-sectional He-ion microscopy.
Likewise, we show the growth optimization routine for achieving InAlAsSb shell layers with composition tuned
towards the midcomposition, and support these findings by STEM-EDX analysis (Figure 2). Finally, first
examples of NWfield effect transistor (NWFET) test devices are shown, where both contact formation was
established and gate-bias dependent electrical characterization was performed. 1-D sub-band quantization is found
in InAsAISb core-shell NWs for temperatures up to 110K, which is about 40 K higher as in unpassivated InAs
reference NWs (Figure 3), and much higher as in Si delta-doped GaAs-AlGaAs NWs.

[1] H.J. Goldsmid, Springer Series in Materials Science Vol. 121, pp 45-66 (2016)
[2] S. Fust, et al., Advanced Materials VVol. 32, No. 4 pp 1905458 (2020)

[3] F. del Giudice, et al., Applied Physics Letters Vol. 119 No. 19, pp 193102 (2021) [4] G. B. Hirpessa, in preparation
(2024).
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Fig. 1: MBE grown core-shell NWs and simulation data for different modulation doped structures; (a) InAs-AlSb core-shell
NWs obtained by selective area epitaxy on prepatterned SiO./Si (111) substrate; (b,c) Schematic crosssection, band profiles,
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INAIAsSb core-shell NW with Si-6 doping layer at the center of the shell.
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Fig. 2: (a) Helium ion microscopy (HIM) images of InAs-AISh core-shell NWs with InAs QW embedded in the shell, for
QW growth temperature of 420 °C (left, asymmetric growth) and 500 °C (right, symmetric growth); (b) STEMEDX
compositional map of the elemental distribution within an InAs-InAlAsSb core-shell NW.
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Fig. 3. (@) Schematic (left) and SEM image (right) of a NW field effect transistor (FET) with metallization profile used for
InAs-AlSh core-shell NWs with GaSb cap; (b) temperature-dependent transfer characteristic of the NWFET at varying

temperatures of 50 K, 80 K and 100 K.
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110: GaSb-based quantum dot emitters for telecom wavelengths

T. Hakkarainen
!Optoelectronics Research Centre, Tampere University, Tampere, Finland

*teemu.hakkarainen@tuni.fi

Solid-state single and entangled photon emitters linked coherently over long distances with optical fibers enable
a new generation of quantum-based communications networks. Currently, epitaxial semiconductor quantum dots
(QDs) pave the way as a scalable approach for fabricating deterministic non-classical light sources that can be
integrated with other photonic or electronic components in miniaturized form. Here, we present a new quantum
material system based on GaSh-based QDs formed by filling droplet-etched nanoholes [1,2], a technique which has
been previously used for the state-ofthe-art single- and entangled-photon sources in the GaAs-based materials
emitting at wavelengths shorter than 800 nm [3-6].

This presentation covers the development steps and the current state-of-the-art of (In)GaSb QDs grown by
filling droplet-etched nanoholes in AlGasSh. It is demonstrated that, while the GaSh QDs exhibit high homogeneity
and small fine structure splitting similarly to their GaAs counterparts, they also enable single-photon emission in
the 3rd telecom window [7] with prospects for extending towards 2um. Furthermore, by employing quasi-resonant
excitation or LO-phonon-assisted excitation of a single QD, it is possible to it is possible to achieve spectrally clean
emission from a single exciton line and high-quality single-photon emission [8]. These properties make GaSh-based
QDs ideal candidates for quantum photonic applications requiring compatibility with Si-photonics and fiber-based
telecom.

[1] J. Hilska et al. Cryst. Growth Des. 21 1917-1923, 2021
[2] A. Chellu et al. APL Materials 9, pp. 051116, 2021 [3] J. Liu et al. Nature Nanotechnology 14,
586 (2019).
[4] D. Huber et al. Nature Communications 8, 15506 (2017).
[5] E. Schodll, et al. Nano Letters 19, 2404 (2019).
[6] D. Huber etal. Phys. Rev. Lett. 121, 033902 (2018).
[7]1 J. Michl et al, Adv Quantum Technol. 6, 2300180 (2023).
[8] T. Hakkarainen et al. https://doi.org/10.48550/arXiv.2404.06083
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S10.1: Droplet etched InxGaixAs quantum dots embedded in Ings2Alo4sAs for
optical C-band emission
D. Deutsch,>* C. Buchholz,* V. Zolatanosha,'® K. D. Jéns,>?® D. Reuter!?3

!Department of Physics, Paderborn University, 33098 Paderborn, Germany
2Center for Optoelectronics and Photonics Paderborn (CeOPP), Paderborn University, 33098, Germany

3Institute for Photonic Quantum Systems (PhoQS), Paderborn University, 33098 Paderborn, Germany

