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Cover Picture - On the hunt for ultra-thin materials using data mining
Two-dimensional (2D) materials are traditionally associated with the sheets forming bulk layered crystals
bonded by weak van der Waals interactions. The recent surprising synthesis of atomically thin 2D sheets
from  non-van  der  Waals  bonded  oxides  opens  up  a  new  perspective  for  this  diverse  class  of
nanostructures.  By  leveraging  data-driven  research  principles  and  a  structure-based search  criterion
several dozens of candidates of this new materials class could be predicted.
The figure shows the semitransparent structure of germanium manganese oxide (GeMnO 3), one of the
newly discovered 2D materials, superimposed on its surface magnetic structure. The atomic species are
represented by the following colors: manganese (Mn) magenta, germanium (Ge) green, and oxygen (O)
red.
The color pattern depicts regions in the vicinity of magnetic ions where the magnetization points out of the
plane (red) or into the plane (blue). This strong spatial variation of the magnetic information could, for
instance, play a crucial role for data storage applications.
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Preface by the directors 

The year 2022 gave us first indications of the end of COVID-19 pandemic, also through the 

resurgence of on-site conferences and other business trips. Yet occasional online zoom conferences 

will for sure stay with us, since everybody has recognized their usefulness in certain situations. Yet 

without break, the world has entered another severe crisis through the Russian invasion of Ukraine. 

This also has had manifold implications for international collaborations and has shown us that science 

cannot be completely separated from politics. In addition, the subsequent price increases, in particular 

for energy, scientific equipment and civil construction place a strong financial burden on us. Increasing 

wages, well-deserved for our staff, will however put severe restrictions on future personnel planning at 

the institute. 

The scientific productivity of the institute has remained on a very high level, counting 

174 publications with an average impact factor as high as 7.4. Eight outstanding and representative 

publications are reprinted in this Annual Report. An amazing number of 24 new third-party projects 

were granted, among them 14 DFG projects. The total number of simultaneously active DFG projects 

amounted to 30 in December 2022! 

In the annual competition for HZDR prizes, our institute was again very successful: Dr. Ruslan 

Salikhov, together with Dr. Sergey Kovalev from the Institute of Radiation Physics, received the HZDR 

Forschungspreis for their joint work on spin-wave excitation by Terahertz (THz) radiation. Dr. Klara 

Lünser was awarded an HZDR Doktorandenpreis for her thesis entitled “Martensitische 

Phasenumwandlungen und Zwillingsbildung in epitaktisch gewachsenen Nickel-Titan-Schichten”. 

The new 1-MV facility for accelerator mass spectrometry (AMS), is being set up at NEC (National 

Electrostatics Corporation). Construction of the dedicated building to house the accelerator, the SIMS 

and including additional chemistry laboratories is finished by mid-2023. Then one AMS injection 

system featuring also an ion cooler can be installed. Factory tests of the remaining parts of the AMS 

system are scheduled for 2023 at NEC as well. 

In the course of developing a strategy for the HZDR - HZDR 2030+ Moving Research to the NEXT 

Level for the NEXT Gens - six research focus areas for our institute were identified, those include 

- Interaction of highly charged, low-energy or focused ion beams with solid surfaces, including 

atomistic simulations, 

- Accelerator mass spectrometry, 

- Ion-based synthesis and modification of semiconductor structures for nano- and optoelectronics, 

- Ultrafast and terahertz spectroscopy of low-energy excitations in semiconductors and quantum 

materials, in particular using the free-electron laser at ELBE, 

- Structural and electronic properties of 2D materials, 

- Hybrid quantum systems as a link between photonics, electronics and magnonics, 

- Magnonics and opto-spintronics: new hardware concepts for neuromorphic computing. 

Last year also brought the establishment of a new department on “Quantum Technologies”. This 

was a consequence of the successful work of PD Dr. Georgy Astakhov, who also received a high-rank 

international offer. His new position as department head enabled us to keep him at HZDR and thus 

strengthen our activities in this important, rising research field. Also a new Young Investigator Group 

on “Autonomous Materials Thermodynamics” was established jointly with DRESDEN concept - the 

alliance of TU Dresden with other research institutes in the Dresden area, with Dr. Rico Friedrich as its 

leader. 



 

Finally, we would like to cordially thank all partners, friends, and organizations who supported our 

progress in 2022. First and foremost we thank the Executive Board of the Helmholtz-Zentrum 

Dresden-Rossendorf, the Ministry of Science, Culture and Tourism of the Free State of Saxony, and 

the Ministries of Education and Research, and of Economic Affairs and Climate Action of the Federal 

Government of Germany. Many partners from universities, industry and research institutes all around 

the world contributed essentially, and play a crucial role for the further development of the institute. 

Last but not least, the directors would like to thank all members of our institute for their efforts in these 

very special times and excellent contributions in 2022. 

 

 

 

 

Prof. Manfred Helm   Prof. Jürgen Fassbender 

 

 



Annual Report IIM 2022, HZDR-123  5 
 

Contents 

Selected Publications 

Copyright remarks  ........................................................................................................................  9 

Fully encapsulated and stable black phosphorus field-effect transistors  .............................  11 
Arora, H.; Fekri, Z.; Vekariya, Y.N.; Chava, P.; Watanabe, K.; Taniguchi, T.; Helm, M.; Erbe, A. 

Data-driven quest for two-dimensional non-van der Waals materials  ....................................  18 
Friedrich, R.; Ghorbani-Asl, M.; Curtarolo, S.; Krasheninnikov, A.V. 

Wafer-scale nanofabrication of telecom single-photon emitters in silicon  ...........................  27 
Hollenbach, M.; Klingner, N.; Jagtap, N.; Bischoff, L.; Fowley, C.; Kentsch, U.; Hlawacek, G.; 
Erbe, A.; Abrosimov, N.V.; Helm, M.; Berencen, Y.; Astakhov, G. 

Spin-wave frequency combs  .......................................................................................................  34 
Hula, T.; Schultheiß, K.; Trindade Goncalves, F.J.; Körber, L.; Bejarano, M.; Copus, M.; 
Flacke, L.; Liensberger, L.; Buzdakov, A.; Kakay, A.; Weiler, M.; Camley, R.; Faßbender, J.; 
Schultheiß, H. 

Epitaxial lateral overgrowth of tin spheres driven and directly observed by helium ion 
microscopy  ....................................................................................................................................  40 
Klingner, N.; Heinig, K.-H.; Tucholski, D.; Möller, W.; Hübner, R.; Bischoff, L.; Hlawacek, G.; 
Facsko, S. 

Flexomagnetism and vertically graded Néel temperature of antiferromagnetic Cr2O3 thin 
films  ...............................................................................................................................................  49 
Makushko, P.; Kosub, T.; Pylypovskyi, O.; Hedrich, N.; Li, J.; Pashkin, O.; Avdoshenko, S.; 
Hübner, R.; Ganss, F.; Liedke, M.O.; Butterling, M.; Wagner, A.; Wagner, K.; Shields, B.J.; 
Lehmann, P.; Veremchuk, I.; Faßbender, J.; Maletinsky, P.; Makarov, D. 

Terahertz control of photoluminescence emission in few-layer InSe  .....................................  62 
Venanzi, T.; Selig, M.; Pashkin, A.; Winnerl, S.; Katzer, M.; Arora, H.; Erbe, A.; Patanè, A.; 
Kudrynskyi, Z.R.; Kovalyuk, Z.D.; Baldassarre, L.; Knorr, A.; Helm, M.; Schneider, H. 

Mid- and far-infrared localized surface plasmon resonances in chalcogen-hyperdoped 
silicon  ............................................................................................................................................  69 
Wang, M.; Yu, Y.; Prucnal, S.; Berencén, Y.; Shaikh, M.S.; Rebohle, L.; Khan, M.B.; Zviagin, V.; 
Hübner, R.; Pashkin, A.; Erbe, A.; Georgiev, Y.M.; Grundmann, M.; Helm, M.; Kirchner, R.; 
Zhou, S. 

Statistics 

User facilities and services  .........................................................................................................  83 

Ion Beam Center (IBC)  ...................................................................................................................  83 

Free Electron Laser (FELBE)  .........................................................................................................  85 

Experimental equipment  ..............................................................................................................  86 

Doctoral training programme  ......................................................................................................  92 

Publications  ..................................................................................................................................  93 

Patents  ...........................................................................................................................................  111 

Concluded scientific degrees  .....................................................................................................  114 

Awards and honors  ......................................................................................................................  115 

Invited conference contributions  ................................................................................................  117 

Conferences, workshops, colloquia and seminars  ..................................................................  122 

Projects ..........................................................................................................................................  125 



6  Contents 
 

 

Organization chart  ........................................................................................................................  131 

List of personnel  ...........................................................................................................................  132 



  

 

 

 

 

 

 

 

 

 

 

  

 

Selected 

Publications 
 

 

 Image: HZDR / N. Jagtap 

5 μm 



 



Annual Report IIM 2022, HZDR-123 9 

 

Copyright remarks 

The following journal articles are reprinted with kind permission from: 

Fully encapsulated and stable black phosphorus field-effect transistors 

Arora, H.; Fekri, Z.; Vekariya, Y.N.; Chava, P.; Watanabe, K.; Taniguchi, T.; Helm, M.; Erbe, A. 
Advanced Materials Technologies 8, 2200546 (2022) 
© 2022 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

Creative Commons BY-4.0 License 
DOI: 10.1002/admt.202200546 

 
Data-driven quest for two-dimensional non-van der Waals materials 
Friedrich, R.; Ghorbani-Asl, M.; Curtarolo, S.; Krasheninnikov, A.V. 
Nano Letters 22, 989 (2022) 
© 2022 The Authors. Published by American Chemistry Society 

Creative Commons BY-NC-ND-4.0 License 
DOI: 10.1021/acs.nanolett.1c03841 

 
Wafer-scale nanofabrication of telecom single-photon emitters in silicon 
Hollenbach, M.; Klingner, N.; Jagtap, N.; Bischoff, L.; Fowley, C.; Kentsch, U.; Hlawacek, G.; Erbe, A.; 
Abrosimov, N.V.; Helm, M.; Berencen, Y.; Astakhov, G. 
Nature Communications 13, 7683 (2022) 
© 2022 The Authors. Published by Springer Nature 

Creative Commons BY-4.0 License 
DOI: 10.1038/s41467-022-35051-5 

 
Spin-wave frequency combs 
Hula, T.; Schultheiß, K.; Trindade Goncalves, F.J.; Körber, L.; Bejarano, M.; Copus, M.; Flacke, L.; 
Liensberger, L.; Buzdakov, A.; Kakay, A.; Weiler, M.; Camley, R.; Faßbender, J.; Schultheiß, H. 
Applied Physics Letters 121, 112404 (2022) 
© 2022 The Authors. Published by AIP Publishing 

Creative Commons BY-4.0 License 
DOI: 10.1063/5.0090033 

 
Epitaxial lateral overgrowth of tin spheres driven and directly observed by helium ion 
microscopy 
Klingner, N.; Heinig, K.-H.; Tucholski, D.; Möller, W.; Hübner, R.; Bischoff, L.; Hlawacek, G.; 
Facsko, S. 
Journal of Physical Chemistry Letters 126, 16332 (2022) 
© 2022 The Authors. Published by American Chemical Society 
DOI: 10.1021/acs.jpcc.2c03707 
 
Flexomagnetism and vertically graded Néel temperature of antiferromagnetic Cr2O3 thin films 
Makushko, P.; Kosub, T.; Pylypovskyi, O.; Hedrich, N.; Li, J.; Pashkin, O.; Avdoshenko, S.; Hübner, 
R.; Ganss, F.; Liedke, M.O.; Butterling, M.; Wagner, A.; Wagner, K.; Shields, B.J.; Lehmann, P.; 
Veremchuk, I.; Faßbender, J.; Maletinsky, P.; Makarov, D. 
Nature Communications 13, 6745 (2022) 
© 2022 The Authors. Published by Springer Nature 

Creative Commons BY-4.0 License 
DOI: 10.1038/s41467-022-34233-5 

 
Terahertz control of photoluminescence emission in few-layer InSe 
Venanzi, T.; Selig, M.; Pashkin, A.; Winnerl, S.; Katzer, M.; Arora, H.; Erbe, A.; Patanè, A.; 
Kudrynskyi, Z.R.; Kovalyuk, Z.D.; Baldassarre, L.; Knorr, A.; Helm, M.; Schneider, H. 
Applied Physics Letters 120, 092104 (2022) 
© 2022 The Authors. Published by AIP Publishing 

Creative Commons BY-4.0 License 
DOI: 10.1063/5.0080784 

 



10  Copyright remarks 
 
 
Mid- and far-infrared localized surface plasmon resonances in chalcogen-hyperdoped silicon 
Wang, M.; Yu, Y.; Prucnal, S.; Berencén, Y.; Shaikh, M.S.; Rebohle, L.; Khan, M.B.; Zviagin, V.; 
Hübner, R.; Pashkin, A.; Erbe, A.; Georgiev, Y.M.; Grundmann, M.; Helm, M.; Kirchner, R.; Zhou, S. 
Nanoscale 14, 2826 (2022) 
© 2022 by Royal Chemistry Society 
DOI: 10.1039/D1NR07274A 
 

 



www.advmattechnol.de

2200546 (1 of 7) © 2022 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH

Fully Encapsulated and Stable Black Phosphorus 
Field-Effect Transistors

Himani Arora,* Zahra Fekri, Yagnika Nandlal Vekariya, Phanish Chava, Kenji Watanabe, 
Takashi Taniguchi, Manfred Helm, and Artur Erbe

DOI: 10.1002/admt.202200546

such as transition metal dichalcogenides 
(TMDCs) (MoS2, WS2, etc.) are being 
intensively studied, on the other hand, 
the search for novel 2D materials is at a 
rapid pace.[6–10] In the last years, black 
phosphorus (BP), also known as few-
layer phosphorene, an allotrope of phos-
phorus, has come into the limelight.[4,11–13] 
Monolayer BP or phosphorene is a one-
atom-thick sheet of covalently bonded 
phosphorus atoms arranged in a puckered 
honeycomb structure with in-plane anisot-
ropy.[14–16] Individual layers, when stacked 
onto each other, are held together by weak 
van der Waals (vdW) forces to form mul-
tilayered or bulk structures, which can 
be easily cleaved into thin layers using 
an adhesive tape.[17] Unlike TMDCs, BP 
has a direct bandgap at all layer thick-
nesses, which varies from ≈0.3 eV in bulk 
to ≈2 eV in monolayers, hence covering a 
broad detection spectrum from ultraviolet 
to infrared wavelengths.[14,16,18,19] The pres-
ence of this direct and tunable bandgap 

together with high electrical mobilities of ≈1000  cm2  V−1  s−1 
reported at room temperature in BP help to overcome some of 
the drawbacks of graphene (Gr) and TMDCs in applications as 
field effect transistors (FETs).[15,20] Thus, these materials seem 
to be ideally suited for applications in electronics and optics 
that are based on FETs. In addition, FETs based on BP have 
shown intrinsic ambipolar conduction, indicating its possible 
use in reconfigurable electronics.

Despite the intriguing properties of BP, its integration into 
active devices is severely hampered because of its poor chem-
ical stability under ambient conditions. The degradation of BP 
flakes can be observed easily under an optical microscope.[17,21,22] 
Several reports revealed the formation of pits and bubbles on 
the surface of freshly exfoliated BP within a few hours of air 
exposure, which kept growing over time in shape, height, and 
roughness until the BP flake is fully disintegrated and etched 
away from the substrate.[17,21,22] Castellanos-Gomez et al. attrib-
uted the degradation of BP to a strong out-of-plane dipole 
moment on its surface which makes it very hydrophilic.[17] The 
strong dipole–dipole interactions between water and BP distort 
the lattice structure and modify its surface morphology. Using 
X-ray photoelectron spectroscopy measurements Wood  et  al. 
revealed amorphization of pristine BP and eventual degradation 
to POx in air, indicating permanent damage to the structural 

Black phosphorus (BP) has quickly gained popularity in the scientific com-

munity owing to its interesting semiconducting properties, such as direct 

bandgap, high mobility, and intrinsic ambipolar behavior. However, its sensi-

tivity to oxygen, moisture, and other air species has restricted its integration 

into active devices. Here, the lithography-free via-encapsulation scheme to fab-

ricate fully-encapsulated BP-based field-effect transistors (FETs) is employed. 

The full encapsulation is achieved by sandwiching the BP layers between the 

top and bottom hexagonal boron nitride (hBN) layers; top hBN passivating 

the BP layer from the environment and bottom hBN acting as a spacer and 

suppressing charge transfer to the BP layer from the SiO2 substrate. The 

embedded via-metal electrodes allow the authors to perform reliable elec-

trical measurements of the BP FETs. Based on these results, it is found that 

the electronic properties of the via-encapsulated BP FETs are significantly 

improved compared to unencapsulated devices. This further establishes that 

the via-contacting scheme leads to superior results compared to graphene-

hBN heterostructures and bare hBN layers combined with evaporated metal 

contacts (both use top and bottom hBN to encapsulate BP) by revealing higher 

mobility, lower hysteresis, and long-term ambient-stability in BP FETs.

H. Arora, Z. Fekri, Y. N. Vekariya, P. Chava, M. Helm, A. Erbe
Helmholtz Zentrum Dresden Rossendorf
Bautzner Landstrasse 400, 01328 Dresden, Germany
E-mail: h.arora@hzdr.de
K. Watanabe
Research Center for Functional Materials
National Institute for Materials Science
Tsukuba 305-0044, Japan
T. Taniguchi
International Center for Materials Nanoarchitectonics
National Institute for Materials Science
1-1 Namiki, Tsukuba 305-0044, Japan

RESEARCH ARTICLE

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/admt.202200546.

1. Introduction

Research on semiconducting 2D materials (2DMs) has demon-
strated the potential of these materials for future electronics.[1–5] 
On the one hand, the already established 2D semiconductors, 

© 2022 The Authors. Advanced Materials Technologies published by 
Wiley-VCH GmbH. This is an open access article under the terms of the 
Creative Commons Attribution License, which permits use, distribution and 
reproduction in any medium, provided the original work is properly cited.

Adv. Mater. Technol. 2023, 8, 2200546
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and chemical integrity of the BP flakes.[21] Because the surface 
is the first one to come in contact with air, the degradation 
starts there and slowly penetrates deeper into the layers. How-
ever, the 2D layers are not only sensitive to air but also to other 
environmental influences such as charge traps in the dielectric, 
chemical contaminations and resists during lithographic pro-
cesses, and physical damages during metal evaporations, which 
lead to fast and uncontrollable morphological changes and poor 
device performance.[8,23,24] Therefore, an effective encapsulation 
technique is necessary to passivate the 2D layers against various 
degrading factors in order to study their fundamental properties 
as well as to achieve high-performance and stable devices. 

In the last years, several encapsulation schemes were demon-
strated to passivate the BP layers. Doganov et al. deposited Gr or 
hBN flakes on freshly exfoliated BP flakes in an Ar-filled glovebox 
for encapsulation.[25] The devices were fabricated by spinning 
poly(methyl methacrylate) (PMMA) resist, followed by e-beam 
lithography and thermal evaporation of the metal contacts. The 
mobilities at room temperature for both holes and electrons 
calculated in these devices were ≈10  cm2  V−1  s−1, substantially 
below the expected values. In addition, large hysteresis in both 
positive and negative gate voltage sweep directions was observed. 
In another approach, encapsulation by atomic layer deposition 
(ALD) of alumina (Al2O3) was demonstrated.[21,26–30] The Al2O3 
encapsulated BP FETs revealed a room temperature hole mobility 
of ≈100 cm2 V−1 s−1. Long-term stability of up to 17 months was 
reported by Grasser  et  al.[30] However, the effectiveness of the 
Al2O3 encapsulation is largely dependent on the ALD process 
conditions, which makes it a complex process.[26,29,34]

Moreover, both techniques passivate the top surface of BP 
and the bottom part rests on the SiO2 substrate. Because of the 
presence of hydroxyl groups, SiO2 has been shown to deterio-
rate the performance of FETs and result in large hysteresis by 
inducing charge disorder at the interface.[24,31–33] Furthermore, 
both techniques leave some parts of BP unexposed in order to 
evaporate the metal electrodes. This might cause degradation at 
the contacts and result in large contact resistances, tunnel bar-
riers, and further unreliability in the I–V measurements.[16] Par-
ticularly for alumina encapsulation, a recent study reported that 
the fixed oxide charges in the Al2O3 layer can induce energy-
band bending near the metal contact edge and randomly modu-
late the type of conduction in BP devices.[28]

In this work, we have addressed these challenges by 
employing via-contacts to fabricate FETs based on fully encap-
sulated BP layers. Via-contacts are metal electrodes embedded 
within hBN flakes. They allow us to simultaneously achieve 
encapsulation and an electrical connection to the underlying 
2D layer without any direct lithographic patterning. The full 
encapsulation is achieved by sandwiching the BP layers in a 
layer-by-layer fashion between the bottom hBN (suppresses 
the charge transfer from SiO2) and top hBN containing the 
via-contacts (passivates the BP layer from air and provides elec-
trical connection to carry out the measurements). We also fab-
ricated BP FETs by depositing Gr-contacts and evaporation of 
metal-contacts, both using top and bottom hBN to fully encap-
sulate the BP layer, which allowed a direct comparison of dif-
ferent passivation techniques. Based on our results, we find 
that the via-encapsulation technique passivates the BP layers 
from various degrading factors and preserves their electrical  

properties. Via-BP FETs show the best performance with 
improved hole and electron mobilities and negligible hysteresis 
as compared to other device architectures tested in this work. 
We observe a crossover in current as a function of temperature 
and back-gate voltage. In addition, via-BP FETs are found to be 
ambient stable for over 5 weeks, which is considerably longer 
than top-hBN-encapsulated devices. The via-encapsulation 
scheme is a versatile and robust technique. The via-contacts can 
be fabricated in different shapes and sizes, which is particu-
larly advantageous for randomly sized mechanically exfoliated 
flakes. We believe that this technique can open ways for funda-
mental studies as well as towards the integration of air-sensitive 
2D materials in technological applications.

2. Experimental Section

2.1. Via-Contact Fabrication

The fabrication of the via-contacts employed in this work is 
shown in microscope images in Figure 1a. The hBN flakes were 
exfoliated from their bulk crystal using an adhesive tape and 
deposited onto a 285 nm SiO2/Si substrate. Crack- and residue-
free hBN flakes with uniform thicknesses of 30–50  nm were 
identified using optical contrast. The SiO2/Si substrate was then 
spin-coated with EL11 and PMMA A4 at 3000 rpm, followed by 
post-baking at 150 °C for 10 min. The PMMA layers served as the 
resist layer for the subsequent patterning of hBN using e-beam 
lithography. To develop the patterns, the substrate was immersed 
first into the developer solution of deionized (DI) water and 
isopropanol (3:7) for 1 min and then 30 s into isopropanol as a 
stopper followed by N2 blow dry. To etch holes into patterned 
hBN flakes, inductively coupled plasma reactive ion etching 
(Oxford ICP-RIE) was used. A gas mixture of SF6:O2 (40:4 sccm) 
was supplied at 60  W for 1 min to generate the plasma. The 
etched holes were then filled with 20 to 30  nm Ni followed by 
30  nm Au using an e-beam evaporator at a deposition rate of  
1 Å s−1. To obtain the via-contacts, the final step was metal lift-off, 
where the sample was immersed in acetone for 2–3 h, followed 
by isopropanol rinsing and blown dry with N2.

2.2. VdW Assembly of hBN/BP/via-hBN Stacks

The heterostructure assembly was carried out inside an N2-
filled glovebox to prevent ambient exposure of the BP layers and 
to minimize the contaminations at the hBN/BP interfaces. The 
first step involved picking up a via-hBN (hBN flake carrying via-
contacts prepared as described in Section 2.1.) from a dummy 
Si/SiO2 substrate using a PDMS (Polydimethylsiloxane)/PPC 
(Poly propylene carbonate) transfer slide at the microman-
ipulator as described in the previous work.[24] Next, BP was 
exfoliated from its bulk crystal (bought commercially from 
2dSemiconductors) inside the N2-filled glovebox and transferred 
onto an hBN flake (bottom dielectric) resting on a 285 nm SiO2/
Si substrate. To form the hBN/BP/via-hBN heterostructure, the 
PDMS/PPC stamp containing the via-hBN was stacked onto 
the BP flake in such a way that the metal electrodes covered it 
entirely. Figure 1b illustrates the schematic of vdW assembly of 

Adv. Mater. Technol. 2023, 8, 2200546
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hBN/BP/via-hBN stacks. The substrate was then removed from 
the glovebox and processed further to make extended metal 
bars and contact pads (5  nm Ti/30  nm Ni/80  nm Au) where 
measurement probes were placed. Figure  1c shows the cross-
sectional schematic of the via-BP FET device. The bottom hBN 
layer suppressed the charge transfer from SiO2 while the top 
hBN passivated the BP layer from air. The metal embedded into 
the top hBN formed an electrical connection to the underlying 
BP layer. The optical micrograph in Figure  1d shows the top 
view of one of the BP-via FETs fabricated in this work. The six 
contact pads were numbered from 1 to 6.

3. Results and Discussion

The two-probe electrical characterization of the via-BP FET is 
carried out in a back-gated configuration under atmospheric 
conditions and is shown in Figure  2. In this configuration, 
the highly p-doped Si-substrate serves as a back gate. The high 

concentration of dopants ensures that the conductivity of the 
Si is large enough to define gate voltages even at temperatures 
down to 4.2 K. The BP flake is ≈22  nm thick and the bottom 
hBN is ≈30 nm as confirmed with atomic force microscopy. BP 
layers with thicknesses >15 nm are usually preferred for device 
fabrication because of improved field-effect mobility and their 
relative stability demonstrated previously.[15,26,35–37] The output 
curve of our via-BP FET shown in Figure 2a exhibits linear I–V 
characteristics and large current densities, indicating a low 
resistance contact between Ni and BP. Current saturation is 
not observed even at Vds = ±1 V, implying that even higher cur-
rent values are achievable. Most likely the large equivalent oxide 
thickness (≈317 nm) causes poor coupling of the gate electrode 
to the BP which can hinder obtaining current saturation.[38,39]

The transfer curve in Figure 2b shows an ambipolar behavior 
with a dominant p-type conductance, which may be attributed 
to a good alignment between the valence band of BP and the 
high work function of Ni (5.1 eV), resulting in an improved hole 
injection from Ni contacts to BP channel.[15,35,40] The two-probe 

Figure 1. Fabrication of Ni/Au via-contacts and via-BP FETs. a) Illustration of via-contact fabrication steps. b) schematic of vdW assembly of hBN/BP/
via-hBN stacks. c) via-BP device schematic, BP is fully encapsulated between bottom hBN and top via-hBN. d) Optical microscopic image of a via-BP 
FET with multiple contacts numbered from 1 to 6 (Scale: 5 μm).

Figure 2. Two-probe electrical characterization of ∼22 nm thick BP-via device at room T. a) Output curve at various back-gate voltages. b) Transfer 
curve at regular intervals of Vds from 0 to 1 V, showing ambipolar behavior.
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field-effect mobility (μFE) at room temperature is calculated to be 
596  cm2 V−1 s−1 for holes and 172 cm2 V−1 s−1 for electrons; the 
higher hole mobility is in agreement with the previous discus-
sion. Taking advantage of the multi-electrode geometry of the 
via-contacts, we also calculated the four-probe mobility of a via-BP 
FET. High hole mobility of 720 cm2 V−1 s−1 and electron mobility 
of 143 cm2 V−1 s−1 are obtained at room temperature for an ≈18 nm 
thick via-BP device and bottom hBN of ≈40 nm. It is worth stating 
that the via-BP FETs fabricated in this work have shown much 
higher mobility values than the values obtained with other encap-
sulation schemes for similar BP thicknesses.[26,28,33,36]

To test the efficacy of via-contacts at low temperatures, we 
carried out two-probe electrical characterization as a func-
tion of temperature from 300 K down to 100 K (Figure  3). 
The via-BP device is fabricated with ≈50  nm thick BP, and 
via-contacts Ni (30  nm)/Au (hBN thickness can be found 
in Supporting Information) Figure S3 and Figure S4. For 
a consistent comparison, an unencapsulated device with 
the same BP thickness and a metal configuration of Ti 
(5  nm)/Ni (30  nm)/Au is also fabricated. Figure  3a shows 
the semi-log transfer curve of the via-encapsulated device at  
different temperatures. A strong dependence of electrical 
conductivity on temperature for both holes and electrons is 
observed. The relationship between temperature and electrical 
conductivity shows a transition as a function of gate voltage at 
a crossover point of ≈48  V (Figure  3b). Below a specific gate 

voltage (<48 V) the conductance increases with increasing tem-
perature. Above this value, the conductance decreases with 
increasing temperature. This transition has been reported 
before in 2D  semiconductors including MoS2, InSe, and BP 
in great detail and is usually associated with the tuning of 
the charge carrier density with applied gate voltages.[41–44] 
According to Kis  et  al., below a critical carrier concentration, 
the electrons are strongly localized and transport is domi-
nated by the hopping-type mechanism. At higher gate voltage, 
the carrier density increases further and the channel exhibits 
a metallic behavior, weak electron localization, and an associ-
ated band-like charge transport which may be a reason for the 
observed transition.[41,43,45] The transfer curve of the unencapsu-
lated device, exhibits an insulating behavior at all gate voltages 
(Figure 3c), which could be caused by the formation of tunnel 
barriers and pinning of the Fermi level at the metal–semicon-
ductor interface. Park et al. emphasized that good contacts with 
low contact resistance are required to observe such a change 
in behavior in 2D layers, thus supporting our claim that the 
via-contacts form good contacts to the underlying BP layers.[46] 
Additionally, to be able to observe a metallic behavior in BP, 
extrinsic scattering mostly coming from the substrate and 
ambient influences must be eliminated which was provided by 
the via-encapsulation technique in our study.

The field-effect mobility (μFE) is calculated and is presented 
as a function of temperature in Figure  3d. Both hole and 

Figure 3. Temperature-dependent electrical characterization of via-encapsulated and unencapsulated devices based on a ≈50 nm thick BP flake. 
a) Semi-log transfer curves at Vds = 1 V for the via-encapsulated device at regular temperature intervals from 300 to 100 K. b) Zoomed image of
the metal–insulator transition as a function of back-gate voltage. c) Semi-log transfer curves at Vds = 1 V for the unencapsulated device at regular 
temperature intervals from 300 to 100 K. d) hole and electron two-probe mobility for encapsulated and unencapsulated devices as a function of 
temperature.
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electron mobilities of the via-encapsulated device increase 
monotonically with decreasing temperature, reaching a max-
imum of 460 and 287 cm2 V−1 s−1 at 100 K, respectively. The 
increase in mobilities with decreasing temperature is attributed 
to the suppression of phonon scattering as discussed previ-
ously for other 2D semiconductors.[42,43,47–49] Additionally, it 
can be seen that the encapsulated device shows negligible hys-
teresis at all temperatures whereas the unencapsulated device 
shows increased hysteresis because of trapped charges in the 
SiO2 substrate and absorbents from the atmosphere, leading 
to unreliability in the interpretation of threshold voltage and 
subthreshold swing.[24] The transfer characteristics were done 
with a sweep rate of ≈2.5 V s−1 (further details can be found in 
Supporting Information) Figure S9 and S10. We also observe 
a decrease in  off-currents with lowering temperatures in both 
devices, most likely due to suppression of thermionic emission 
and the influence of the Schottky barriers at the contacts.[48,50] 
The Schottky barriers are higher for the unencapsulated 
devices, possibly leading to a larger suppression of off-current 
in this case. This decrease of off-currents results in an increase 
in the on-off ratio with decreasing temperature, because the  
on-currents are barely affected by temperature changes.

Apart from this work, a few other techniques have been devel-
oped to fabricate encapsulated BP FETs, some of which were 
discussed in the previous section. To compare the effectiveness 
of different encapsulation schemes, we fabricated devices with 
two different encapsulation schemes (Figure 4) and compared 
their results with the results obtained for the via-BP device in 
Figure 2. Note that the BP thicknesses for all three device con-
figurations are kept within the range of 20 ± 2 nm. Figure 4a 
shows the schematic of an encapsulated BP FET with few-
layer Gr contacts fabricated in this work. The whole assembly 
is encapsulated in top and bottom hBN with some parts of Gr 
protruding outside for subsequent fabrication of the extended 
metal bars. The choice of Gr as electrodes is based on its tun-
able work function that has enabled low resistance contacts to 

other 2D semiconductors.[16,51–53] As compared to Figure  2a, 
the output curve of the Gr-BP FET (Figure  4b) shows non-
linear characteristics, indicating the presence of a barrier at the 
Gr/BP interface. Consequently, a much lower μFE is measured 
for this device as compared to the μFE for the via-BP device in 
Figure  2b (summarized in Table  1). Furthermore, long-term 
stability could not be guaranteed in these stacks, because hBN 
does not seal the protruding Gr contact perfectly, allowing air 
to enter through small open pockets and initiating the degra-
dation of the BP channel. Figure  4d shows the schematic of 
another encapsulation scheme where the BP layer is deposited 
on a bottom hBN, followed by direct lithographic patterning 
of Ni metal contacts, and lastly deposition of a top hBN layer. 
The output curve in Figure  4e shows non-linear characteris-
tics between Ni and BP. From the transfer curve (Figure  4f), 
low μFE, large hysteresis, and unipolar p-type conductance are 
observed. The poor performance of this device can be explained 
by the degradation of pristine BP to POx on air exposure and 

Figure 4. Encapsulation schemes for BP. a) Schematic of a Gr-contacted fully encapsulated BP FET. b,c) Output and transfer curves of the device in 
(a). d) Schematic of a Ni-contacted fully encapsulated BP FET. e,f) Output and transfer curves of the device in (d).

Table 1. Comparison of hole and electron mobilities obtained with dif-
ferent encapsulation schemes for BP FETs. BP thickness = 20 ± 5 nm.

Two-probe mobility at room 
temperature [cm2 V−1 s−1]

Encapsulation technique BP thickness 
[nm]

Holes Electrons References

Via-encapsulation 20 596 172

Gr-contacts +  
top/bottom hBN

20 105 42

Ni-contacts +  
top/bottom hBN

20 189 52

Without encapsulation 18.7 170.5 – [56]

Al2O3 5–25 200 – [27]

Al2O3 20 0.96 – [57]

Al2O3 15 310 89 [58]
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during lithographic processing. This oxide exhibits a higher 
work function and transfers holes to the BP channel, making 
it more p-type.[54,55]

Table  1 summarizes the comparison of hole and electron 
mobilities obtained with different encapsulation schemes for BP 
FETs in our devices and other studies with similar BP thickness. 
The results obtained with other encapsulation schemes prove 
that the via-encapsulation is more effective in preserving BP in 
its pristine form and yielding higher-performance devices. To 
further elucidate its effectiveness over time, we stored and meas-
ured via-BP FETs in the air for over a period of 5 weeks. Time-
dependent transfer curves are shown in Figure  5a. Figure  5b 
shows the evolution of hole mobility over time. Both curves 
reveal good ambient stability of the device for up to three weeks, 
after which the conductance and mobility start to decline slowly. 
As compared to unencapsulated BP layers, which degrade com-
pletely within a few hours, this is a considerable improvement in 
the preservation of the BP layers in air.