*E-mail: ddeutsch@mail.uni-paderborn.de

Semiconductor quantum dots (QDs) have been established as promising sources for on-demand single photon
and entangled photon pair generation for quantum communication applications [1]. In the case of polarization
entangled photon pairs, it is possible to utilize the biexciton-exciton cascade of a QD system. Here GaAs/AlxGa-
xAs QDs grown via local droplet etching (LDE) have been proven to be the current gold standard, as they exhibit
very low fine-structure splitting (fss) due to good in-plane symmetry and their negligible strain [2]. However, for
the GaAs/AlxGai«As system one is limited to photon emission around 780 nm. In this contribution, we present the
adaptation of the LDE technique to the InP/InyAli.yAs/InyGaixAs system for photon emission in the optical C-band.
We show that we can produce nanoholes that display very good in-plane symmetry when utilizing optimized
process parameters for the etching process. This we could conclude from atomic force microscopy (AFM)
measurements. We investigated the influence of the etching material (In, Al, InAl), the etching temperature and the
amount of etching material on the resulting nanohole geometry. When In is included in the etching material we
found that the nanoholes start to degrade after the As; flux is resumed following the etching step (see Fig. 1). We
however found that the nanoholes can be conserved by overgrowing them with a thin IngsAlo.4sAs layer directly
after resuming the As; flux. Etching temperatures of Teweh = 410 °C and 435 °C proved to be optimum regarding

hole depth and in-plane symmetry. Fig. 2 summarized our finding for varying amounts of etching material Ona for
an exemplary Teicnh = 435 °C. For larger amounts of etching material, we observe a bi-modal distribution of hole
sizes. For Oy = 2.7 ML and Ojna = 1.4 ML only one type of nanoholes is found. The hole depth stays constant at
ca. 30 nm but the hole diameter decreases with decreasing Onai. Reducing Oinai to 0.7 ML decreases the hole depth
to less than 20 nm and for Ojnar = 0.3 ML no holes at all have been observed. Further experiments have shown that
these nanoholes can be filled with In,Gai.xAs and that the filling works better when utilizing an Ass environment
instead of As,. Finally, we demonstrate that the filled nanoholes emit light when embedded in an Inos2Ai.48AS
matrix. The emission wavelength can be tuned to the optical C-band by adjusting filling level and In-content (see
Fig. 3). p-photoluminescence spectroscopy reveals sharp emission line typical for individual semiconductor QDs.

[1] S. F. C. da Silva et al., App. Phys. Lett. 119, 120502 (2021).
[2] Y. Li et al., Chinese Physics B 27, 020307 (2018).
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Fig. 3: Ensemble PL spectra of droplet etched InyGai.xAs QDs embedded in an
Inos52Al0.46As matrix. The nanoholes were etched at Teen = 435 °C, with fina =
1.4 ML and pasz = 2x1077 mbar residual As; pressure producing ~33 nm deep
holes. These nanoholes were

completely filled with InyGai-«As and then overgrown with

Ino.s2Alo.48As.
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S10.2: Investigations of C-band InAs/InP Quantum Dots Grown by Molecular
Beam Epitaxy Using Indium Flush Technology

J. Yuan?, C. Dear?, H. Jia, * J. Park® *, Y. Hou?, K. El. Hajraoui®**, H. Zeng!, H. Deng?, J.

Yang!, M. Tang?, S. Chen!, Q. M. Ramasse>®, Q. Li° A. Seeds?, and H. Liu?
!Department of Electronic and Electrical Engineering, University College London, London, WC1E 7JE,

United Kingdom
2Department of Electronic and Electrical Engineering, Bay Campus, Swansea University, Swansea, SA1
8EN, United Kingdom
3SuperSTEM, SciTech Daresbury Science and Innovation Campus, Block J, Keckwick Lane, Daresbury,
WA4 4AD, United Kingdom
*York NanoCentre & Department of Physics, University of York, York, YO10 5DD, United Kingdom
®School of Chemical and Process Engineering and School of Physics and Astronomy, University of
Leeds, Leeds, LS2 9JT, United Kingdom
®School of Physics and Astronomy, Cardiff University, Cardiff, CF24 3AA, United Kingdom

*E-mails : hui.jia@ucl.ac.uk and jae-seong.park@ucl.ac.uk

High-quality InAs/InP quantum dots (QDs) emitting at 1550 nm are indispensable to achieve highperformance
telecom C-band lasers. In general, a longer emission (>1550 nm) with broad spectral character has been obtained
with InAs/InP QDs. Here, we investigate the use of the indium-flush (IF) method to shorten the emission
wavelength and improve the optical properties of InAs/InP QDs. By exploiting IF, the full-width at half-maximum
of the room-temperature QD photoluminescence spectra was narrowed from 89.2 meV to 47.9 meV, with a blue
shift of 300 nm (from 1824 nm to 1522 nm). The scanning transmission electron microscopy and electron energy
loss spectroscopy results reveal the atomic-level mechanism of the IF method which uniformly modify the height
of InAs/InP QDs in a controlled manner and form distinct Al-rich and In-rich regions. A slight reduction of the
strain at the QD/capping layer interface has also been found for the sample with indium flush. Finally, InAs/InP
(001) QD lasers with the IF method have been demonstrated with a low threshold current density per QD layer of
106 A/cm?. We demonstrated both in terms of mechanism model and device performance that the IF method could
serve as a robust strategy for the growth of high-performance C-band InAs/InP QD lasers via molecular beam
epitaxy.
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Figure 1. HAADF images of QD morphologies and adjacent layers of the sample A (without IF) in (a) and the
sample B (with IF) in (b). (c) High-resolution HAADF image of the area highlighted by a black box in b,
showing fully-capped and partially-capped QDs. Individual electron energy loss spectroscopy maps of the sample
with IF, showing the relative distribution of (d) Al (green intensity channel) and (e) In (red intensity channel).
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Figure 2. High-resolution high angle annular dark field images of the InAlGaAs/InAs QD/InAlGasAs interface
along the [101] axis, as depicted in the Fourier transform (FFT) inset (a), in (@) sample A and (b) sample B. The
vertical gyy strain maps calculated using geometrical phase analysis from the FFTs of the experimental images in
(c) sample A and (d) sample B (e) The vertical gyy strain profiles for sample A and sample B along the (200)
growth direction of the InAs (QD) on the InAlGaAs matrix averaged along the region of interest highlighted by a
rectangle box in (c) and (d), respectively.
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S10.3: Wafer scale quantum dot growth control for scalable multi single photon
sources technology