4. Conclusion

The sensitivity of few-layered BP towards ambient conditions, 
bottom dielectrics, and other chemicals during fabrication pro-
cesses complicates the evaluation of its intrinsic properties and 
hampers its integration into active devices. In this work, we 
demonstrated the lithography-free via-encapsulation technique 
to obtain high-quality and stable BP-based transistor devices. 
In this method, not only the BP layers are passivated to pre-
vent the influence of the environment as well as of trapped 
charges at the SiO2 surface by being sandwiched between top 
and bottom hBN, but also contacted by embedded via-metal 
electrodes allowing us to perform reliable electrical measure-
ments. In this work, we fabricated several via-encapsulated 
BP FETs with BP thicknesses in the range of 18–50  nm. The 
devices showed enhanced mobility, lower hysteresis, and long-
term ambient stability as compared to devices fabricated with a 
graphene-hBN heterostructure or bare hBN layers without any 
embedded metals. The use of the via technique for BP-based 
transistors, therefore, opens the way for studying the electrical 
properties of the BP layers in detail and preparing the material 
for electronic applications.

Supporting Information

Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements

H.A. and Z.F. contributed equally to this work. This work is financially 
supported by SPES3 project funded by German Ministry for Education 
and Research (BMBF) under Forschung für neue Mikroelektronik 
(ForMikro) program. The copyright line for this article was changed on 
10 November 2022 and Projekt Deal funding statement has been added 
after original online publication.

Open access funding enabled and organized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available from the 
corresponding author upon reasonable request.

Keywords

2D semiconductors, black phosphorus, encapsulation, field-effect 
transistors, hexagonal boron nitride

Received: April 4, 2022
Revised: August 15, 2022

Published online: October 30, 2022

[1] W. Cao, J. Kang, D. Sarkar, W. Liu, K. Banerjee, IEEE Trans. Electron 
Devices 2015, 62, 3459.

[2] S. B. Desai, S. R. Madhyapathy, A. B. Sachid, J. P. Llinas, Q. Wang, 
G. H.  Ahn, G.  Pitner, M. J.  Kim, J.  Bokor, C.  Hu, H. S. P.  Wong, 
A. Javey, Science 2016, 354, 99.

[3] D. Akinwande, N. Petrone, J. Hone, Nat. Commun. 2014, 5, 5678.
[4] G.  Fiori, F.  Bonaccorso, G.  Iannaccone, T.  Palacios, D.  Neumaier, 

A.  Seabaugh, S. K.  Banerjee, L.  Colombo, Nat. Nanotechnol. 2014, 
9, 768.

Figure 5. Electrical characterization of a via-BP FET over time. a) Transfer curves for a via-BP FET, measured as a function of ambient exposure time. 
b) Hole mobility for the same device as a function of ambient exposure time.

Adv. Mater. Technol. 2023, 8, 2200546

16 Selected Publications



www.advancedsciencenews.com www.advmattechnol.de

2200546 (7 of 7) © 2022 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH

[5] H. Arora, S. Park, R. Dong, A. Erbe, Opt. Photonics News 2020, 31, 36.
[6] M. Pumera, Z. Sofer, Adv. Mater. 2017, 29, 1605299.
[7] R.  Dong, P.  Han, H.  Arora, M.  Ballabio, M.  Karakus, Z.  Zhang, 

C.  Shekhar, P.  Adler, P. S.  Petkov, A.  Erbe, S. C. B.  Mannsfeld, 
C. Felser, T. Heine, M. Bonn, X. Feng, E. Cánovas, Nat. Mater. 2018, 
17, 1027.

[8] H. Arora, A. Erbe, InfoMat 2021, 3, 662.
[9] H. Cai, Y. Gu, Y. C. Lin, Y. Yu, D. B. Geohegan, K. Xiao, Appl. Phys. 

Rev. 2019, 6, 041312.
[10] H. Arora, Ph.D. Degree Thesis, Technische Universität Dresden,   2020.
[11] Y. Liu, X. Duan, Y. Huang, X. Duan, Chem. Soc. Rev. 2018, 47, 6388.
[12] K. S.  Novoselov, A.  Mishchenko, A.  Carvalho, A. H.  Castro Neto, 

Science 2016, 353, 461.
[13] M. Chhowalla, D. Jena, H. Zhang, Nat. Rev. Mater. 2016, 1, 16052.
[14] X. Mu, J. Wang, M. Sun, Mater. Today Phys. 2019, 8, 92.
[15] L.  Li, Y.  Yu, G. J.  Ye, Q.  Ge, X.  Ou, H.  Wu, D.  Feng, X. H.  Chen, 

Y. Zhang, Nat. Nanotechnol. 2014, 9, 372.
[16] A.  Avsar, I. J.  Vera-Marun, J. Y.  Tan, K.  Watanabe, T.  Taniguchi, 

A. H. Castro Neto, B. Özyilmaz, ACS Nano 2015, 9, 4138.
[17] A.  Castellanos-Gomez, L.  Vicarelli, E.  Prada, J. O.  Island, 

K. L.  Narasimha-Acharya, S. I.  Blanter, D. J.  Groenendijk, 
M.  Buscema, G. A.  Steele, J. V.  Alvarez, H. W.  Zandbergen, 
J. J. Palacios, H. S. J. van der Zant, 2D Mater. 2014, 1, 025001.

[18] V. Tran, R. Soklaski, Y. Liang, L. Yang, Phys. Rev. B: Condens. Matter 
Mater. Phys. 2014, 89, 235319.

[19] M.  Buscema, D. J.  Groenendijk, S. I.  Blanter, G. A.  Steele, 
H. S. J.  van der  Zant, A.  Castellanos-Gomez, Nano Lett. 2014, 14, 
3347.

[20] H.  Liu, A. T.  Neal, Z.  Zhu, Z.  Luo, X.  Xu, D.  Tománek, P. D.  Ye,  
ACS Nano 2014, 8, 4033.

[21] J. D.  Wood, S. A.  Wells, D.  Jariwala, K. S.  Chen, E.  Cho, 
V. K.  Sangwan, X.  Liu, L. J.  Lauhon, T. J.  Marks, M. C.  Hersam,  
Nano Lett. 2014, 14, 6964.

[22] S. P.  Koenig, R. A.  Doganov, H.  Schmidt, A. H.  Castro Neto, 
B. Özyilmaz, Appl. Phys. Lett. 2014, 104, 103106.

[23] H. Arora, T. Schönherr, A. Erbe, IOP Conf. Ser.: Mater. Sci. Eng. 2017, 
198, 012002.

[24] H. Arora, Y. Jung, T. Venanzi, K. Watanabe, T. Taniguchi, R. Hübner, 
H. Schneider, M. Helm, J. C. Hone, A. Erbe, ACS Appl. Mater. Inter-
faces 2019, 11, 43480.

[25] R. A.  Doganov, E. C. T.  O’Farrell, S. P.  Koenig, Y.  Yeo, A.  Ziletti, 
A. Carvalho, D. K. Campbell, D. F. Coker, K. Watanabe, T. Taniguchi, 
A. H. C. Neto, B. Özyilmaz, Nat. Commun. 2015, 6, 6647.

[26] J.  Na, Y. T.  Lee, J. A.  Lim, D. K.  Hwang, G. T.  Kim, W. K.  Choi, 
Y. W. Song, ACS Nano 2014, 8, 11753.

[27] J. S.  Kim, Y.  Liu, W.  Zhu, S.  Kim, D.  Wu, L.  Tao, A.  Dodabalapur, 
K. Lai, D. Akinwande, Sci. Rep. 2015, 5, 8989.

[28] H. Liu, A. T. Neal, M. Si, Y. Du, P. D. Ye, IEEE Electron Device Lett. 
2014, 35, 795.

[29] Y. Y. Illarionov, M. Waltl, G. Rzepa, J.-S. Kim, S. Kim, A. Dodabalapur, 
D. Akinwande, T. Grasser, ACS Nano 2016, 10, 9543.

[30] Y. Y.  Illarionov, M.  Waltl, G.  Rzepa, T.  Knobloch, J.-S.  Kim, 
D. Akinwande, T. Grasser, npj 2D Mater. Appl. 2017, 1, 23.

[31] C. R.  Dean, A. F.  Young, I.  Meric, C.  Lee, L.  Wang, S.  Sorgenfrei, 
K.  Watanabe, T.  Taniguchi, P.  Kim, K. L.  Shepard, J.  Hone,  
Nat. Nanotechnol. 2010, 5, 722.

[32] G. H. Lee, X. Cui, Y. D. Kim, G. Arefe, X. Zhang, C. H. Lee, F. Ye, 
K. Watanabe, T. Taniguchi, P. Kim, J. Hone, ACS Nano 2015, 9, 7019.

[33] H. S. Ra, A. Y. Lee, D. H. Kwak, M. H.  Jeong, J. S. Lee, ACS Appl. 
Mater. Interfaces 2018, 10, 925.

[34] S. A.  Wells, A.  Henning, J. T.  Gish, V. K.  Sangwan, L. J.  Lauhon, 
M. C. Hersam, Nano Lett. 2018, 18, 7876.

[35] Z. P.  Ling, S.  Sakar, S.  Mathew, J. T.  Zhu, K.  Gopinadhan, 
T. Venkatesan, K. W. Ang, Sci. Rep. 2015, 5, 18000.

[36] Y.  Cao, A.  Mishchenko, G. L.  Yu, K.  Khestanova, A. P.  Rooney, 
E.  Prestat, A. V.  Kretinin, P.  Blake, M. B.  Shalom, C.  Woods, 
J.  Chapman, G.  Balakrishnan, I. V.  Grigorieva, K. S.  Novoselov, 
B. A.  Piot, M.  Potemski, K.  Watanabe, T.  Taniguchi, S. J.  Haigh, 
A. K. Geim, R. V. Gorbachev, Nano Lett. 2015, 15, 4914.

[37] F. Xia, H. Wang, Y. Jia, Nat. Commun. 2014, 5, 4458.
[38] H.  Wang, X.  Wang, F.  Xia, L.  Wang, H.  Jiang, Q.  Xia, M. L.  Chin, 

M. Dubey, S.-J. Han, Nano Lett. 2014, 14, 6424.
[39] S. B.  Mitta, M. S.  Choi, A.  Nipane, F.  Ali, C.  Kim, J. T.  Teherani, 

J. Hone, W. J. Yoo, 2D Mater. 2020, 8, 012002.
[40] F.  Telesio, G.  le  Gal, M.  Serrano-Ruiz, F.  Prescimone, S.  Toffanin, 

M. Peruzzini, S. Heun, Nanotechnology 2020, 31, 334002.
[41] C. L. Wu, H. Yuan, Y. Li, Y. Gong, H. Y. Hwang, Y. Cui, Nano Lett. 

2018, 18, 2387.
[42] P. H. Ho, Y. R. Chang, Y. C. Chu, M. K. Li, C. A. Tsai, W. H. Wang, 

C. H. Ho, C. W. Chen, P. W. Chiu, ACS Nano 2017, 11, 7362.
[43] B. Radisavljevic, A. Kis, Nat. Mater. 2013, 12, 815.
[44] Y. Saito, Y. Iwasa, ACS Nano 2015, 9, 3192.
[45] H.  Liu, H. S.  Choe, Y.  Chen, J.  Suh, C.  Ko, S.  Tongay, J.  Wu,  

Appl. Phys. Lett. 2017, 111, 102101.
[46] M. J. Park, S. G. Yi, J. H. Kim, K. H. Yoo, Nanoscale 2015, 7, 15127.
[47] N. Ma, D. Jena, Phys. Rev. X 2014, 4, 011043.
[48] X. Yan, H. Wang, I. Sanchez Esqueda, Nano Lett. 2019, 19, 482.
[49] H. J.  Chuang, B.  Chamlagain, M.  Koehler, M. M.  Perera, J.  Yan, 

D. Mandrus, D. Tománek, Z. Zhou, Nano Lett. 2016, 16, 1896.
[50] A. V. Penumatcha, R. B. Salazar, J. Appenzeller, Nat. Commun. 2015, 

6, 8948.
[51] W.  Luo, Y.  Cao, P.  Hu, K.  Cai, Q.  Feng, F.  Yan, T.  Yan, X.  Zhang, 

K. Wang, Adv. Opt. Mater. 2015, 3, 1418.
[52] A. K. Singh, C. Hwang, J. Eom, ACS Appl. Mater. Interfaces 2016, 8, 34699.
[53] S.  Das, R.  Gulotty, A. V.  Sumant, A.  Roelofs, Nano Lett. 2014, 14, 

2861.
[54] C. H. Wang, J. A. C. Incorvia, C. J. McClellan, A. C. Yu, M. J. Mleczko, 

E. Pop, H. S. P. Wong, Nano Lett. 2018, 18, 2822.
[55] M. T. Edmonds, A. Tadich, A. Carvalho, A. Ziletti, K. M. O’Donnell, 

S. P. Koenig, D. F. Coker, B. Özyilmaz, A. H. C. Neto, M. S. Fuhrer, 
ACS Appl. Mater. Interfaces 2015, 7, 14557.

[56] Y. Du, H. Liu, Y. Deng, P. D. Ye, ACS Nano 2014, 8, 10035.
[57] C.  Chen, N.  Youngblood, R.  Peng, D.  Yoo, D. A.  Mohr, 

T. W. Johnson, S. H. Oh, M. Li, Nano Lett. 2017, 17, 985.
[58] W. Zhu, M. N. Yogeesh, S. Yang, S. H. Aldave, J.-S. Kim, S. Sonde, 

L. Tao, N. Lu, D. Akinwande, Nano Lett. 2015, 15, 1883.

Adv. Mater. Technol. 2023, 8, 2200546

Annual Report IIM 2022, HZDR-123 17



Data-Driven Quest for Two-Dimensional Non-van der Waals
Materials
Rico Friedrich,* Mahdi Ghorbani-Asl, Stefano Curtarolo, and Arkady V. Krasheninnikov

Cite This: Nano Lett. 2022, 22, 989−997

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Two-dimensional (2D) materials are frequently
associated with the sheets forming bulk layered compounds
bonded by van der Waals (vdW) forces. The anisotropy and
weak interaction between the sheets have also been the main
criteria in the computational search for new 2D systems, predicting
∼2000 exfoliable compounds. However, some representatives of a
new type of non-vdW 2D systems, without layered 3D analogues,
were recently manufactured. For this novel materials class, data-
driven design principles are still missing. Here, we outline a set of 8
binary and 20 ternary candidates by filtering the AFLOW-ICSD
database according to structural prototypes. The oxidation state of
the surface cations regulates the exfoliation energy with low
oxidation numbers leading to weak bondinga useful descriptor to
obtain novel 2D materials also providing clear guidelines for experiments. A vast range of appealing electronic, optical, and magnetic
properties make the candidates attractive for various applications and particularly spintronics.

KEYWORDS: 2D materials, exfoliation, data-driven research, computational materials science, high-throughput computing

The isolation of single graphene sheets,1 which proved that
two-dimensional (2D) systems can exist, gave rise to the

discovery of many 2D materials with unique superconduct-
ing,2,3 electronic,4−6 magnetic,7−9 and topological10 properties.
In addition to being testbeds for studying the behavior of
systems in reduced dimensions, 2D materials hold great
promise for various applications in optoelectronics,4,11,12

catalysis,13,14 and the energy sector.15−17 The research effort
has been mainly concentrated on the systems which have bulk
counterparts representing anisotropic crystals with layers held
together by van der Waals (vdW) forces, with the most
prominent example being graphene and graphite. The weak
interlayer interaction leads to a natural structural separation of
the 2D subunits in the crystals, therefore making the
mechanical18 or liquid-phase19 exfoliation possible.
At the same time, the layered structure allows developing

rigorous screening criteria for exfoliability to be employed on
large materials databasesoutlining data-driven high-through-
put investigations as an ideal tool for the discovery and design
of 2D compounds.20−28 Such studies predicted several
thousands of vdW 2D systems and were used to set up
computational databases.21−23,25,26

Unexpectedly, a new direction in the research on 2D systems
was opened in 2018, after the experimental realization of
atomically thin sheets from non-vdW bonded compounds by a
special chemical exfoliation process.29,30 The first representa-
tives of these non-vdW 2D materials were hematene and
ilmenene obtained from the earth-abundant ores hematite (α-

Fe2O3) and ilmenite (FeTiO3), followed by other systems
derived from chromite (FeCr2O4),

31 magnetite (Fe3O4),
32

pyrite (FeS2),
33,34 chromium sulfide,35 manganese selenide (α-

MnSe2),
36 metal diborides,37 boro-carbides,38 and diamond-

like germanium (α-Ge).39

While traditional vdW compounds have chemically saturated
bonds at the surface of 2D subunits, the aforementioned
materials show qualitatively new features. As they are obtained
from nonlayered systems, they exhibit dangling bonds and
surface states, making them more tunable by adsorbates.40

They have already shown great potential for electronic41 and
optoelectronic42 applications and by exhibiting enhanced
photocatalytic activity for water splitting29,30 and photo-
conductivity.36 Moreover, they may also offer a versatile
playground for magnetism and spintronics in reduced
dimensions.43 The first studies mostly focusing on hematene
indicate, for instance, tunable magnetic ordering,29,30,40,44−47

as well as spin canting.48

Although there have been significant experimental efforts to
generalize recipes for their synthesis,37,38,41,47,50 computational
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design principles based on data-driven concepts for outlining
non-vdW 2D materials are still missing. It is obvious that the
descriptors developed for vdW-bonded systems are not
applicable, since they rely on identifying layered subunits in
the structure.
Here, we resolve this issue by screening the AFLOW

database51 using the structure of the previously realized
representatives as an input and identify 28 non-vdW
potentially synthesizable 2D materials. We further show that
they exhibit a vast range of promising electronic, optical, and
magnetic properties, suggesting in particular spintronic
applications. The oxidation state of the cations at the surface
of the 2D slab is outlined as a key quantity determining the
easy exfoliation of the systems, thus providing an enabling
descriptor for the discovery of novel 2D materials.