Elias Kersting, Hans-Georg Babin, Nikolai Spitzer, Severin Kriger, Peter Zajac, Meret Grell, Timo
Kruck, Nikolai Bart, Marcel Schmidt, Andreas Wieck, and Arne Ludwig*

Lehrstuhl fur Angewandte Festkorperphysik, Ruhr-Universitdt Bochum, 44801, Germany *E-mail:
arne.ludwig@rub.de

A key component for photonic quantum devices is a high-fidelity single photon source. Semiconductor quantum
dots (QDs) in photonic cavities offer a promising route to create such devices. However, noise processes can hamper
solid-state emitters [1]. Major contributors to decoherence and low efficiency include random charge
rearrangements in the semiconductor environment or the QD itself [2], caused by processes such as Meitner-Auger
recombination [3] or photoionization [4]. Therefore, it is crucial to meticulously control the molecular beam epitaxy
(MBE) machine’s vacuum and effusion cells to grow wafers of the highest possible quality. Another important
aspect is heterostructure design:

embedding quantum emitters in a diode can stabilize the charge state and shield against fluctuations [5].

Even for ternary matrix material local droplet etched QDs [6,7], we demonstrate that this approach can lead to
blinking-free, transform-limited emission [8]. To make QDs a scalable technology, even more demanding
requirements must be met:

1. The QD density must range from 0.1 to 10 QDs/um? across the whole wafer, which is extremely
challenging for strain-driven self-assembly [9,10].

2. The emission wavelength of a substantial portion of the QDs must be within the tuning range of
the design wavelength.

Wafer rotation stop enables material gradient growth. Newly discovered implications of this wellknown
method, such as periodic modulation of QD density [10] and QD emission wavelength [11], will be presented. The
gradient growth method is also the basis for identifying ideal growth parameters [11,12] for wafer-scale production
of homogeneous QD density and QD wavelength material. Figures 1 and 2 show photoluminescence results of our
wafer-scale attempts to homogenize these parameters for LDE-grown GaAs QDs and LDE-grown InAs O-band
QDs [12,13].

References:

[1] A.V. Kuhlmann et al., Nat Phys 9, 570 (2013).

[2] G. Gillard et al., npj Quantum Inf 7, 43 (2021).

[3] A. Kurzmann et al., Nano Lett 16, 3367 (2016).

[4] P. Lochner et al., Phys. Rev. B 103, 075426 (2021).

[5] A. Ludwig et al. Journal of Crystal Growth 477, 193 (2017).

[6] C. Heyn, et al., Appl. Phys. Lett. 94, 183113 (2009).

[7] M. Gurioli et al., Nat. Mater. 18, 799 (2019).

[8] L. Zhai et al., Nat Commun 11, 4745 (2020).

9] A.K. Verma et al., Journal of Crystal Growth 592, 126715 (2022).
[10] N. Bart, C. Dangel et al., Nat Commun 13, 1633 (2022).

[11] H.G. Babin et al., Journal of Crystal Growth 591, 126713 (2022).
[12] N. Spitzer et al., Crystals 14, 1014 (2024). [13] E. Kersting et al., in preparation
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Figure 1: Wafer map photoluminescence of LDE-grown GaAs QDs. (a) A homogeneous intensity of QD
luminescence indicates a uniform QD density. (b) The emission wavelength shows minimal variation across the
wafer. (c) Photoluminescence (PL) spectrum at the centre of the wafer. (d) Wavelength as a function of position
for three different wafers. The orange line corresponds to the wafer shown in (a). The black and blue line are from
wafer growth attempts that yield less ideal wavelength distribution. The shaded area indicates the FWHM

distribution.
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Figure 2: Wafer map photoluminescence of LDE-grown InAs QDs. (a) Intensity map. (b) The wavelength map
shows O-band emission around the wafer centre. (c) PL spectra at points | to XII in (a). A clear shell structure is
visible indicating good homogeneity. (d) Wavelength as a function of position. A central region with a diameter of

45 mm yields O-band QDs.
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S10.4: Electrically tunable orbital couplings in MBE grown InAs/InGaAs
QDmolecules emitting in O-band

P. Avdienko,"* L. Hanschke,? Q. Buchinger,? I. Lubianskii,* H. Riedl,! A. Pfenning,® T. HuberLoyola,?
S. Hofling,® K. Miiller,2 and J.J. Finley'*
YWalter Schottky Institute, Physics Department, School of Natural Sciences, TUM, Am Coulombwall 4,
85748, Garching b. Miinchen, Germany
2ZEIT Lab, School of Computation, Information and Technology, TUM, Hans-Piloty-StraRe
1, 85748, Garching b. Miinchen, Germany
3Lehrstuhl fiir Technische Physik, Physikalisches Institut, Julius-Maximilians-Universitat
Wiirzburg, Am Hubland, 97074 Wurzburg, Germany
“Walter Schottky Institute, Technical University of Munich, Am Coulombwall 4, 85748
Garching, Germany

*pavel.avdienko@tum.de and jj.finley@tum.de

Epitaxially grown semiconductor quantum dots (QDs) and QD-molecules are a basis for modern photonic
quantum technologies. Compared to spin qubits in 111-V QDs, singlet-triplet logical qubits in optically active QD-
molecules have been recently shown to have enhanced coherence times, due to suppressed coupling to magnetic
noise [1]. Recently, excellent single photon source properties have been demonstrated for the InAs/GaAs QD-
molecule devices emitting around 930 nm [2]. Nevertheless, precise control of optical and structural properties of
QD-molecules is still a critical task for quantum photonics, especially in the telecommunication O- and C-bands
(~1.3- and ~1.5-um, respectively).