■ OUTLINING MORE CANDIDATES
Hematite and ilmenite, Figure 1a,bthe first non-vdW
materials with 2D analogous29,30can be used as a template
for screening the AFLOW-ICSD database containing ∼60 000
compounds, Figure 1c. This library primarily incorporates
materials realized experimentally. When closely investigating
the structure of the hematite and ilmenite prototypes, one
recognizes that the Fe−O bond lengths are strongly
anisotropic. As indicated in Figure 1a, for hematite, there are
three long (weak) bonds of 2.125 Å and three shorter
(stronger) ones of 1.975 Å highlighted in magenta and green,
respectively, for each Fe close to the exfoliation planes. When
slicing the structure between the Fe cations as indicated by the
blue dashed lines, one only cuts through the weak (long)
bonds. For any other surface termination, one would need to
break stronger bonds. For FeTiO3, the situation is similar
exhibiting Fe−O bonds of 2.246 and 2.103 Å (see Figure 1b).
We believe that this natural separation of the bond strengths
together with electrostatic considerations is key to the
exfoliability of these materials. It is a characteristic of the
outlined prototypes and thus reveals their particular suitability
for the emergence of non-vdW 2D systems. (The Ti−O bond
lengths in FeTiO3 are also anisotropic amounting to 1.944 and
2.078 Å. Ti is, however, not the terminating ion at the surface
of ilmenene as found consistently by experiment30 and
calculations. This is related to its higher oxidation state (Ti4+

vs Fe2+), making this configuration energetically unfavorable as
discussed in detail in the text below.) We thus look for other

systems with the same structural prototype.52,53 Two structures
are regarded to have the same prototype if their space group
(SG), Pearson symbol (PS), and Wyckoff positions (WPs)
match, which are indicated for α-Fe2O3 (corundum) and
FeTiO3 in Figure 1.
The search yields the 8 binary and 20 ternary oxides

(excluding P, As, and Sb, as these are not typical cation
species) listed in Table 1. (Structural data are retrieved via the

AFLOW APIs54,55 and web interfaces51 as well as the library of
crystallographic prototypes.56) We decided to focus on oxides
since these are abundant materials and typically of high interest
for technological applications. For each composition, the listed
frequency of occurrence in the database (in brackets after the
formula) gives a first indication how common the system is.
These candidates are now investigated for the formation of the
corresponding 2D sheets perpendicular to the [001] direction
(called [001] facets) in analogy to the template systems. This
facet has been outlined as thermodynamically favorable for
hematene.29,40 Here, the monolayer structures according to
refs 29 and 30 and Figure 1a,b are considered, which are
referred to as 2D systems in the following. This limit provides

Figure 1. Structural prototypes of non-vdW 2D materials. Atomic structures of (a) hematite (α-Fe2O3) and (b) ilmenite (FeTiO3), the first non-
vdW bulk materials with 2D analogues.29,30 Long (weak) bonds are highlighted in magenta, and short (strong) bonds are indicated in green as
obtained from PBE+U. For both prototypes, space groups (SGs), Pearson symbols (PSs), and Wyckoff positions (WPs) are indicated in the
respective boxes. In each case, the exfoliable [001] facet (monolayer) is indicated in the blue dashed frame leading to hematene and ilmenene 2D
materials. Colors: Fe, black; O, red; and Ti, light gray.49 The black line denotes the conventional unit cell. (c) Schematic workflow illustrating how
the candidate systems were obtained from the AFLOW ICSD database using structural information as an input.

Table 1. Binary and Ternary Compositions with the Same
Structures as Hematite and Ilmenitea

binaries ternaries

composition mag. composition mag. composition mag.

Al2O3 (72) no MgTiO3 (28) no CaSnO3 (1) no
Fe2O3 (63) yes FeTiO3 (21) yes CdGeO3 (1) no
Cr2O3 (52) yes GeMgO3 (7) no CdTiO3 (1) no
V2O3 (20) yes MgSiO3 (7) no CoMnO3 (1) yes
Ti2O3 (15) yes GeMnO3 (6) yes CuVO3 (1) no
Rh2O3 (4) no MnTiO3 (5) yes GeZnO3 (1) no
Ga2O3 (3) no NiTiO3 (5) yes MnNiO3 (1) yes
In2O3 (3) no AgBiO3 (2) no SiZnO3 (1) no

BiNaO3 (2) no SnZnO3 (1) no
CoTiO3 (2) yes TiZnO3 (1) no

aBinary compositions with the same structural prototype as hematite
(α-Fe2O3) and ternary compositions with the same structural
prototype as ilmenite (FeTiO3) from the AFLOW- ICSD database.
The numbers in brackets after the compound formulas of each system
indicate the frequency of occurence in the database. Whether the
structure was found to exhibit magnetic moments is also indicated.
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an upper energetic bound to obtain 2D sheets from a given
material.40

A recent study in ref 57 demonstrated that the relation
between the in-plane tearing energy and the out-of-plane
peeling energy controls the length to thickness aspect ratio of
liquid-exfoliated nanosheets, implying that layered materials
with large mechanical anisotropy prefer to yield nanosheets
with large aspect ratios. Similarly, one can expect that
nonlayered materials with anisotropic bonding schemes can
also be exfoliated into nonlayered quasi-2D materials according
to this assessment.33,38 Such an exfoliation process might also
lead to surface passivation due to the liquid environment.32

■ EXFOLIATION ENERGIES

The exfoliation energies ΔEexf are computed as the energy
difference between relaxed 2D and bulk systems in accordance
with ref 59. This work demonstrated the strict equivalence of
the binding energy between facets/layers in the bulk and the
exfoliation energy from the surface of the material. The results
are presented in Figure 2. They were obtained by relaxing both
the ionic positions and the cell shape of the 2D sheets. In
Figures S1 and S2, a comparison of the calculated exfoliation
energies also including results from different functionals as well
as from relaxing different degrees of freedom of the systems is
presented showing that these 2D materials primarily gain
energy due to the ionic relaxation (see also the paragraphs on
structural properties below). For vdW bonded compounds,
relaxations of 2D substructures could be omitted when
calculating inter-layer binding energies,25 which is, however,
not a good approximation for the present non-vdW systems.
Note that, for the ternaries (Figure 2b), either of the two
cation species can be at the surface of the 2D slabs. The graph
includes the results for the energetically more stable
termination, and the respective terminating element is
underlined at the bottom axis. A plot comparing the exfoliation
energies obtained with the different terminations is given in
Figure S3.
The values are presented for the two DFT methodologies,

PBE+U and SCAN. The former is a standard approach for
transition metal based systems, which has been used in several
previous studies on hematene.29,40,44 The latter is a more
sophisticated method, which has been demonstrated to

provide accurate structures and energies for diversely bonded
systems.60 Both approximations show similar trends and
magnitudes of the exfoliation energy with SCAN generally
giving higher values. As a reference, the ΔEexf of graphene
well-known to be exfoliablewhich is found to be ∼20 meV/
Å2 by both theory and experiment,25,58,61 is also indicated.
While for all binary systems in Figure 2a the exfoliation energy
is considerably higher than for graphene, the value of 140
meV/Å2 computed for hematene with PBE+U nicely fits to
previously reported values (after accounting for the different
normalization by a factor of 2),40,44 employing slightly different
computational parameters. Considering that hematene has
been realized experimentally, all other systems are also likely
exfoliable with Al2O3 being a potential exception. The systems
with the lowest calculated exfoliation energies are close to the
limit deemed “potentially exfoliable” (upper bound for ΔEexf of
130 meV/Å2) in ref 25, albeit in this study vdW bonded
materials were considered. A limit of ∼200 meV/atom for
exfoliability has also been proposed,23 which corresponds to
about 2/3 of the value calculated for hematene.
As evident from Figure 2b, the ternaries show in general

smaller exfoliation energies in part even close to the graphene
reference, suggesting the feasibility of mechanical peel-off.
Importantly, the value becomes particularly small when the
element at the surface of the slab is in a low oxidation state as
indicated most prominently by AgBiO3, BiNaO3, and CuVO3,
where the surface Ag, Na, and Cu are in state +1. This pattern
can be understood from the fact that smaller surface charges
lead to weaker Coulomb-like interactions between facets. Also
Zn- and Fe-termination is energetically favorable, while Mg-
termination leads to the highest ΔEexf among the investigated
ternaries, albeit smaller than for hematene, for which
exfoliation was achieved experimentally. This general behavior
has a strong effect on the magnetic properties, since it results in
the magnetic ions Mn2+, Fe2+, Co2+, and Ni2+ terminating the
2D materials.
In conclusion, when comparing the results for the whole set,

the exfoliation energies vary by about an order of magnitude:
The highest value is obtained for Al2O3 as 200 (250) meV/Å2

from PBE+U (SCAN), whereas the lowest is calculated for
AgBiO3 as 18 (34) meV/Å2. Thus, there is a pronounced
difference in the (mechanical) effort to exfoliate these systems.

Figure 2. Exfoliation energies. Exfoliation energies of investigated (a) binary and (b) ternary systems for two different functionals. As a reference,
the exfoliation energy of graphene25,58 is indicated by the dashed horizontal black lines. For the ternaries, the data for the slabs with the
energetically favorable termination are plotted, and the terminating element is underlined at the bottom axis. The inset indicates the two possible
terminations. In the case of GeMnO3 (marked by “*”), PBE+U favors Mn termination, while for SCAN Ge termination is preferred. Note that, for
Al2O3, BiNaO3, GeMgO3, and MgSiO3, PBE+U reduces to plain PBE. Data points for 2D systems realized experimentally29,30 are highlighted. The
dashed lines connecting the data points are visual guides.
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While low surface energies for other compounds62 might
also suggest exfoliability, this is a necessary, but not sufficient,
condition. The bonding between the atoms after the
exfoliation and the reconstruction of the obtained sheets
defining its stability is also critical. As an example, NaCl
appears to have a very small surface energy63 but is strictly
unstable as a freestanding 2D system. To verify the dynamic
stability of the outlined candidates in a high-throughput
fashion, 2 × 2 in-plane supercells are generated from the
relaxed structures with the atomic coordinates randomized
(Gaussian distribution, standard deviation 50 mÅ)64,65 and
reoptimized. In each case, the systems relax back to the
previously found structures, confirming their stability.

■ STRUCTURAL PROPERTIES
The investigated non-vdW 2D materials show pronounced
structural modifications as compared to their bulk parents. In
general, systems compress laterally upon confinement into 2D
to compensate for the loss in the out-of-plane bonding by
stronger in-plane bonds. The present compounds, however,
expand. Figure 3a,b shows side views of the initial (as sliced
from bulk) and relaxed structures for hematene. The in-plane
lattice constants (thickness of the slab) as sliced from the bulk
abulk (dbulk) and for the relaxed 2D systems a2D (d2D) are also
indicated. The relative change of a2D with respect to abulk is
depicted in Figure 3c,d (red curves) for PBE+U. An equivalent
plot for SCAN showing very similar trends and magnitudes is
included in Figure S4. For all systems, a strong expansion of up
to ∼3% for V2O3 is observed. The only exception is Rh2O3, for
which a small contraction of ∼−0.5% is found.
The expansion correlates well with a corresponding vertical

contraction of the systems from dbulk to d2D (blue curves in
Figure 3c,d), which ranges up to ∼35% for V2O3. The
mechanism of this behavior can be understood from Figure
3a,b. In order to compensate for the dangling bonds created at
the surface cations upon exfoliation, the outer atoms move
toward the center of the slab during the relaxation, reducing

the slab thickness. As a consequence, this exerts a stress onto
the plane of oxygen anions, causing the structures to stretch
laterally. For Rh2O3, the structure compensates for the
(smaller) vertical contraction by a twist of the coordination
polyhedra rather than a lateral expansion.

■ ELECTRONIC PROPERTIES

A detailed presentation of all band structures and densities of
states is located in the Supporting Information (Figures S5 to
S32), and here the main focus shall be on the band gaps.
Figure 4 shows the calculated band gap energies Egap for all
bulk and 2D systems. While it is well-known that DFTeven
in the employed PBE+U schemein general has problems
predicting absolute gap values, the overall trends and
differences between similar systems are often still reliable.
We thus believe that the observed distribution of the gaps over
a wide range (from below 1 eV to almost 6 eV) is noteworthy,
pointing to the potential usefulness of these systems in, e.g.,
optoelectronics. For Al2O3, Cr2O3, Fe2O3, Rh2O3, and MgSiO3,
the 2D gap is considerably smaller than that in the bulk parent
system, which can be assigned to the emergence of surface
states in the gap upon exfoliation. For the other systems,
however, the two gaps are similar or the trend is reversed; i.e.,
the 2D gap is significantly larger than the bulk one as observed
for AgBiO3, FeTiO3, and SnZnO3. This is likely associated with
the strong structural relaxation described earlier. When the
outer cations relax toward the planes of oxygen anions, Figure
3a,b, the electronic interaction is intensified, leading to larger
level splittings and thus an opening of the gap. This
interpretation is corroborated by the fact that for these three
systems according to Figure 3d a particularly large out-of-plane
contraction is found.
It shall also be highlighted that interesting linear band

crossings, i.e., Dirac-like points, are observed in the band
structures of 2D AgBiO3 and BiNaO3 at the high-symmetry K-
point (see Figures S13 and S14), warranting further

Figure 3. Modification of structural parameters. Side views of the (a) initial and (b) relaxed unit cells of [001] hematene. Fe coordination
polyhedra are visualized in brown. Change of structural parameters for (c) binary and (d) ternary non-vdW materials upon exfoliation. The
modification of the in-plane lattice parameter is indicated by the red curves (left y-axis), while the thickness change is given by the blue curves
(right y-axis). The ternary data are for the energetically preferred slab termination. The dashed lines connecting the data points are visual guides.
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investigations on the potential topological nature of these
systems and other non-vdW 2D materials.

■ MAGNETISM

These mainly transition metal based 2D systems are especially
interesting in terms of their magnetic properties as already
reported for hematene and ilmenene.29,30 Table 1 also
indicates for which of the bulk parent systems a finite
magnetic moment is reported in the AFLOW database. Hence,
4 (7) of 8 (20) binary (ternary) systems are found to be
magnetic. While the standard workflow66 of AFLOW might be
biased toward ferromagnetic (FM) configurations with small
magnetic moments, we have further investigated the preferred
magnetic ordering according to the algorithm developed within
the coordination corrected enthalpies (CCE) method67,68 (see
Methods section for details). This ansatz reliably finds the

antiferromagnetic (AFM) configurations of hematite and
hematene reported previously.40 Note that, for the 2D systems,
the size of the surface moments (outer moments) is generally
not equal to the ones within the slab (inner moments), and
hence the AFM configuration might have a small net moment.
This is particularly evident for ternary systems with two
different magnetic ions such as CoMnO3 and MnNiO3.
The spin configurations found are indicated in Figure 5a−e,

and additional results including the energy difference ΔE =
EAFM − EFM between the lowest energy AFM and FM ordering
and magnetic moments also including bulk reference data are
summarized in Table 2. Results for SCAN are included in
Section VI in the Supporting Information. The 2D materials
are primarily AFM with the exception of Cr2O3, which
becomes FM (Figure 5a) upon confinement to 2D as noted
previously, albeit for oxygen terminated slabs.46 For Fe2O3, the

Figure 4. Band gap changes upon exfoliation. Comparison of the calculated band gaps of the bulk and 2D systems for the (a) binary and (b)
ternary compounds.

Figure 5. Magnetic configurations and surface spin polarizations. Schematic representation of the magnetic configurations for (a−c) binary and (d
and e) ternary 2D systems. The compositions for which the specific configuration applies are indicated at the bottom. Cations are visualized by
black and light gray spheres, whereas oxygen anions are in red. Surface spin polarization on an isosurface of the charge density for (f and i) CoTiO3,
(g and j) GeMnO3, and (h and k) MnTiO3 in the top and side views, respectively. The isovalue for the charge density is 3 × 10−4 e/Å3. The scale
bar indicates the degree of spin polarization. Colors: Co, dark blue; Ti, light gray; Ge, light blue; Mn, magenta; and O, red.
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moments of the inner ions are antialigned to the ones at the
bottom and top, Figure 5b. On the contrary, for Ti2O3 and
V2O3 also the inner moments show AFM ordering, resulting in
the top and bottom moments being antialigned (Figure 5c).
For ternaries, only two types of magnetic configurations are
observed (Figures 5d,e). If two magnetic species are present as
for CoMnO3 and MnNiO3, the inner moments are AFM to the
outer ones. For the other cases with only one magnetic species,
the spins at the top and bottom are AFM. The surface
moments generally reduce by up to ∼0.2 μB when compared to
their bulk references. The only exception is Cr2O3, for which
they are slightly enhanced.
Even with most systems being AFM, the preferred

termination of the 2D materials by the species in the lower
oxidation state causes the magnetic ions of the ternary systems,
i.e., Mn2+, Fe2+, Co2+, and Ni2+, to be at the surface. This
outlines an ideal playground for spintronics since the spin
polarization at surfaces can be accessed by techniques such as
spin-polarized scanning tunneling microscopy (STM) and
tuned by, e.g., adsorbates.40,69 While the 2D systems
themselves are found to be insulating, it has already been
demonstrated that, due to weak interactions, the electronic and
magnetic properties of hematene were well preserved on
Au(111)45a prototypical substrate in surface science.
To underscore this point, Figure 5f−k presents the surface

spin polarization on an isosurface of the charge density for
CoTiO3, GeMnO3, and MnTiO3. We decided to use the total
charge density to clearly indicate that the whole density is
strongly spin-polarized and not just a part of it within a certain
energy interval (as sampled by STM). For this, we have
studied the FM and AFM alignment of the surface spins in a 2
× 2 supercell, as the interplane couplings (see Figure 5a−e) are
regarded to be reliably determined from the study of the
structural unit cell. For GeMnO3, the surface moments couple
antiferromagnetically, whereas for the other systems FM order
is observed. As indicated in Figure 5, for CoTiO3, a positive
polarization reaching up to ∼70% in a narrow region above the
Co centers is found. GeMnO3 depicts a strong spatial variation
of the polarization from −86% to +86% due to the AFM in-
plane coupling. Finally, MnTiO3 shows high positive values
extending over a larger spatial range above the Mn ions
compared to CoTiO3, also reaching a maximum of +86%.
These examples showcase the versatile degree of surface spin
polarization that can be expected from non-vdW 2D materials
offering great potential for spintronic applications.