We present the first direct experimental observation of electrically tunable quantum orbital couplings in
individual vertically staked InAs/InGaAs QD-molecules emitting in the O-band at T = 10K. Individual InAs QD
layers were grown by MBE on GaAs(001) substrates in Stranski—Krastanov growth mode and overgrown by 7 nm
Ino2sGao7sAS strain-reducing layer. The InAs/InGaAs QD layers, separated by 2-5 nm GaAs barriers, were
symmetrically positioned near the center of the intrinsic region of a p-i-n diode, enabling tuning of excitonic
transition energies and orbital couplings. The first QD layer was deposited 5 nm above a 68 nm short-period
superlattice (SPSL) equivalent to Alo75Gap.2sAs [3], while the second QD layer was capped with a 5 nm GaAs and
second similar SPSL. The 90-nmthick intrinsic GaAs layers were situated between p- and n-GaAs layers and the
SPSLs (Fig.1). We observed wide tunability of the emission wavelength exceeding ~20 nm via the quantum-
confined Stark in the QD structures with SPSL barriers (Fig.2a). By tuning the internal electric field in the samples
containing InAs/InGaAs QD-molecules emitting in the O-band, we observe clear anticrossings of different charge
state transitions (Fig.2b). Comparison with theoretical predictions reveals that the excitonic anticrossings arise from
tunnel coupling of different orbital states in the molecule and the multiplicity of lines arises from optically induced
charging of the molecule.

[1] K. X.Tranetal., Phys. Rev. Lett. 129, 027403, (2022)
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[2] J. Schall, et al. Adv. Quantum Technol. 4(6), 2100002 (2021)
[3] A.J. Bennett, et al. Appl. Phys. Lett. 97(3), 031104 (2010)
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Fig. 1: Schematic of p-i-n diode band diagram with InAs/InGaAs QD-molecule.
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895 nm excitation with a nominal excitation power of 5 pW.
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Dilute bismide alloys, such as Ga(As,Bi), represent a novel class of materials that have garnered significant

attention due to their unique properties and potential applications in various fields, such as in infrared optoelectronic
devices and high-efficiency solar cells. Despite their immense potential, the precise understanding of Bi
incorporation into the lattice has remained challenging yet essential for optimizing material quality and harnessing
their full functionality.

In this work, we focus on the investigation using (Scanning) Transmission Electron Microscopy (S)TEM of the
interface properties and segregation effects in (Al,Ga)As/Ga(As,Bi) quantum well (QW) structures grown by
molecular beam epitaxy (MBE).

We find that the interfaces of GaAs/Ga(As,Bi) QWs are dramatically broadened by Bi segregation, as clearly
observed in elemental composition profiles directly obtained from the analysis of chemicallysensitive goo> dark-
field TEM (DFTEM) micrographs. Evaluation of segregation effects is possible via quantification of the interface
width using a combination of Muraki’s phenomenological segregation model with a sigmoidal function defining
the intrinsic interfacial width. We discuss how the use of innovative growth procedures/strategies at the interfaces
of GaAs/Ga(As,Bi) QWs is very successful in reducing Bi segregation. In particular, the use of a two-temperature
growth procedure [1] or the most recent strategy of replacing GaAs barriers with (Al,Ga)As [2,3] significantly
reduce Bi segregation.

On the other hand, our detailed TEM investigations of (Al,Ga)As/Ga(As,Bi) QWSs disclose the presence of Biga
hetero-antisites, a highly anticipated defect yet challenging to detect in dilute bismides, at the interfaces of
(Al,Ga)As/Ga(As,Bi) QWs [4]. Detection is made by employing the above mentioned diffraction-based goo2
DFTEM technique. The spatial resolution associated with TEM enables the precise determination of the location
of the defects, in this case at the interfaces of the (Al,Ga)As/Ga(As,Bi) QWs. This discovery significantly advances
the ability to identify point defects in novel materials based on 111-V semiconductors with zincblende structure, a
crucial step in enhancing material quality and facilitating practical applications. The formation of Biga hetero-
antisites is discussed in the context of some specific procedures during MBE growth. This highlights the relevance
of combined TEM and MBE investigations in advancing materials science.

[1] P. K. Patil, E. Luna, T. Matsuda, K. Yamada, K. Kamiya, F. Ishikawa, S. Shimomura, Nanotechnology 28, 105702

(2017).

[2] R. Butkuté, M. Skapas, A. Selskis, V. Bukauskas, S. Stanionyté, G. Niaura, Lithuanian J. Phys. 57, 29 (2017).
[3] W.Pan, L. Wang, Y.Zhang, W. Lei, and S. Wang, Appl. Phys. Lett. 114, 152102 (2019).
[4] E. Luna, J. Puustinen, J. Hilska, and M. Guina, J. Appl. Phys. 135, 125303 (2024).
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Fig 1. Experimental Bi composition profile obtained from the analysis of gooz DFTEM images of GaAs/Ga(As,Bi) QWSs grown

using a two-temperature growth procedure [1], a successful strategy to reduce Bi segregation.
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Fig 2. Energy-dispersive x-ray spectrometry (EDS) elemental maps reveal Bi-rich and Ga-depleted features at the location of
the dark-line at the Ga(As,Bi)-on-(Al,Ga)As interface in gooo DFTEM micrographs. The "dark-lines" are explained by the

presence of Biga hetero-antisites at this location. [4].
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Fig 3. Features in aberration-corrected STEM image at the Ga(As,Bi)-on-(Al,Ga)As interface which match the position and

width of the dark-line in gooo DFTEM micrographs associated to Biga hetero-antisites at this location.
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The purpose of this work is to obtain transferable I11-V thin films, by epitaxy above a graphene covered
substrate. Studies showed that monocrystalline layers could be obtained, which are sufficiently weakly attached
to the substrate thanks to the graphene plane to allow for their exfoliation. Ideally, the substrate could be recycled
for several growth. In the field of photovoltaics, this would provide cost reductions by more than 30%, for
devices presenting the highest efficiencies among available materials.

It was suggested that growth could occur via remote interaction through the graphene®. We have not observed
this behavior in previous work, which resulted in a polycrystalline layer formation. A potential competing
growth mechanism could proceed by nucleation at graphene holes, followed by lateral growth towards
coalescence. We propose to explore this route, since we have evidenced that graphene can play the role of a
mask compatible with selective area growth. In our case, graphene is grown on a germanium substrate and dry-
transferred to GaAs?, before patterning by electron beam lithography.

We investigate the growth behavior on graphene patterned as parallel stripes along different directions of
the GaAs substrate. Before coalescence (fig. 1), we find that the <100> directions provide structures with smooth
morphologies, and significant lateral growth over the graphene. <-110> resulted in nanowalls with negligible
lateral growth, and <110> presented significant roughness, which could be due to twin formation on the formed
{111} walls. Those results are consistent with the literature with silica masks?. Higher index directions present
nanostructures with multi-atomic steps. After coalescence however, high index directions provided layers with
the smoothest morphologies (fig. 2), while <-110> did not show significant coalescence, and <100> preserved
a more significant roughness. Above a 500 nm buffer GaAs, we have grown a
AlgsGap 2As/Alp2GagsAs/AlgsGag2As (100/200/100 nm) heterostructure for luminescence tests (fig. 3).
Consistently, no signal could be observed on directions <110> and <-110> while it increases for higher indexes.
More precise studies as a function of graphene coverage and stripes orientation are ongoing, as well as
cathodoluminescence and TEM.

Exfoliation tests have been carried out. First, a 30 nm Ti layer to enhance adhesion is deposited, followed
by a 250 nm Ni layer and a thermal release tape. This tape is manually peeled off. Fig. 4 show an SEM picture
of the remaining material on the substrate. The polycrystalline GaAs formed on graphene covered GaAs is
successfully exfoliated. Coalesced GaAs structure on patterned graphene can be exfoliated for sufficiently large
graphene coverage ratio. A dependance on the stripe orientation is observed, which is suspected to be related to
the manual peel off direction. This dependance will be further investigated in the coming months.

1 Kim, Y. et al. Nature 544, 340-343 (2017), 2 Macias, C. et al. Appl. Surf. Sci. 676, 160913 (2024), 3 Ironside,

D. J. et al. Cryst. Growth Des. 19, 3085-3091 (2019)
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Figure 1 Deposition of 360 ML GaAs, at Tg~615°C and V/III ratio of 2, on a graphene covered GaAs substrate,

patterned as stripes along various substrate orientations. Stripes opening are 50 nm wide, with a 300 nm repetition

period.

Figure 2 500 nm GaAs deposition, beyond coalescence on patterned graphene on GaAs. Stripes opening are 150 nm

wide, with a 300 nm repetition period.

Optical
image

160 ¥
E 180 | 3 G ﬁ =
™ 120

0 50 100 150 200 250 300
X (um)

150 Luminescence

i3 [
5. 140 - 2
> ¢ Image
120
0 50 150
X (um)
0 20 40 60 80 100

Luminescence (a.u.)

Figure 3 Optical image and corresponding luminescence under an LED illumination at 405 nm, for a
Al sGag2As/Aly 2Gag sAs/Aly sGao 2As (100/200/100 nm) heterostructure, on a 500 nm GaAs buffer grown on a patterned

graphene covered GaAs substrate.
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Figure 4 Remaining structures on the substrate after an exfoliation test. Exfoliation is obtained by depositing 30 nm Ti

and 250 nm Ni, and attaching a thermal release tape, before manual peel off. Exfoliation depends on the
graphene coverage. The angle between the graphene stripe orientation and peel off direction is suspected to play a role

and has not been carefully investigated so far.
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S11.2: Earth abundant oxynitrides alloys for tandem solar cells
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Owing to the increasing energy demand due to the rising population, there is a crucial need for

sustainable energy resources. Government regulations focus on the reduced dependency on fossil fuels
and gases, but also on the control of environmental pollution. This promotes the demand for renewable
energy sources such as solar energy, thus driving the photovoltaic (PV) energy development. Different
PV devices are being developed, including high-efficiency tandem cell devices but also lower cost thin
films alternatives. However, these devices are often made of materials whose elements are considered
scarce, like indium, or toxic, like lead.
The studies of earth-abundant nitrides started a decade ago, guided by the desire to replace critical
materials in Ill-nitrides technology. Semiconducting earth-abundant nitrides are therefore an emerging
group of materials, opening the way to a wide range of key technological devices, including solar cell
absorbers. Among them, the nitrides ZnsN. and MgsN. are both earth abundant and non-toxic
semiconductors. Recently, we successfully grew by molecular beam epitaxy these two binary materials
and we determined room temperature direct bandgap energies around 1.0 eV and 2.9 eV for Zn3N; and
MgsN2, respectively, thanks to transmission measurements . Besides, we analyzed their electrical
properties, both carrier concentration and electronic mobilities, in view of developing absorber materials
for tandem solar cells[1, 2, 3].