■ CONCLUSIONS

We have outlined a new set of non-vdW 2D materials by
employing data-driven concepts and extensive calculations. By
filtering the AFLOW-ICSD database according to the
structural prototype of the two first systems realized
experimentally, we have obtained 8 binary and 20 ternary
candidates. The oxidation number of the cations at the surface
of the 2D slab is identified as a suitable descriptor for
exfoliability, i.e., indicating easy exfoliation in the case of a low
oxidation statea principle of likely high value for future 2D
materials discovery. In terms of the structure, the 2D systems
show a strong vertical contraction and lateral expansion as
compared to the bulk parents. The band gaps are distributed
over a large range, and potential topological features are
exhibited by several candidates. The magnetic properties are
especially appealing: while most spin-polarized systems show
AFM ordering, the magnetic ions are at the surface, which
leads to a very diverse set of surface spin polarizations,
foreshadowing potential applications in spintronics. Eventually,
surface functionalization by appropriate molecular adsorbates
can be a fruitful future direction to selectively enhance the
properties of the outlined compounds. We thus anticipate that
our study will prove useful for the discovery of new non-vdW
2D systems and will unravel the potential of this class of novel
materials.

■ METHODS

The ab initio calculations for the exchange-correlation
functionals LDA,70,71 PBE,72 SCAN,73 and PBE+U74−76 are
performed with AFLOW77,78 and the Vienna Ab-initio
Simulation Package (VASP)79−81 with settings according to
the AFLOW standard66 and the internal VASP precision set to
ACCURATE. For calculations with SCAN, projector-aug-
mented-wave (PAW) pseudopotentials82 of VASP version 5.4
are used, and nonspherical contributions to the gradient of the
density in the PAW spheres are explicitly included for SCAN
and PBE+U. The [001] monolayer 2D facets are constructed
from the bulk standard conventional unit cell with the
respective AFLOW commands,83 resulting in structures with
10 atoms, and at least 20 Å of vacuum perpendicular to the
slabs are included. For the facets, both the ionic positions and
the cell shape are allowed to relax unless stated otherwise. The
AFLOW internal automatic determination of k-point sets is
used, and for the calculations of the 2D facets, the setting for
the number of k-points per reciprocal atom66 is reduced to
1000, resulting in Γ-centered 10 × 10 × 1 grids.

Table 2. Magnetic Propertiesa

mag. order type ΔE μ2D mag. order type ΔE μbulk μ2D

formula bulk 2D bulk 2D μbulk inner outer formula bulk 2D bulk 2D A el. B el. inner outer

Cr2O3 AFM FM −0.044 0.013 2.91 2.97 3.04 CoMnO3 AFM AFM −0.024 −0.062 2.77 3.07 3.12 2.72
Fe2O3 AFM AFM −0.489 −0.479 4.18 4.20 4.01 CoTiO3 FM AFM 0.004 −0.011 2.79 0.06 0.00 2.74
Ti2O3 AFM AFM −0.893 −0.094 0.87 0.89 0.74 FeTiO3 FM AFM 0.003 −0.007 3.72 0.08 0.00 3.69
V2O3 AFM AFM −0.013 −0.090 1.83 1.84 1.67 GeMnO3 AFM AFM −0.041 −0.014 0.01 4.61 0.00 4.57

MnNiO3 AFM AFM −0.054 −0.147 3.07 1.73 3.13 1.69
MnTiO3 AFM AFM −0.027 −0.018 4.60 0.02 0.00 4.55
NiTiO3 FM AFM 0.001 −0.001 1.75 0.07 0.00 1.73

aEnergetically preferred magnetic ordering type, energy difference ΔE = EAFM − EFM between lowest energy AFM and FM ordering in eV/formula
unit, and absolute magnetic moments for the inner and outer magnetic ions of the slab in μB for the bulk and corresponding [001] facets. For
ternaries, the A element is the first cation species in the formula while the B element corresponds to the second. The terminating elements of the
slabs (outer ions) are underlined.
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The bulk and 2D candidate systems containing potentially
magnetic elements such as Ti, V, Cr, Mn, Fe, Co, Ni, and Rh
are rigorously checked for magnetism, using the algorithm
developed within the CCE method,67,68 i.e., investigating all
possible FM and AFM configurations in the structural unit cell
for five different sizes of induced magnetic moments each. The
analysis is only applied to other systems when the standard
workflow of AFLOW66 resulted in finite magnetic moments
after the relaxation. Ferrimagnetic configurations, i.e., having
one moment antialigned to the other three in the unit cell, are
only checked for the bulk binary systems but never resulted in
the lowest energy configuration; hence, they are not
considered for the 2D facets and ternary systems. In each
case, the lowest energy magnetic state is used for the further
calculations.
The exfoliation energy is computed as

E
E E

Aexf
slab bulkΔ = −

(1)

where Eslab and Ebulk indicate the total energies of the relaxed
2D material and bulk, respectively, and A is the in-plane
surface area according to the relaxed bulk unit cell. As pointed
out in ref 59, the exfoliation energy from the surface of the
material is exactly equal to the binding energy between layers/
facets in the bulk.
The spin polarization is defined as

P
n n
n n

=
−
+

↑ ↓

↑ ↓ (2)

where n↑ and n↓ correspond to up spin and down spin
densities, respectively. For the relaxed 2D systems, a static
electronic calculation on 2 × 2 supercells was carried out. FM
and AFM in-plane magnetic ordering was considered with the
size of the magnetic moments induced according to the lowest
energy magnetic configuration found for the structural unit
cell. In each case, due to the weak in-plane magnetic coupling,
the forces on the atoms and stress on the supercell were found
to be negligibly small in each case.
Numerical data for the exfoliation energies, structural

parameters, and magnetic properties are included in Section
VI in the Supporting Information.
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Wafer-scale nanofabrication of telecom
single-photon emitters in silicon

Michael Hollenbach 1,2 , Nico Klingner1, Nagesh S. Jagtap1,2, Lothar Bischoff1,
Ciarán Fowley1, Ulrich Kentsch1, Gregor Hlawacek 1, Artur Erbe 1,
Nikolay V. Abrosimov3, Manfred Helm1,2, Yonder Berencén 1 &
Georgy V. Astakhov 1

Ahighly promising route to scalemillions of qubits is to use quantumphotonic
integrated circuits (PICs), where deterministic photon sources, reconfigurable
optical elements, and single-photon detectors are monolithically integrated
on the same silicon chip. The isolation of single-photon emitters, such as the G
centers andW centers, in the optical telecommunication O-band, has recently
been realized in silicon. In all previous cases, however, single-photon emitters
were created uncontrollably in random locations, preventing their scalability.
Here, we report the controllable fabrication of single G andWcenters in silicon
wafers using focused ionbeams (FIB)with highprobability.We also implement
a scalable, broad-beam implantation protocol compatible with the
complementary-metal-oxide-semiconductor (CMOS) technology to fabricate
single telecom emitters at desired positions on the nanoscale. Our findings
unlock a clear and easily exploitable pathway for industrial-scale photonic
quantum processors with technology nodes below 100 nm.

Quantum technologies based on the generation and state manip-
ulation of single photons enable demanding applications1,2. A prime
example of this is linear optical quantum computation using boson
sampling, which requires only single photons and linear optical
components3–5. The front-runner demonstration is Gaussian boson
sampling with 50 single-mode squeezed states6. A general-purpose
photonic quantum processor can be built using fusing, cluster
states, and nonlinear units7,8. The latter can be implemented
through photon scattering by a two-level quantum system (i.e., a
single-photon emitter) coupled to an optical cavity. State of the art
for deterministic single-photon sources corresponds to boson
sampling with 20 photons using quantum dots (QDs)9. To ensure
indistinguishability, the same QD routes several photons into a
delay line. Delay lines up to 27m can be realized on a single silicon
chip10, which allows the interference of about 100 deterministic
photons. However, the scalability of millions of qubits is not rea-
listic with this approach.

Deterministic single-photon sources monolithically integrated
with silicon quantum PIC represent a new tool in quantumphotonics11,
complementing heralded probabilistic sources12 and offering very-
large-scale integration (VLSI)13. The strategic, long-term goal is the
implementation of a photonic quantum processor compatible with
present-day silicon technology. Most of the necessary components for
cryogenic quantum PICs are available nowadays, including super-
conducting single-photon detectors14, delay lines10, modulators15, and
phase shifters16. The practical implementation of this concept has been
largely hampered by the lack of controllable fabrication of single-
photon emitters in silicon11,17.

Recently, a broad variety of single-photon emitters have been
isolated in commercial silicon-on-insulator (SOI) wafers, including G
centers11,17, W centers18, T centers19, some other unidentified damage
centers20, and erbium dopants21.

Particularly single G centers are carbon-related color centers
emitting in the telecom O-band11,17. The atomic configuration of the G
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center (Fig. 1a) has been revised several times. According to the latest
density functional theory calculations22, it consists of two substitu-
tional carbon atoms and one interstitial silicon atom in the config-
uration Cs � Sii � Cs distorted from the 〈111〉 bond axis (Fig. 1a).
The spectroscopic fingerprint of the G center is a spectrally narrow
zero-phonon line (ZPL) at λG = 1278 nm in the photoluminescence (PL)
spectrum23. Another single-photon emitter in silicon is the W center
(Fig. 1a), which is ascribed to a tri-interstitial Si complex I3

18. Like the
aforementioned G center, it also possesses a single dipole emission,
which has been shown to be polarized along the 〈111〉 crystal axis,
revealing a ZPL at λW = 1218 nm in the PL spectrum23.

Ensembles of the G and W centers in isotopically purified 28Si
crystals reveal extremely narrow linewidths of their ZPLs exceeding the
Fourier limit by a factor of two only, which implies marginal spectral
diffusion24. This makes the G and W centers very promising candidates
for the implementation of spatially separated emitters of indistinguish-
able photons, where the fine-tuning of the emission wavelength can be
implemented through the Stark effect or strain control25,26.

To date, the protocols for the creation of single-photon emitters in
silicon consist of either broad-beam implantation of carbon ions at a low
fluence (Φ ~ 109 cm−2)11 or medium-fluence implantation (Φ ~ 1012 cm−2)
followed by rapid thermal annealing (RTA)17. In both approaches, the
process of creating single-photon emitters is not controllable, resulting
in emitters being created at random locations. This poses a major
obstacle to the realization of wafer-scale quantum PICs with mono-
lithically integrated and on-demand single-photon sources at desired
locations.

Here, we use a focused ionbeam (FIB)27–30 to create singleG andW
centers with a precision better than 100 nm. This concept is illustrated
in Fig. 1a. Confirmed by the PL spectra, we unambiguously find that in

the case of carbon-rich Si wafers, the Si implantation results in the
preferable formation of G centers (the left side of Fig. 1a). For ultrapure
silicon wafers and a larger number of Si ions per implantation spot,
interstitial complexes rather than G centers are formed, among which
are the optically active W centers (the right side of Fig. 1a). In addition
to that, we demonstrate large-scale, CMOS-compatible fabrication of
single G and W centers using broad-beam Si implantation through
lithographically defined nanoholes31.

Results
Creation of single G centers on the nanoscale
To create G centers in a commercial SOI wafer (IceMOS tech.), we per-
form FIB implantation with double-charged Si2+ ions (Fig. 1a). The resi-
dual carbon concentration is estimated to be in the range of 1016 cm−3 11.
The Si ions with a kinetic energy of 40keV are focused to a spot size of
about 50nm. Using the Stopping and Range of Ions in Matter (SRIM)
software32, we calculate the lateral straggling to be ±25nmand themean
implantation depth to be Rp=60nm. The overall spatial resolution is
better than 100nm, both in-depth and laterally (Supplementary Fig. 1).

We generate a FIB pattern consisting of a frame with a dimension
of 200 × 200μm2 and 15 × 16 individual spots. The frame is created by
implanting Si ions at a fluenceΦ = 1 × 1011 cm−2. The average number of
implanted Si ions per spot is the same in each row and increases
logarithmically from nSi = 6 Si ions for row 1 to nSi = 570 Si ions for row
15. A detailed list of the averaged number of implanted Si ions (nSi) per
spot is given in Supplementary Table 1. We use the chess notation to
label each implanted spot.

After creating the FIB pattern, the samples are measured in a
home-built confocal scanning microscope at T = 6.3 K under a con-
tinuous wave (CW) laser excitation at 637 nm (Supplementary Fig. 2).

Fig. 1 | Creation and detection of single G andW centers in silicon. a Schematic
of FIB implantation with Si2+ ions and PL collection from single centers. The kinetic
energy of 40keV corresponds to an average implantation depth Rp = 60 nm. Si
implantation into a carbon-rich and an ultrapure silicon wafer results in the for-
mation of the G and W centers, respectively. b Confocal ZPL (1278 nm) intensity
map of locally created G centers on an SOI wafer. The number of ions per spot
increases logarithmically from nominally 6 (row 1) to 570 (row 15). The pattern

frame is created with a fluenceΦ = 1 × 1011 cm−2. The scale bar is 20μm. The inset
shows photon emission from a single G center. The color scale is different from the
main panel to increase visibility. c Second-order autocorrelation function g(2)(τ)
obtained with no BG correction (#I3). The red solid line is a fit to Eq. (1), yielding
g(2)(0) = 0.36 ± 0.06. The thin solid line is gð2Þ

corrðτÞ calculated according to Eq. (2).
The error bars represent standard deviation (SD).
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Figure 1b shows a confocal ZPL map. To attenuate the background
(BG) contribution, which may be related to the presence of defect
states in the bandgap, we use a long pass (LP) filter (λ > 1250 nm) in
combination with a narrow bandpass (BP) filter (Δλ = 1 nm) whose
centralwavelength coincideswith theZPLof theGcenter λG = 1278 nm.

To determine the number of G centers in the implanted spots, we
measured the second-order autocorrelation function g(2)(τ) using
Hanbury–Brown–Twiss interferometry (Supplementary Fig. 2). The
collected photons are coupled to a single-mode fiber and split with a
50/50 fiber beam splitter. The photons are then detected with two
superconducting-nanowire single-photon detectors (SNSPDs) with an
efficiency >90% in the telecomO-band. Thephoton detection statistics
are recordedwith a time-tagging device. An example of such a second-
order autocorrelation function from spot#I3 is shown in Fig. 1cwith no
BG corrections. It is fitted33

gð2ÞðτÞ= N � 1
N

+
1
N

1� ð1 +aÞe�∣ ττ1 ∣ +ae�∣ ττ2 ∣
h i

: ð1Þ

Here, N corresponds to the number of single-photon emitters.
The fit to Eq. (1) yields g(2)(0) = 0.36 ± 0.08 <0.5 (N < 2). From the best
fit, we obtain the characteristic antibunching time τ1 ≈ 10 ns. Because
of nearly negligible bunching in Fig. 1c, the parameters τ2 ≳ τ1 and a > 0
cannot be determined with reasonable accuracy.

To increase the photon count rate and consequently decrease the
recording time of g(2)(τ) in Fig. 1c, we use a BP filter with Δλ = 50nm at
λ = 1275 nm insteadof the narrow-band filter as in Fig. 1b. This results in
an additional BG contribution to the signal. The autocorrelation
function can be corrected due to the presence of the BG as34

gð2Þ
corrðτÞ=

gð2ÞðτÞ � ð1� ρ2Þ
ρ2 : ð2Þ

The constant factor ρ = (I−B)/I takes into account the count rate
from an implanted spot (I) and the BG, i.e., the count rate from the
location in the immediate surrounding the implanted spots (B).
According to the recent theoretical analysis, the single photon nature of
the emission is unambiguously confirmed if the second-order auto-
correlation function is zero after the BG and time-jitter corrections35,36.
The correction due to time jitter (40ps for the SNSPDs and 14ps for the
time-tagging device) is negligible in Fig. 1c, as it is by more than two
orders of magnitude shorter than the τ1 time. After the BG correction to

Eq. (2), we obtain gð2Þ
corrð0Þ≈0 for spot#I3 (thin solid line in Fig. 1c), which

unambiguously points to a single G center (N= 1). Remarkably, this G
center demonstrates stable operation over hours, with no indication of
instability of either the ZPL intensity or the spectrally integrated photon
count rate (Supplementary Fig. 3).Wenote that the spectral resolution is
limitedbyour spectrometer and therefore no conclusions about theZPL
spectral stability can be made. Using this approach, we determine the
number of single G centers in other implanted spots.

Fabrication statistics
The emission from single G centers is linearly polarized and equiva-
lently distributed across four subgroups in the (001) plane17. As the
excitation energy (1.9 eV) is far above the Si bandgap (1.1 eV), the PL is
expected to be independent of the weak elliptical polarization of the
excitation. As we collect PL without linear polarizers, we assume the
same detection efficiency for all four possible dipole orientations. We
assume that the count rate scales linearly with the number of color
centers31 per implantation spot. To estimate an average count rate
from the single G center, we use

IG =
P

iðIi � BÞP
iNi

: ð3Þ

Here, Ii is the count rate at the spot i in Fig. 1b obtained from a
Gaussian fit (Supplementary Fig. 3) and Ni is the number of G centers
established from the BG-corrected autocorrelation function following
Eq. (2). We then estimate the number of the G centers in all implanted
spots asNi = round ðIi � BÞ=IG

� �
. For instance, all spotswith a count rate

in the range from 0.5IG to 1.5IG are ascribed to single G centers.
Figure 2a summarizes the statistical distribution of the number of

G centers (N) depending on the average number of implanted Si ions
(nSi). The mean value of N increases with nSi following a sublinear
dependence as expected11. The reason is that higher implantation flu-
ence leads to higher crystal damage and, consequently, to a decrease
in available crystallographic sites suitable for the formation of G cen-
ters. According to the statistics histogram of Fig. 2a, the optimal
number of Si ions required to create a single G center is nSi = 25 (row 5).
The occurrence probability for a different number of G centers, in this
case, is presented in Fig. 2b (the red histogram data Si FIB). The
probability to create a single G center is as high as (62 ± 31)%, while
there is a lower but nonzero probability of creating multiple or no G
centers at the implantation spots. Though within the error bars, the

Fig. 2 | Scalable fabrication of single G centers with sub-100-nm precision in an
SOI wafer. a Statistics histogram representing the probability distribution of the G
centers depending on the number of implanted Si ions. b The occurrence prob-
ability of G centers for FIB implantation (on average 25 Si ions per spot) and Si
broad-beam implantation (fluence 1 × 1012 cm−2) through PMMA holes (nominal
diameter 40nm). The solid line represents the sub-Poisson distribution with μ = 4,
as described in the text. c Confocal PL intensity map of locally created G centers in

an SOI wafer through a PMMA mask using broad-beam Si implantation. The nom-
inal hole diameter increases from 30nm (row 1) to 400nm (row 20). The PL is
collected using a BP filter Δλ = 50 nm at λ = 1275 nm. The scale bar is 20μm. The
inset shows four implanted spots with single and no G centers. d Second-order
autocorrelation function g(2)(τ) obtained with no BG correction (#M3). The purple
solid line is a fit to Eq. (1), yielding g(2)(0) = 0.22 ± 0.08. The thin solid line is gð2Þ

corrðτÞ
calculated according to Eq. (2). The error bars represent SD.
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distributions of Fig. 2a, b can be described by the Poisson function,
there is a strong indication that the experimental data deviate from it.
Considering that the G center is a composite defect consisting of three
atoms, we can reproduce the sub-Poisson statistics shown by the solid
line in Fig. 2b (Supplementary Fig. 4). The real formationprocess of the
Gcenters ismuchmore complex than inour simplifiedmodel basedon
a multi-step Si implantation process (Supplemental Material) and
beyond the scope of this work.

To analyze the BG contribution, we perform time-resolved PL
measurements with an LP and a narrow BP filter (Fig. 3a). The PL
spectrum, together with the filter transmission wavelengths, is shown
in Supplementary Fig. 5. The PL decay is fitted to a bi-exponential
function. The fast PL decay with a time constant of about 10 ns dom-
inates when the narrow BP filter is tuned to the ZPL37. Therefore, this is
associated with the G center. For the spectrally integrated decay, i.e.,
with the LP filter only, there is a slow contributionwith a time constant
of about 70 ns. This is ascribed to the presence of defect states in the
bandgap, which are created during the fabrication of the SOI wafer.
The excitation and recombination processes involving the defect
states and G centers are schematically presented in Fig. 3b. This
explanation is also confirmed by the excitation power (P) dependence
of the PL count rate (I) for three different filter configurations (Fig. 3c).
It is fitted to

IðPÞ= IGðλÞ
1 +P0=P

+ SDðλÞP, ð4Þ

where IG(λ) is the saturation count rate and SD(λ) is a spectrally-
dependent slope describing the BG contribution. The fit of I(P)
integrated over the ZPL and the phonon sideband (PSB), i.e., with a BP
filter 50nm, gives IG = 13 × 103 counts per second. We find the
saturation excitation power for this case P0 = 110μW, which can be
reduced using an optimum excitation wavelength according to the PL
excitation spectrum17,37 (Supplementary Fig. 5).

Wafer-scale fabrication of single G centers
To reduce the BG in our commercial SOI wafers, a series of RTA and
furnace annealing (FA) experiments were performed (Supplementary
Fig. 6). We find that the most efficient reduction is obtained with RTA
processing at 1000 °C for 60 s. After optimizing the implantation and
annealing parameters, we demonstrate the controllable creation of
single G centers using a CMOS-compatible protocol. We first fabricate
a PMMA mask with lithographically defined arrays of nanoholes
(Supplementary Fig. 1) having different diameters (Supplementary
Table 2). Then, we performa broad-beam implantationwith Si ions at a
fluenceΦ = 1 × 1011 cm−2 and with the same kinetic energy of 40 keV as
in the FIB experiments.

A confocal map of the G centers created in 20 × 20 nanoholes is
depicted in Fig. 2c. The PL count rate is spectrally integrated over the
ZPL and PSBs. As an illustration, we show the autocorrelation function
recorded at the spot #M3 with no BG correction (thick solid line in
Fig. 2d). The fit to Eq. (1) yields g(2)(0) = 0.22 ± 0.08 and after BG cor-
rection to Eq. (2) gð2Þ

corrð0Þ≈0 (the thin solid line in Fig. 2d), pointing to a
single-photon emission. Some other g(2)(τ) measurements of single G
centers at different implanted spots are shown in Supplementary
Fig. 7. Based on the g(2)(τ) measurements and calibrated count rate, we
find thatmore than 50%of the nanoholeswith nominal diameters of 35
and 40nm (rows 2 and 3, respectively) contain single G cen-
ters (Fig. 2b).

Figure 3d shows a PL spectrum from the spot with a nominal
diameter of 40 nm (#M3). It consists of the ZPL at λG = 1278 nm and the
PSB with a maximum at around 1290nm17. The Debye–Waller (DW)
factor, i.e., the probability of coherently emitting into the ZPL, is an
important characteristic of single-photon emitters for their applica-
tions in photonic quantum technologies. We find DW= 19 ± 1%. This is
the largest value reported to date for individual G centers and is
comparable with a DW factor of an ensemble of G centers with an
optimized creation protocol37.

Creation of single W centers on the nanoscale
Finally, we turn to the controlled creation of W center emitters with
the ZPL at λW = 1218 nm. In order to locally write W centers, we use the
same procedure as for G centers in SOI, with the difference that the
substrates are now ultrapure Si wafers with negligible carbon content
(Fig. 1a). After implantation, the sample is annealed at 225 °C for
300 s24,38. Figure 4a shows a confocal PL map of this pattern. A 50-nm
BP filter at 1225 nm is used to selectively collect the PL emission from
the ZPL and the first PSB of W centers. We optically resolve all the
implanted spots in row 15 (on average, 570 Si ions per spot) down to
only a few implanted spots in row 10 (on average, 113 Si ions per spot).

We show an autocorrelation measurement at a spot irradiated
with, on average, 384 Si ions (#I14) with no BG correction (Fig. 4b). The
dip at τ =0 indicates a countable number of W centers (N⩽ 5). We
observe a relatively high BG (Supplementary Fig. 8). A possible reason
is that we use an established annealing protocol optimized for a dense
ensemble ofW centers38, whichmight not be optimum for the creation
of individual W centers. Applying the BG correction procedure of Eq.
(2), we obtain gð2Þ

corrð0Þ=0:13+0:35
�0:13 , which indicates that, in fact, we have

single-photon emission from this spot. To find the power dependence
of the photon count rate from a singleW center of Fig. 4c, we subtract
the BG contribution taken from the non-implanted area between the
nearest spots. A fit to Eq. (4) gives IW = 3600 counts per second and

Fig. 3 | Photoexcitation of G centers. a PL decay of the locally created G centers
obtained with an LP filter λ > 1250 nm (orange) and a BP filter Δλ = 1 nm at
λG = 1278 nm, corresponding to the ZPL of the G center (red). The solid lines are fits
to a bi-exponential decay. The excitation laser pulse at λexc = 785nm is also shown
for comparison (green). b Schematic representation of the excitation and recom-
bination processes of the G center (PLG) in the vicinity of bandgap defect states
(PLD). c Count rate of a single G center as a function of the excitation power in the
presence of BGobtainedwith different optical filters: LP filter λ > 1250 nm (orange),
BP filter Δλ = 50nm at λ = 1275 nm (blue) and BP filter Δλ = 1 nm at λG = 1278 nm
(red). The solid lines are fits to Eq. (4). d PL spectrum of a single G center, obtained
at P = 100μW. A multi-Gauss fit over the ZPL and PSB’s (blue solid line) yields a
Debye–Waller factor DW= 20%.
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P0 = 810μW (Supplementary Fig. 8), which is lower than the saturation
count rate of the G centers.

A PL spectrum from a singleW center is shown in the lower panel
of Fig. 4d, which is similar to the PL spectrum of an ensemble of W
centers (upper panel of Fig. 4d). We find a DW= 32%, which is sig-
nificantly larger than that for the G center. For low excitation powers
(P≪ P0), the PL spectrum and photon count rate remain stable over
one day of operation (Supplementary Fig. 8). For high excitation
powers (P > P0), we observe blinking of the ZPL. The origin of this
optical instability is beyond the scope of this work.

Two spots with implantation nSi = 384 (row 14) show a difference
in count rate, after the BG correction, of a factor of two, indicating that
one contains a single center (#I14) and one contains two single centers
(#C14). This is in agreement with the corrected gð2Þ

corrð0Þ=0:52 ±0:15
indicating two-photon emission (Supplementary Fig. 9). The emission
from the W centers is linearly polarized either along the [110] or ½1�10�
direction18 and, similar to the G centers, we assume the samedetection
efficiency for both directions. Based on the g(2)(τ) and the photon
count rate analysis of the implanted row 14, we find that, in a similar
way to Fig. 2b, the creationprobability of a singleWcenter is (56 ± 28)%
(Fig. 4e). Thus, the analysis indicates that the W centers are created
with sub-Poisson statistics, as explained in Supplementary Fig. 4.

To demonstrate the wafer-scale fabrication of single W centers,
we use broad-beam Si implantation through nanoholes in a PMMA
mask. The implantation parameters (Si2+ with a kinetic energy of
40 keV,Φ = 1 × 1012 cm−2) andmask design (Supplementary Table 2) are
similar to those optimized for the fabrication of single G centers. A
confocal map of the W centers created in 20× 20 nanoholes is depic-
ted in Fig. 5a. The PL count rate is spectrally integrated over the ZPL
and the first PSB. Because post-implantation annealing at 225 °C leads
to a high BG in Fig. 4a, no annealing is performed. Indeed, the BG in the
confocal map of Fig. 5a is significantly lower.

As an illustration, we show the autocorrelation function recorded
at spot #C13 (nanohole with a nominal diameter of 300nm) without
BG correction (Fig. 5b). Thefit to Eq. (1) yields g(2)(0) = 0.48 ±0.27.With
BG correction to Eq. (2), we obtain gð2Þ

corrð0Þ≈0 demonstrating single-
photon emission.We note that the absence of annealing also leads to a
lower count rate from single W centers because the lattice damage
after implantation is not removed. The optimization of the annealing
conditions for the local creation of singleWcenters with a high photon

emission rate and low BG contribution is a technologically challenging
task and is beyond the scope of this work.

Discussion
In summary, we unambiguously demonstrate the controllable creation
of quantum telecom emitters based on single silicon-interstitial- and
carbon-related color centers in silicon wafers. These single-photon
emitters are created with a spatial resolution better than 100nm and a
probability exceeding 50%. Using broad-beam implantation through
lithographically defined nanoholes, we demonstrate the wafer-scale
nanofabrication of telecom single-photon emitters compatible with
CMOS technology for VLSI. Our results enable the direct realization of
quantum PICs with monolithically integrated single-photon sources
with electrical control11. These findings also provide a route for the
quasi-deterministic creation of single G and W centers at desired

Fig. 5 | Scalable fabrication of single W centers in ultrapure silicon. a Confocal
PL intensity map of locally created W centers through a PMMA mask using broad-
beam Si implantation. The nominal hole diameter increases from 30 nm (row 1) to
400 nm (row 20). The PL is collected using a BP filter Δλ = 50 nm at λ = 1225 nm. No
annealing is performed. The scale bar is 20μm. b Second-order autocorrelation
function g(2)(τ) obtainedwith no BG correction from the spot #C13. The green solid
line is a fit to Eq. (1), yielding g(2)(0) = 0.48 ± 0.27. The thin solid line is gð2Þ

corrðτÞ
calculated according to Eq. (2). The error bars represent SD.

Fig. 4 | SingleWcenters inultrapure silicon. aConfocalPL intensitymapof locally
createdW centers. The pattern frame is created with a fluenceΦ = 1 × 1011 cm−2. The
PL is collectedusing a BP filterΔλ = 50 nmat λ = 1225nm. The scale bar is 20μm.The
insets show the PL from two W centers (#C14) and a single W center (#I14).
b Second-order autocorrelation function g(2)(τ) obtained at the spot #I14 with no BG
correction. The BGcorrection (thin solid line) gives gð2Þ

corrð0Þ=0:13+0:35
�0:13 . cCount rate

of a singleWcenter after BGsubtraction asa functionof the excitationpower,which

ismeasuredwith a BP filterΔλ = 50nm at λ = 1225 nm. The solid line is a fit to Eq. (4).
d PL spectrum from the frame and a singleW center (#I14). Integration over the ZPL
and PSB yields a Debye–Waller factor DW= 32%. The BG contribution is schemati-
cally shown by the shaded area. e The occurrence probability of W centers for FIB
implantation with, on average, 384 Si ions per spot. The solid line represents the
sub-Poisson distribution with μ = 4.8, as described in the text. The error bars
represent SD.
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locations of photonic structures39, tunable cavities40, and SOI
waveguides41. Furthermore, our approach can potentially be applied
for the controllable creation of other color centers in silicon, including
T centers with optically-interfaced spins19.

Methods
Samples
Two different sets of p-type silicon wafers are utilized for the experi-
ments. In the case of G centers, we performed our experiments on a
commercially available Czochralski (CZ)-grown 〈110〉-oriented SOI
wafer purchased from IceMOS Technology. This wafer consists of a
12-μm-thick Si device layer separated by a 1-μm-thick silicon dioxide
(SiO2) layer from the bulk silicon substrate. The double-side polished
315-μm-thick substrate is cleaved into 5 × 5mm2 pieces. The as-grown
concentration of carbon impurities for this type of wafers is specified
to be higher than 1016 cm−3 11. To decrease the natural BG contribution,
we perform either FA or RTA in an N2 atmosphere.

To investigate W centers, we use 〈100〉-oriented single-side
polished, 525-μm-thick, ultrapure silicon substrates grown by the float
zone (FZ) technique. The residual concentration of carbon and oxygen
impurities is less than 5 × 1014 cm−3 and 1 × 1014 cm−3, respectively,
whereas the concentration of boron and phosphorous dopants falls
below 7 × 1012 cm−3. To create the optically active W center, we per-
formed FA at 225 °C for 300 s in an N2 atmosphere following fabrica-
tion protocols optimized for an ensemble of W centers24,38.

FIB implantation
We used a customized Orsay Physics CANION Z31Mplus FIB system
with a liquid metal alloy ion source (LMAIS). The FIB system is equip-
ped with an in-house-fabricated Au82Si18 ion source, which provides a
focused ion beam with a diameter of roughly 50nm42. The small focal
spot of the FIB offers fast, flexible, maskless, and spatially resolved
targeted positioning of the implanted ions at the nanoscale. Addi-
tionally, the system is equipped with a Wien ExB mass filter to block
different ion species and charge states emerging from the ion source.
The double-charged Si2+ ions with a nominal beam current between 1
and 2.5 pA have a kinetic energy of 40 keV (at 20 kV acceleration
potential).

For the FIB implantation of single G and W centers, a custom pat-
terning file is created for both the frame and the single dot arrays,
respectively. The frame is implantedwith a constantfluenceΦ ~ 1011 cm−2

to intentionally create a dense ensemble of color centers for reference
and alignment purposes. For the individual single dot arrays with 15 × 16
irradiation spots (vertical and horizontal spacing 10μm), the number of
ions per spot is targeted to be between 6 to 570 with logarithmic
incremental steps. The implanted number of Si ions is controlled by the
dwell time, such that the desired dose of Si ions is reached.