In this context, and based on these two materials, we aim to develop a top cell based on indium
free, earth abundant and non-toxic quaternary nitride alloy, namely the (Zni1xMgx)3(N1yOy)2 alloy,
compatible with bottom crystalline Si technology. The targeted tandem cell architectures rely on a gap
stacking of 1.7 eV/1.1 eV, which provides the maximum theoretical power conversion efficiency with
Silicon as a bottom cell [4] (Figure 1).

In this work, we will discuss the epitaxial growth of ZnMgON thin films, which was performed
by plasma assisted molecular beam epitaxy (PA-MBE) in order to stabilize monocrystalline epitaxial
layers on insulating MgO(100) substrate. The crystalline quality was characterized by X-ray diffraction
and transmission electron microscopy on cross sections. STEM of epitaxial ZnMgNO on MgO substrates
confirms a homogenous crystallinity along the layer. (fig 3). The Zn/Mg ratio was evaluated by energy
dispersive X-ray analysis. The proof of the incorporation of oxygen was revealed by measuring the
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element profiles extracted from XPS measurements through successive in-situ etchings with an argon ion
gun as well as EDXSTEM mapping. The atomic profiles show that oxygen has been incorporated across
the entire ZnMgN thickness (fig 2). The optical band gaps were measured by transmission while the carrier
densities and the mobilities of the newly synthesized quaternary alloys were extracted from Hall effect
measurements. By adjusting the growth conditions, in particular substrate temperature, N2 flow, presence
of Oz during growth and the temperature of the Mg cell, we achieved monocrystalline layers of

(Zn,Mg)(O,N) with the targeted 1.7 eV band gap, a carrier density around 4-5x10*° [cm®] and a mobility
of 45-50 [cm?/V/s].
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Figure 1. a) Absorption of the ZnMgN solar cell combined with a silicon bottom cell in the solar irradiance spectrum. b)
Band gap of ZnMgN as a function of Mg concentration.
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Figure 2. a) TEM image of ZnMgNO on MgO substrate. b) XPS atomic profil of ZnMgON with a control ZnMgN control layer and the
MgO substrate.
[1] P. John, et al., Phys. Rev. Materials 4, (2020) 054601

[2] P. John, et al., J. Appl. Phys. 130, (2021) 065104
[3] P. John, etal., J. Appl. Phys. 129, (2021) 095303
[4] A. Marti and G.L. Arujo, Solar Energy materials and Solar Cells, 43 (1996) 203
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S11.3: The correlation between the microstructure and the optoelectronic
properties of ZnsP>grown by Selective Area Epitaxy
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Zinc phosphide (ZnsP-) is a promising material for low-cost photovoltaics made of earthabundant elements. Its
direct band gap of 1.5 eV makes it ideal for efficient photovoltaics. However, the record efficiency of 6% for a
ZnsP solar cell achieved in the 1970s has never been outperformed ever since [1]. The main obstacle is the
synthesis of Zns;P, with high crystal quality and controllable properties. We have previously reported the growth of
monocrystalline ZnsP, on InP by Molecular Beam Epitaxy (MBE) [2]. Furthermore, we showed that the hole
concentration can be controlled by tuning the Zn:P stoichiometry [3]. Nevertheless, the high lattice mismatch with
the substrate induces strain in the layer with consequent formation of defects that limit the mobility. In this work,
we explore selective area epitaxy (SAE) to improve the carrier transport by reducing the defect density [4]. The
idea is to grow the thin film starting from a nanoscale pattern enabling ZnsP, pyramidal growth and subsequent
merging.

Here, we report on the combination of Hall Measurements and Photoluminescence Measurements on thin films
grown by Selective Area Epitaxy. The highest hole mobility ever measured for ZnsP, (520 cm?/Vs) was obtained
from high-quality thin films. Furthermore, Transmission Electron Microscopy (TEM) is used to characterize the
microstructure of the samples. We determined which defects have the greatest impact on the optoelectronic
properties of the films. The investigation extends to the effect of the hole size and the pitch size on the structure
and, on the optoelectronic properties (see Figure 1 and 2).

a) b)

Figure 1: SEM images of ZnsP, grown by SAE on InP (scale bar=500nm). (a) 40/400. (b) 75/400. (c) 120/400
(hole radius in nm/hole pitch in nm).
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Figure 2: Evolution of the carrier concentration with the thickness for thin films grown from different patterns
(hole radius in nm/hole pitch in nm).

[1] Bhushan, M. (1980). Appl. Phys. Lett. 38, 39-41 [2] Zamani, M
(2021). JPhys Energy, 3(3).

[3] Paul, R. (2023). Solar Energy Materials and Solar Cells, 252

[4] Escobar Steinvall, S (2021). Nanoscale Advances, 3(2), 326-332
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In remote epitaxy, a thin 2D material layer placed on a semiconductor substrate induces an interaction gap
between substrate and growing layer allowing to peel-off the epitaxial layer from the substrates and to recycle the
substrate [1], therefore reducing production cost of freestanding heterostructures and enabling versatile stacked
heterostructures fabrication [1,2]. The thin 2D material layer is either manually transferred to a substrate or grown
directly on a substrate at high temperature, thus limiting the process scalability or the choice of substrates. Here,
we present a low-temperature (300 °C), cheap and wafer-scale fabrication process of ultrathin 2D-like sp?
hybridised amorphous carbon layer templates on various substrates and their subsequent overgrowth [3]. High
crystal-quality group Ill-arsenides layer growth on amorphous carbon covered InP and GaAs substrates is
demonstrated as well as growth of metastable cubic group IlI-nitride layers on amorphous carbon covered 3C-SiC.

Atomic force microscopy measurements (Fig. 1a)) reveal an atomically smooth surface of the monolayer-like
thin amorphous carbon layer and Raman and X-ray photoelectron spectroscopy measurements reveal a predominant
sp?-hybridisation of the carbon bonds (Fig. 1b)-c)); key factors for successful remote epitaxy [2]. We show that
precisely tailoring the carbon layer thickness allows superior tunability of the substrate-layer interaction allowing
to tune the nucleation behavior on the amorphous carbon coated substrates (Fig. 2a)-b)) while transferring the
substrate crystal orientation to the epilayer (Fig. 2c)). Photoluminescence measurements of droplet etched
Ino.57Gao.43As quantum dots (Fig. 3b)) (important for infrared applications) on our amorphous carbon templates and
high-resolution X-ray diffraction measurements (Fig. 3a)) verify a high crystal quality of the epitaxial layers;
dislocation densities <1x107 cm are determined for optimized growth conditions. Our results show a universal
approach to fabricate templates for remote epitaxy, e. g., for remote epitaxy on temperature sensitive substrates like
GaAs or InP and growth of metastable phases. Lift-off of layers from their substrates is demonstrated by employing
a Ni stressor approach (Fig. 3c)) [3].

[1] Kim, Y. etal. Nature 544, 340-343 (2017)
[2] Park, B-I. et al. ACS Nano. 24, 10 (2024)
[3] Henksmeier, T. et al. arXiv:2410.15487 (2024)
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a) HR-XRD measurements of IngesGagssAs on InP, IngeeGageiAs on GaAs and c-GaN on 3C-SiC substrates. b)
Photoluminescence measurements of droplet etched Ings7Gag.43As quantum dots; the inset shows a 200 nm thick film lifted-

off by applying the Ni-stressor approach. ¢) 8/26-scan of the lifted-off film.
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Vahed Cracker AccuTemp ™

Electron Beam
Depostion

MBE Modules with in-Silu Characterizaion Standsdione MBE System for 1-1Z Samgie Size

wwwsvita.com 001-852-8342100




mpound Semiconductor

aterials Specialist

High Temperature
Substrates Materials and
Coatings

Gallium Arsenide PBN Crucibles

S 8, Sy
Indium Phosphide Bt Poats
2, 3, 4%, 6° PBN Rings, Rods, Etc
Germanium PBN Coatings

4" 6"
PG Coatings

www.axt.com

) sales@axt.com
L +33-(0)6-89-85-65-74
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lliad S/TEM:

Seamlessly integrated
EELS and EDS

~

¢ Unique integration of superior hardware
* One software for complete and Intultive control

¢ State-of-the-art (S)TEM with future proof
capabillities

¢ Advanced (S)TEM control and automation

B | cam more at thermofisher.com/iliad

thermo scientific

For Reasarch Use Only. Not for use in diagnostic procedures. © 2024 Thermo Fisher Scentfic Inc. All rights resecved Al
trademarks are the properly of Therma Fisher Scientific and its subsidanies unlass athawise spacified.



VINCI

MECA Tailored for laboratories & industries

/" Vinci Technologies began by manufacturing specialized laboratory and field instruments. \
Committed to R&D, we have continuously evolved to address emerging challenges like carbon
footprint and environmental concerns. Today, we provide cutting-edge laboratory instruments
and sensors for high-tech industries, including chemicals, health, civil engineering, and
materials.

In 2008, Vinci Technologies acquired MECA2000, a pioneer in the UHV industry since 1980.
With this integration, our Vacuum division team expanded its expertise, enabling the
development of advanced UHV MBE systems, preparation chambers, UHV linear transport,
sputtering, PLD, thermal & E-beam evaporators, to provide a full lab-scale solution.

With 45 years of expertise, we design and manufacture high-performance UHV equipment,

\ _delivering full turnkey solutions. R

ENHANCE YOUR PROJECTS
with Vinci’s MBE expertise!

+ Advanced Source Opt:ons

+ Comprehensive Pumping Groups

+ Ultra-High Vacuum Capability (10** mbar)
+ Real-Time Growth Feedback

+ Versatile Sample Accommodation

+ Dynamic Temperature Control

+ Efficient Cooling

+ Full Process Control

+ Supervisory Control And Data Acquisition
+ Secured by PLC

The Vinci Advantage:
+ Expert technical support (2D TMDs, GaN...)

annealing, PLD... cluster or linear transport)

Visit our Website;
F-
Phone: +33(0)1-41-37-92-20 a - ||
@ Email: vincinet@vinci-technologies.com
2 Website: www.vinci-technologies.com -

' Address: 27 B, rue du Port, 92022 Nanterre (FRANCE)
in www linkedin.com/company/vinci-technologies-sa/ ] e

+ Full integrated UHV platforms (MBE with PVD,
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o e azelis f th::ttfgh
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Your only supplier for the highest purity
and state of the art products for MBE,
MOCVD, substrates and chip bonding

* Arsenic 7N,7N5 MBE (chunks & ingots):

P t Furukawa
ures * Antimony 7N, 7N5+ MBE
in the « Gallium 7N5+ ( RRR > 75000) MBE

* Aluminium 6N, 6N5+ MBE

¢ Indium 7N, 7N5 MBE

* Red phosphorous 6N, 7N MBE
* Beryllium 4N+ MBE

* Gale 6N, Mg 6N, Mn 5N8, Se 6N, Zn 6N, Te 6N, ZnTe
6N, CdSe 6N, Bi 6N, S 6N...