Broad-beam implantation
SOI wafers are processed using an RTA at 1000 °C for 3 min under an
N2 atmosphere, 15 min of piranha (3 partsH2SO4 : 1 partH2O2) cleaning
is performed to remove residual carbon- and oxygen-terminate the
sample surface. Prior to resist spin coating, the samples are ultra-
sonically cleaned in acetone, rinsed in IPA, andblowndrywithN2.Next,
a layer of positive micro resist (PMMA, 950K A6) with a nominal
thickness of t = 324nm is spin-coated on the wafer as an implantation
mask. Subsequently, the sample is baked on a hot plate for 5 min at
150 °C. The nanohole patterns, containing 20 × 20 of variable dia-
meters d ranging from 30 to 400 nm, were transferred to the photo-
resist by electron beam lithography (EBL) utilizing a Raith 150TWO
system. To tune the number of implanted Si ions through different
nanoholes, we vary the nominal nanohole diameter while keeping the
EBL dose constant. The overall design, including the lateral 10μm
pitch between all nanoholes, was chosen for comparison and con-
sistency with the irradiation pattern used for the FIB writing. During

the EBL process, the following parameters are used: 20 kV acceleration
voltage, 0.25 nA current, 30μm aperture with a base dose of
820μC ⋅ cm−2. After the EBL, the PMMA is developed with a mixture of
DI-water and isopropyl alcohol (3:7) for 30 s followed by an isopropyl
alcohol stopper for 30 s, the samples are then dried with pressurized
nitrogen. To create single G centers for VLSI, we use broad-beam
implantation with Si2+ ions (energy 40 keV) through the micro resist
mask with a fluence of Φ = 1 × 1012 cm−2 at θ = 7∘ tilt to avoid ion chan-
neling. After the lift-off process, ultrasonication in acetone for 3 min is
applied to remove the residuals of PMMA, followed by washing in
isopropyl alcohol and blow-drying under a stream of nitrogen gas.

According to SRIM calculations32, the Rp of 40 keVSi2+ in PMMA is
~100nm. Therefore, ions only reach the substrate through the holes in
themask. To prevent the unwanted creation of other types of emitting
color centers, no post-irradiation annealing treatment was performed.

Data availability
The experimental data are available upon request.
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ABSTRACT

We experimentally demonstrate the generation of spin-wave frequency combs based on the nonlinear interaction of propagating spin waves
in a microstructured waveguide. By means of time- and space-resolved Brillouin light scattering spectroscopy, we show that the simultaneous
excitation of spin waves with different frequencies leads to a cascade of four-magnon scattering events, which ultimately results in well-
defined frequency combs. Their spectral weight can be tuned by the choice of amplitude and frequency of the input signals. Furthermore, we
introduce a model for stimulated four-magnon scattering, which describes the formation of spin-wave frequency combs in the frequency and
time domain.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0090033

Frequency combs have been attracting interest in multiple fields of
research in the last few decades. For example, optical frequency combs
have had great impact on metrology, as they have led to a significant
enhancement in the precision of frequency measurements.1–3 In solid
state magnetism, several mechanisms are known to cause frequency
spectra with equidistantly spaced spin-wave (SW) modes, by means of
nonlinear interactions known as modulation instabilities.4–10 These
were often discussed in the time domain, as they were found to cause
soliton formation. In addition, frequency mixing of two independently
excited quasi-uniform modes has been studied in magnetic thin films
leading to the generation of additional equidistantly spaced modes.11–13

Very recently, micromagnetic simulations have shown the generation of
magnonic frequency combs by nonlinear three-magnon scattering of
spin waves interacting with the intrinsic modes of magnetic
skyrmions.14

In microstructured magnetic waveguides, the process of four-
magnon scattering (4MS) has been reported to populate a continuum
of SW states in frequency ranges of up to several GHz around a

strongly driven mode.15–17 4MS commonly describes the decay of two
initial magnons, the quanta of SWs, into a pair of secondary magnons
with different energies and momenta while conserving total energy
and momentum.17,18 4MS is often considered parasitic and undesir-
able,19–21 since it leads to additional damping of a strongly populated
SW mode by coupling to the continuum of thermally populated states
within the SW band.16,17,22

In this Letter, we take the active control of 4MS in order to create
tunable SW frequency combs. Those have significant impact on both
fundamental and applied physics, as the superposition of frequencies
and associated wavevectors allows one to create specific high-
wavevector magnons, which could not be readily created with typical
geometries. In terms of applications, this frequency comb creates a
series of microwave pulses in the time domain, where the width of each
pulse can be significantly adjusted by changing the amplitude of the ini-
tial signals. Furthermore, our results experimentally demonstrate the
efficient downconversion of spin-wave frequencies, which is important
for the integration of magnonic devices into different environments, an
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issue currently addressed by multiple complex approaches including
the modulation of optical frequency combs,23 superconducting qubits
in cavities,24 and electronic circuits.25 Finally, we explore the timescale
of the nonlinear responses, a topic not substantially addressed in earlier
works.

We experimentally demonstrate the generation of such a fre-
quency comb by exciting SWs in a Co25Fe75 microconduit26–28 with a
width of 3lm, a length of 60lm, and a thickness of 30 nm, as shown
in Fig. 1(a).29 Two 1lm wide microwave antennas, referred to as RF1
and RF2, are patterned on top of the magnetic waveguide. Connecting
the antennas to two microwave sources allows for the independent
excitation of SWs at potentially different power levels PRF1 and
PRF2. In the following, SWs generated by RF1 (RF2) will be referred
to as mode a1 (a2) with frequency fRF1 (fRF2) and wave vector k1
(k2). In all measurements, an external in-plane magnetic field of
B ¼ 46mT is applied, which is not sufficient to fully saturate the
waveguide perpendicular to the transport direction but still yields
long SW decay lengths, as reported for a similar geometry in.15,26

Note, however, that the non-collinearity at the edges of the sample
is not essential for the emergence of 4MS, which is possible also in
fully saturated specimens.30 The green dot in Fig. 1(a) indicates the
position of the probing laser spot of the utilized Brillouin light
scattering microscope (mBLS) on the sample.31 All spin-wave spec-
tra were obtained from the same position. The inelastically scat-
tered laser light, obtained at the measurement position, was
analyzed using a tandem Fabry–P�erot interferometer.

Figure 1(b) shows the dispersion relation of the lowest order
waveguide mode (n¼ 0) of the investigated sample, calculated

according to the formalism of Kalinikos and Slavin.32 The SW
bandgap for the investigated sample was found to occur below a fre-
quency of 8GHz.

Additionally, Fig. 1(b) illustrates the process of spontaneous
4MS,15–17 which causes the parametric generation of pairs of second-
ary magnons above a critical SW amplitude. Using the notation of
nonlinear SW theory,18,30 we describe the current state (phase and
oscillation magnitude) of a SW mode as a time-dependent complex
amplitude variable a�ðtÞ (with some mode index �), classical analog to
bosonic creation, and annihilation operators â� in second quantiza-
tion. When a mode ai is excited above a certain threshold amplitude,
its energy redistributes within the SW band via scattering of two initial
magnons ai characterized by fi ¼ fRF1 and ki into a pair of secondary
magnons aþ ( f þ, kþ) and a� ( f �, k�) under the conservation of
energy and momentum. The states aþ and a� can be located all across
the respective SW sub-bands f þ and f � as schematically shown for
spontaneous four-magnon scattering in Fig. 1(c).

The rates dak=dt for these scattering processes describe the
change in amplitudes of the participating modes ak over time and can
be derived using the Hamiltonian formalism for nonlinear SW
dynamics,18,30

dak
dt

¼ �ixðkÞak � CðkÞðak � ak;thÞ þ icbRF;k � e�ixRF;kt � i
@Hint

@a�k
:

(1)

In Eq. (1), the SW dispersion xðkÞ, the linear damping CðkÞ
¼ axðkÞ with a ¼ 0:004 typical for Co25Fe75, a phenomenological
term for thermal population ak;th ¼ i

ffiffiffiffiffiffiffiffiffi
Nk;th

p
e�ixðkÞt , the pump field

bRF;k, and the interaction Hamiltonian Hint are included. Since in our
experiments fi=2 ¼ fRF1=2 is located in the SW bandgap, resonant
three-magnon scattering is prohibited and is, thus, excluded.17,18

Therefore, the lowest order of interaction to be considered for our
calculations is the decay of ai into the final states aþ and a�, and the
corresponding Hamiltonian is written as

Hint ’ Hð4Þ ¼
X
iþ�

Wii;þ�aiaia�þa
�
�: (2)

The rates given in Eq. (1) depend on the coupling coefficients
Wii;þ� between the different modes as well as the amplitudes of the
three modes ai, aþ, and a�.

18 As the coupling coefficients are inversely
proportional to the wave-vector mismatch of the participating
modes,15,18 the delay time for populating secondary modes via 4MS
scales with the frequency spacing Df ¼ j f6 � fRF1j, as illustrated by
dashed lines in Fig. 1(c). This delay time can be understood as the
time needed to compensate for the intrinsic damping of the secondary
states.

Figure 1(d) shows the anti-Stokes side of lBLS spectra that was
measured when exciting SWs with antenna RF1 at a fixed frequency
fRF1 ¼ 9:25 GHz using two different pumping powers. At low powers
(orange line), the SW spectrum shows a single symmetric peak at fRF1.
When increasing the pumping power above the threshold for 4MS
(black line), a broadening of the peak is measured as a consequence of
the energy redistribution caused by spontaneous 4MS.

For the generation of a SW frequency comb with a well-defined
frequency spectrum, we need to actively increase the scattering rate
into one specific scattering channel f þ1 or f �1 , which has to be located
in the scattering ranges f þ or f �, respectively. Using antenna RF2, a

FIG. 1. (a) Scanning electron micrograph of the SW waveguide. SWs with frequen-
cies fRF1 and fRF2 were excited by the antennas RF1 and RF2, respectively. All
measurements were performed in 1 lm distance to the left edge of RF1 as indi-
cated by the green dot. (b) Dispersion relation of the lowest order waveguide mode
in the investigated sample. Circles and arrows illustrate a four-magnon scattering
process: two excited magnons with fRF1 scatter into a pair of secondary magnons
with f � and f þ. (c) Energy-time diagram illustrating how spontaneous 4MS popu-
lates the SW band. (d) lBLS spectra measured in the SW waveguide only exciting
with RF1 (CW) at two different powers. (e) Energy-time diagram for stimulated
4MS. (f) lBLS spectrum measured when exciting with RF1 and RF2 (both CW)
simultaneously.
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second magnon state can be populated at fRF2 6¼ fRF1 as shown in
Fig. 1(e), which acts as a seed mode. Considering fRF1 ¼ f ðaiÞ and
fRF2 ¼ f ða�Þ ¼ f �1 , the nonlinear coupling between both states
increases according to Eq. (2). Hence, the rate for fRF1 magnons to
scatter into the fRF2 state is enhanced as indicated by the red circles in
Fig. 1(e). Furthermore, a third mode is generated at f ðaþÞ ¼ f þ1
¼ fRF1 þ Df with Df ¼ jfRF1 � fRF2j [blue circles in Fig. 1(e)] in order
to conserve the energy of the two initial magnons at fRF1.

By actively populating the seed mode (a�), we control all fre-
quency channels of the scattering process. We refer to this process as
stimulated 4MS, similar to the process of stimulated three-magnon
scattering as shown in Ref. 33.

As depicted in Fig. 1(e), higher order scattering processes then
lead to the formation of a SW frequency comb. The secondary modes
a� and aþ at f �1 and f þ1 take the role of initial and seed modes in new
scattering events. Therefore, higher order processes are stimulated,
e.g., with two magnons at f �1 scattering into the states at fRF1 and f �2 .
In Fig. 1(e), this is illustrated by an additional mode at f �2 (violet circle)
that appears with equidistant frequency spacing but at a later time.
The higher order processes need to compensate the intrinsic damping
of the participating states, which causes an increasing delay time, as
indicated by the slope of the dashed line.

One example of a measured SW frequency comb is shown in
Fig. 1(f). The initial mode is pumped at fRF1 ¼ 10 GHz using antenna
RF1 while the seed mode is provided by antenna RF2 at fRF2 ¼ f �1
¼ 9GHz. In addition to those two frequencies, the BLS spectrum
shows very distinct peaks at f þ1 ¼ 11 GHz and f �2 ¼ 8 GHz.

In order to demonstrate the high degree of tunability of SW fre-
quency combs, we measured lBLS spectra with a fixed frequency of
the initial mode fRF1 ¼ 10 GHz but varying frequency of the seed
mode fRF2 between 8 and 12GHz. The microwave powers of RF1 and
RF2 were kept at constant values of PRF1 ¼ PRF2 ¼ 10 dBm. The
resulting BLS spectra are plotted in Fig. 2(a), with the SW intensity
color coded on a logarithmic scale. The horizontal and diagonal white
dashed lines indicate the applied frequencies fRF1 and fRF2. As fRF2 is

varied continuously to cross fRF1, the frequency gap Df ¼ jfRF1 � fRF2j
decreases up to fRF2 ¼ fRF1 ¼ 10 GHz and then increases again.
Depending on the value of Df , different numbers of indirectly excited
SW modes are measured. All detected intensities appear above a fre-
quency of 7GHz, which is in qualitative agreement with the obtained
SW bandgap in Fig. 1(b). Figure 2(a) demonstrates that the additional
frequencies, observed in our experiments, strictly follow the spacing of
the two driving frequencies f1 and f2 (dashed lines).

Figure 2(b) shows individual BLS spectra measured for fRF2
¼ 9:5GHz (red) and fRF2 ¼ 11 GHz (blue), highlighting the different
frequency spacing between neighboring modes of 0.5 and 1GHz,
respectively. In addition to the SW frequency combs, we measure a
continuous background from the SW band between 8 and 12GHz, as
depicted by dashed lines. This demonstrates that both mechanisms of
spontaneous and stimulated 4MS take place at the same time. We note
that, in addition to the coupling efficiency discussed earlier, the experi-
mental observation of the continuum of SW states is limited toward
lower frequencies by the SW bandgap (in our case between 7 and
8GHz) and toward higher frequencies by the scattering geometry of
the lBLS setup.15,16,31

According to Eqs. (1) and (2), the population rate of secondary
states via 4MS increases with increasing driving powers or amplitudes.
In order to investigate the power dependence of stimulated 4MS, we
fix the excitation frequencies of a1 and a2 at fRF1 ¼ 10 GHz and
fRF2 ¼ 9:5 GHz, respectively. In addition, we fix the pumping power
of mode a1 at PRF1 ¼ 4:6 dBm, whereas mode a2 is pumped with
varying microwave powers PRF2 ranging from 4.6 to 23 dBm. The
measured lBLS spectra as a function of PRF2 are shown in Fig. 3(a)
with the BLS intensity color coded on a logarithmic scale. As expected,
the intensity of a2 at fRF2 continuously grows with increasing pumping
power PRF2 whereas only a minor increase in the intensity of a1 (fRF1)
can be observed. In addition to the increase in the intensity of a2,

FIG. 2. (a) lBLS spectrum plotted as a function of the input frequency of RF2
(CW) while the frequency of RF1 (CW) was fixed at 10 GHz. Both antennas were
set to a constant input power of 10 dBm. The frequency of RF2 was swept from
8 to 12 GHz. (b) Examples of the BLS spectrum measured for RF2 set to 9.5 GHz
(red) and 11 GHz (blue). The dashed lines indicate the continuum of states excited
by 4MS.

FIG. 3. (a) lBLS spectra measured as a function of the microwave power PRF2
pumping mode a2 at a constant frequency fRF2 ¼ 9:5 GHz (CW). Mode a1 is
excited at a constant power PRF1 ¼ 4:6 dBm and constant frequency fRF1
¼ 10 GHz (CW). (b) Power dependent intensities evaluated for the different modes
at 9 GHz (triangles), 9.5 GHz (circles), and 10 GHz (crosses). The intensity of the
continuum of spontaneous 4MS (squares) is extracted for 9.25 GHz (dashed line in
a). Lines are just a guide to the eye to highlight different slopes measured below
and above 12 dBm.
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additional modes at 8.5, 9, and 10.5GHz appear in the spectra, espe-
cially for larger values of PRF2.

The dependence of the SW spectra with respect to PRF2 is dis-
cussed further with Fig. 3(b), where the intensities extracted at 10 (a1,
crosses), 9.5 (a2, circles), 9 (triangles), and 9.25GHz (4MS, squares)
are plotted. The signal at 9.25GHz represents states in the continuum
of the SW band that are only excited by spontaneous 4MS.

Interestingly, the intensity of mode a1 (crosses) is not constant
despite its fixed excitation power of PRF1 ¼ 4:6 dBm. Its intensity
remains on the same level up to PRF2 ¼ 11:5 dBm and then increases
to values larger than those initially measured for PRF2 ¼ 4:6 dBm.
This development of the intensity of a1 shows that we can distinguish
different scattering regimes.

For PRF2 < 11:5 dBm, spontaneous 4MS of both modes a1 and
a2 into the continuum of the SW band is the dominant scattering
channel. Since a2 is provided with more and more energy by the
increasing microwave power, its intensity rises rapidly, which directly
leads to a strong increase in the intensity of the continuum of the SW
band [squares in Fig. 3(b)].

For PRF2 > 11:5 dBm, stimulated 4MS is the pronounced scatter-
ing channel, and spontaneous 4MS plays a minor role only. Since
mode a2 [circles in Fig. 3(b)] is pumped much stronger than a1
(crosses), a2 can be assigned as the initial mode and a1 the seed mode.
As a result, two magnons at fi ¼ fRF2 ¼ 9:5 GHz scatter in one mag-
non at f þ1 ¼ fRF1 ¼ 10 GHz and one at f �1 ¼ 9 GHz (triangles). This
not only leads to a rapid increase in the intensity at 9GHz above the
level of 4MS but also to an increase in the intensity of a1 (fRF1). Even
though the intensity of a2 continues to increase due to the larger
pumping powers, it never exceeds the intensity of mode a1. This is
quite remarkable since at PRF2 ¼ 23 dBm, a2 is pumped significantly
stronger than a1 (PRF1 ¼ 4:6 dBm) and still their intensities remain
on the same level. This demonstrates the high efficiency of stimulated
4MS: most of the energy of mode a2 is redistributed within the modes
of the SW frequency comb. Hence, spontaneous 4MS is less pro-
nounced as for PRF2 < 11:5 dBm and the intensity of the continuum
[squares in Fig. 3(b)] increases at a much lower rate.