« Silicon wafers, ultrapure silicon dopant MBE
* GaAs, InP GaSb, GaP, InAs, InSb wafers

* PBN crucibles

» Wafers Reclaim & Thinning

* Precursors for MOCVD, ALD... technologies
« Bonding Wires and Ribbons

» Bonding Caps-Wedges, Pick up tools,
Die Collets: SPT Roth

www.azeliselectronics.com

azelis.electronics@azelis.fr
Azelis France - 8-14 av. de ['Arche - 92400 Courbevoie - France



Automatic LN2
Circulation for MBE

Enaineered to be safe, reliable and easily interface
with all production and research MBE systems

THE WORLD'S LEADING SUPPLIER OF LIQUID NITROGEN PIPING SYSTEMS

Automatic liquid nitrogen circulation

Constant liquid nitrogen temperature and pressure
Modular components to simplify installation
Vacuum jacketed cryopanel connections

VACUUM e
BARRIERm e

CORPORATION VacuumBarriersSystems

4 Sarten Lare, Wobun, MA OIBOI, USA Avenue Landas 17, 8-1480 Santes (Tuboa), Beigum
TIG33380 | F781830%24 T+R2354N77 |F+2238a 20

saks v uumbamer com zalesiGvbsourope com

vacuum barrieccom vbsewopecom



WAFER ECV PROFILER CVP21

ECV Measurement of Doping Profiles

ECV Profiler CVP21:
The COMPLETE
Solution.

COMPLETE Material Range:
Group IV: Si, Ge, SiIC
Standard IlI-V: GaAs, InP, ...
Ternary: AlGaAs, GainP, ...
Quaternary: AlGalnP, ...
Nitrides: GaN, AlGaN, AlInN, ...
II-VI: ZnO, CdTe, CdHqgTe, ...

COMPLETE Sample Range:

Stacked layers no problem
No restrictions conceming substrate
Sample size: 42 mm* ... 8" Wafer

-~
»

E10256821, US 7026255 (frther pendng)

COMPLETE Resolution Range:
<102cm3 . =102 cn3 ()
1nm ... 100 ym (%)

(*) may depend on matenal type/ sample quality.
Please ask for sample measurements.

Paents

COMPLETE System:

- HiRel - Calibration-free - Easy-to-Use
CVP21 induding option FP: Footprint W 3 ina - ra-con
60"80cm for minium required clean room s af.er ?tePpmg Ca?]e 5 C? s
space Recipes - Auto-Load/Unload/Reload
Manual/SemiAuto/FullAuto

WER..r
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www.hidenanalytical.com

I info@hiden.couk

ANALYTICAL

Mass spectrometers for vacuum, gas, plasma and surface science
S ’

/

-

—

» In-situ beam monitoring

» Wide, 70° beam acceptance Mod u |a r Sl M S

. WaseE-coojec for. thexmal StabiiLy Add high performance surface analysis

to your MBE system

Complete bolt-on SIMS instrument built
onto a single flange

Incoming wafer quality and post process
static thin film characterization

TDSLab Series

Advanced thermal desorption studies for materials characterization
Measurement of desorbed species from thin films

Simultaneous detection of known and unknown species for
contamination and quality control

@ www.HidenAnalytical.com Q info@hiden.co.uk




I RIGAKU ADVANCED THIN FILM SOLUTIONS

Best-in-class instrumentation for thin films and semiconductors

All methods In one tool: XRD, XRR, Rocking Curve and Reciprocal Space
Mapping, 2D-GISAXS, CI-XRD, Residual Stress, and Texture

SmartLab XE

- Global data consistency with
auto-alignment concept

- Automatic optical component
recognition ensures error-free handling
- 7x faster data acquisition due to 9 kW
X-ray source

- Ultrafast, single photon sensitive 2D
HyPix-3000 detector with unmatched
robustness

QR

Five-circle gonlometer
for thin fllm application

- Most brilliant and powerful line and

microfocus X-ray sources available

- High-resolution optics for double- and

triple-axis geometries

- HyRES automatic, switchable analyzer
- Ultrafast & Wide Range RSM using

HyPix-3000 2D detector

POWERING NEW PERSPECTIVES

Rigaku Europe SE | Hugenottenallee 167 | 63263 Neu-lsenburg | Germany | rigakucom | info@rigaku.com




(shentaormcron

EVO50 MOLECULAR BEAM EPITAXY SYSTEM

Your vision, your plan...
...our smart solution

Nexus: The first MBE software with Recipe Bgilder
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Power electronics

= Unique recipe builder technology with graphical sample composition information
Scheduled sample transfer and detailed tracking with batch processing
Read more at:

Automatically gather and utilise cell flux data

Intergrated in situ metrology for self-calibration of samples during growth

Safeguard your system with programmable interlocks and system watchdog

= Full history, logging and cloud integration

www.ScientaOmicron.com






If you have any question please
join our WhatsApp community

Room Rovery

Cinéma and
Dandy club

Le bataclan
restaurant