The mechanism of stimulated 4MS, outlined in Fig. 1(e), gener-
ates a SW frequency comb in terms of a temporal cascade of 4MS
events that populate discrete modes in the SW band. To experimen-
tally investigate this temporal evolution, we use time-resolved BLS
microscopy (TR lBLS).31

First, we investigated the temporal response of the system to a
single microwave pulse at fRF1 ¼ 8:5 GHz. The pulse width was set to
150ns with a rise time of 3 ns and a repetition period of 200ns. The
first 40 ns of the measurement are shown in Fig. 4(a). The microwave
pulse sets in after 17 ns, accompanied by the characteristic frequency
broadening of 4MS. Interestingly, it takes up to 6 ns after the onset of
the SW pulse for the frequency distribution to reach a dynamic equi-
librium and fill states of the continuum with frequencies ranging from
7 to almost 10GHz. The diagonal dashed lines highlight that modes in
the continuum with smaller frequency spacing to the directly excited
mode are populated much faster than modes with larger frequency
spacing [also see Fig. 1(c)].

Figure 4(b) shows a TR lBLS spectrum measured for a continu-
ously excited initial mode at fRF1 ¼ fi ¼ 8 GHz and a pulsed seed
mode at fRF2 ¼ f þ1 ¼ 8:5 GHz starting at 15 ns with respect to the dis-
played time window. Here, the additional secondary mode a� at

7.5GHz is measured simultaneously to the seed mode. Higher order
modes at 7, 9, and 9.5GHz are measured with larger time delays,
depending on their frequency spacing to the initial mode.

These measurements demonstrate that in both cases, a certain
time is needed to populate additional states via nonlinear interactions.
The observed time delay is in agreement with nonlinear SW theory18

and has also been reported in previous experimental studies.34 The
experimental findings in Fig. 4(b) indicate an increase in nonlinear
mode coupling for the case of stimulated four-magnon scattering com-
pared to spontaneous four-magnon scattering.

Figure 4(c) shows the results of the calculations based on Eq.
(2) for a continuously driven initial mode at 8 GHz (black line)
and a pulsed secondary mode at 8.5 GHz setting in after 10 ns. A
set of seven rate equations was solved, referring to SW modes rang-
ing from 6.5 to 9.5 GHz in 0.5 GHz steps. For simplicity, only five
of these modes are shown by the modulus square jaij2, which cor-
responds to the SW intensity and is proportional to the photon
counts in our time-resolved BLS experiments. We note that the
delay times obtained analytically are in qualitative agreement with
those obtained experimentally in Fig. 4(b).

In the time domain, a superposition of several modes translates
into a time-modulated amplitude, which enables, e.g., optical
frequency combs to bridge the gap between optical and microwave
frequencies.1,3 In order to demonstrate a similar behavior for the
observed magnon frequency combs, we investigated the temporal evo-
lution of the magnetization in micromagnetic simulations using
MuMax311,35 with material parameters and grid size listed in Ref. 36.

In the simulations, the excitation field was strictly localized to the
area of the two antennas in order to investigate the interaction of

FIG. 4. (a) TR lBLS spectrum measured when exciting SWs with a single RF pulse
at f1 ¼ 8:5 GHz (only the first 40 ns are shown). (b) TR lBLS spectrum measured
when pumping the initial mode at fRF1 ¼ 8 GHz (CW) and exciting the seed mode
at fRF2 ¼ 8:5 GHz by a microwave pulse. (c) Temporal profiles of modes of the
frequency comb obtained by the analytic model in Eq. (1). (d) First 5 ns of the 150 ns-
long time profile of mz and (e) FFT showing the simulated SW frequency comb.
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propagating waves and avoid any far-field excitations of the antennas.
The excitation frequencies of RF1 and RF2 were set to 8 and 8.5GHz,
respectively, with field amplitudes of 1mT. The temporal representa-
tion of the simulated SW frequency comb is displayed in Fig. 4(d) in
form of the amplitude of the dynamic component of the magnetiza-
tion,mzðtÞ. Here, we confirm a temporal modulation of the amplitude
by 80% with a 2 ns period, which corresponds to the inverse of the
0.5GHz frequency spacing between the two input frequencies. Figure
4(e) shows the fast Fourier transform (FFT) of mzðtÞ. The resulting
spectrum exhibits multiple SW modes in addition to the directly
excited modes at 8 and 8.5GHz, resembling the measured SW fre-
quency comb.

In conclusion, we observed the formation of spin-wave frequency
combs generated by the nonlinear interaction of propagating spin
waves excited at two different frequencies in a magnon conduit. A
variety of spin-wave modes can be observed, whose frequency spacing
and amplitudes were exemplarily manipulated by varying the fre-
quency and power of one of the applied microwave currents. The
underlying mechanism can be understood in terms of stimulated four-
magnon scattering, which was found to be the dominant process in
the performed experiments. We propose that this effect can be utilized
in any magnetic material and/or geometry as long as four-magnon
scattering occurs.

This work was supported by the Deutsche Forschungsgemeinschaft
within Program No. SCHU 2922/1-1. M.W., L.L., and L.F. acknowledge
funding by the German Research Foundation (DFG) via Project Nos.
WE5386/4-1 andWE5386/5-1.

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

T. Hula:Conceptualization (equal); Data curation (lead); Formal analysis
(lead); Investigation (lead); Writing – original draft (equal); Writing –
review & editing (equal). A. Kakay: Resources (supporting); Supervision
(supporting); Visualization (supporting); Writing – review & editing
(supporting). M. Weiler: Resources (supporting); Validation (support-
ing); Writing – original draft (supporting); Writing – review & editing
(supporting). R. E. Camley: Conceptualization (supporting); Resources
(supporting); Writing – original draft (supporting); Writing – review &
editing (supporting). J. Fassbender: Resources (supporting); Supervision
(supporting). H. Schultheiss: Conceptualization (lead); Writing – origi-
nal draft (equal); Writing – review & editing (equal). K. Schultheiss:
Visualization (supporting); Writing – original draft (supporting);
Writing – review & editing (supporting). F. J. T. Gonçalves:
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Gregor Hlawacek, and Stefan Facsko

Cite This: J. Phys. Chem. C 2022, 126, 16332−16340

*sı

ABSTRACT: Enhanced interstitial diffusion in tin is a phenomenon often
observed during ion-beam irradiation and in lead-free solders. For the latter, this
not very well understood, strain-driven mechanism results in the growth of
whiskers, which can lead to unwanted shorts in electronic designs. In ion-beam
physics, this phenomenon is often observed as a result of the enhanced formation
of Frenkel pairs in the energetic collision cascade. Here, we show how epitaxial
growth of tin extrusions on tin-oxide-covered tin spheres can be induced and
simultaneously observed by implanting helium using a helium ion microscope.
Calculations of collision cascades based on the binary collision approximation and
3D-lattice-kinetic Monte Carlo simulations show that the implanted helium will
occupy vacancy sites, leading to a tin interstitial excess. Sputtering and phase separation of the tin oxide skin, which is impermeable
for tin atoms, create holes and will allow the epitaxial overgrowth to start. Simultaneously, helium accumulates inside the irradiated
spheres. Fitting the simulations to the experimentally observed morphology allows us to estimate the tin to tin-oxide interface energy
to be 1.98 J m−2. Our approach allows the targeted initiation and in situ observation of interstitial diffusion-driven effects to improve
the understanding of the tin-whisker growth mechanism observed in lead-free solders.

1. INTRODUCTION

The growth of tin whiskers has been extensively studied over
the last 70 years and has increased even more in recent years
due to the ban on lead-containing solder.1,2 One reason is that
alternative solder formulations are prone to whisker
formation.3,4 The detailed mechanisms of whisker growth are
still under discussion, especially the source of point defects and
their kinetics.5−7 At room temperature, tin whisker growth
takes weeks or even months, which makes experimental studies
time-consuming. Point defect creation by ion irradiation can
considerably accelerate the kinetics of the growth of extrusions.
On the other hand, high-fluence helium implantation into
semiconductor materials and metals causes bubble and blister
formation,8−13 serving valuable insights for first wall fusion
reactor materials research.14 Furthermore, ion irradiation of
nano-objects can considerably change their shape due to
mechanisms like ion-beam hammering,15 ion-induced shaping
of buried particles,16 or ion-induced viscous flow of nano-
pillars.17 These shape changes are mainly driven by the kinetics
of defects generated by collisions of atoms with energetic ions
and recoils. Defect generation by electron irradiation can also
cause shape changes of nanoobjects.18

Here, we report on an interesting observation during
medium-fluence He+ irradiation of micrometer-sized tin
spheres. The experiments were carried out with gas-field-ion-
source-based focused He+ irradiation using helium ion
microscopy (HIM). This approach enables the in situ

observation of the ion-induced shape transformation of Sn
micro-spheres with sufficiently high resolution. To explain the
observed shape changes, one needs to consider He
implantation into the Sn micro-spheres, causing ion-beam
mixing and the production of Frenkel pairs, as well as the
subsequent He nano-bubble formation. To better understand
the He+-irradiation-induced morphology changes of Sn spheres
caused by the kinetics of point defects (He-interstitials, tin
interstitials, and tin vacancies), we have developed an
appropriate diffusion-reaction model and employed 3D-
lattice-kinetic Monte Carlo (3DlkMC) simulations. These
simulations provide detailed information on the nucleation and
growth mechanisms of the observed Sn extrusion. It is shown
that the growth starts at holes in the SnO skin of the spheres
formed by ion erosion, followed by epitaxial lateral overgrowth
(ELO) fed by Sn interstitials coming from the interior of the
Sn spheres. The presented combination of experimental
studies and atomistic simulations will improve the under-
standing of point defect kinetics in tin, which controls the
whisker growth too.
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2. EXPERIMENTAL RESULTS

The experiments were performed with tin spheres on a carbon
substratea widely used resolution test specimen for scanning
electron microscopy (SEM) and manufactured by vapor
deposition.19 Tin has very low wettability on the carbon
substrate and forms, due to its high surface tension, almost
perfect spheres with sizes ranging from a few nanometers to
several tens of micrometers. This type of sample allows an easy
and fast inspection and correction of astigmatism over a wide
magnification range in SEM, focused ion beam (FIB), or HIM
devices. Commercially, the tin sphere test specimen is available
from various suppliers.20−22 The sample used in our experi-
ments contains particles with sizes ranging from <5 nm to 30
μm.23
The ion-beam exposure of the tin spheres was performed

with a helium ion microscope. HIM is well known for imaging,
modification, and for material analysis on the nanometer
scale.24−29 It is best suited to perform a local He or Ne
exposure with a very high fluence due to the small beam spot
size (1 nm for He and 4 nm for Ne) and the possibility of in
situ observation of the irradiated area using the same beam.
The irradiation was performed by scanning the beam in line-
by-line mode over a small subset of tin spheres. The so-
obtained high-resolution images of the nanostructures were
then analyzed with respect to the observed geometric changes
of the tin spheres. The fluence typically applied per image was
chosen to be below 1 × 1016 ions cm−2 to track small ion-
induced modifications.
In Figure 1, snapshots of typical irradiation with 28 keV

helium ions are shown.
After a homogeneously distributed fluence of 2 × 1017 ions

cm−2, small pyramidal extrusions form preferentially at the
equator of the irradiated spheres, where the north pole points
to the ion source (Figure 1b). With increasing fluence, these
extrusions become bigger in size and begin to overgrow the
surface (Figure 1c). Later on, the extrusions become more and
more faceted (Figure 1d−g). In Figure 1h, a larger field of view
(FOV) including parts of the non-irradiated surface is
presented. Extrusions from tin spheres form only in the
irradiated area or only a few tens of nanometers from its rim.
Above a fluence of 5 × 1017 to 7 × 1017 ions cm−2, helium
bubbles seem to emerge on the surface. The collapsed surface
locations are indicated by blue arrows in Figure 1f,g. Once this
fluence is exceeded, no further extrusion growth was observed
on these spheres, and the edges of the facets become rounded.
Images of several irradiation experiments were recorded as

videos and are published in RODARE.30 The noise-level of the
videos was improved by a recursive prediction/correction
algorithm based on the Kalman-Filter.31
Irradiations with various beam parameters were performed.

Primary ion energies from 10 to 30 keV, ion currents from 0.1
to 8 pA, and different FOV from 0.6 to 4 μm were adjusted

all He+ irradiations led to the described phenomena with only
slight variations. Tin spheres smaller than about 150 nm do not
show any extrusion; they only shrink due to erosion by ion
sputtering. Simulations with the TRIM program32 show that
the projected He+ range at 30 keV is (149 ± 67) nm, which
coincidences with the threshold radius of the smallest spheres
forming extrusions, which was determined to be (150 ± 50)
nm for 28 keV helium ions.
We did not observe any flux dependence within the range of

2.6 × 1013 to 4.1 × 1015 ions cm−2 s−1. Once extrusions are

formed, they are stable over time and grow, provided they are
not destroyed by emanating He bubbles or sputtering due to
continuous He+ ion irradiation.
A similar tin sphere evolution was observed under Ne+ ion

irradiation in HIM, but the extrusions formed were much
smaller in size before the process stopped due to neon gas
bubbles reaching the particle surface. The data for 28 keV Ne+
ion irradiation is openly available in RODARE.30
A large tin sphere with a diameter of 4.7 μm has been

irradiated only partly in an area of 2 μm × 2 μm. In Figure 2,
snapshots from the irradiation are shown.
As shown in Figure 2a, extrusions are not yet visible on the

large sphere, while the smaller one at the right edge of the
image already shows clear facets. As shown in Figure 2b, a
small extrusion becomes visible at the equator of the large
sphere, where the ion beam hits the surface nearly tangentially.
The small extrusion grows slowly with increasing fluence (see
Figure 2c). As shown in Figure 2d, a second extrusion with an
equal-facet orientation appears close to the first one. As shown
in Figure 2e, both extrusions have merged into a larger one.
Gaps between both extrusions have been filled and show clear
merged facets keeping the initial orientation, and the
extrusions on the smaller spheres start rounding. The final
size of the described extrusions on the sphere on the bottom
right side of the image is nearly reached, as shown in Figure 2f.

Figure 1. HIM images of (a) pristine, not irradiated tin spheres on
carbon. (b−g) Same sample region after the irradiation of various
fluencies, as indicated in the images. FOV of (a−g) is 1.4 μm
(cropped from 2.0 μm). (h) Image of the irradiated area captured on
a larger FOV of 2.2 μm (cropped from 4.0 μm). No morphological
changes of the tin spheres are visible outside the irradiated area.
Collapsed bubbles are indicated by blue arrows in (f) and (g).
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In contrast to the growth of the crystal-like facets in Figure
2a−f, the extrusion appearing in Figure 2g has a more rounded
bubble-like shape. This feature is popping up within just two
consecutive single image scans, equivalent to a fluence
difference of only 7 × 1014 ions cm−2. Finally, after 3.82 ×
1017 ions cm−2 (see Figure 2h), another more spherical
extrusion appears above the older extrusions after only a small
amount of additional fluence. The process seems to be
different for the extrusions appearing in Figure 2a−f than for
the features shown in Figure 2g,h. For a better presentation of
the evolution of the extrusions, the process can be seen as a
movie in RODARE.30
For transmission electron microscopy (TEM) analysis,

pristine tin spheres were mechanically removed from the
surface onto carbon-coated copper grids. In the high-resolution
TEM (HRTEM) images presented in Figure 3a,b, the
crystallinity of a 80 nm small unirradiated tin sphere passivated
by a 3 to 5 nm oxide layer is visible. While the spheres possess
the well-known single-crystalline tetragonal β-tin structure
(Figure 3a−c), the amorphous outer shell layer was proven to
be a Sn oxide, using energy-dispersive X-ray spectroscopy
(EDXS) analysis. More TEM and EDXS data of a tin sphere
can be found in RODARE30 and in the supporting
information. Additional X-ray photoelectron spectroscopy
(XPS) analysis confirmed a tin-to-oxygen ratio of 47−53 at.
%. We therefore conclude that the layer consists of meta-stable
tin(II) oxide SnO (stannous oxide). We assume that this oxide
layer is a native oxide layer that forms under air exposure and
that it covers all tin spheres homogeneously.33

In Figure 3d, a HIM image of a tin sphere is presented that
was irradiated with a fluence of 2.4 × 1017 ions cm−2. The
growth of several extrusions on the equator of the sphere was
monitored during the helium irradiation process. The
irradiation was stopped after the first extrusions appeared to
later obtain TEM images of this stage in the formation process.
The crystal orientation of all extrusions was investigated by

TEM analysis. A TEM image of the extrusion indicated in
Figure 3d is presented in Figure 3e. Selected-area electron
diffraction analysis of all extrusions and the tin sphere shows
identical diffraction patterns, which can be indexed with the β-
Sn structure (Figure 3f). This result gives strong evidence that
the tin sphere is mono-crystalline and that the extrusions have
grown epitaxially.
The tin spheres were also analyzed after gallium FIB cross-

sectioning to gain information on the internal structure. For
this purpose, unirradiated and irradiated spheres were cut in
half with a Ga-FIB, and the resulting cross-sections were
imaged at 54° tilt, using SEM (see Figure 4).
The internal structure of an unirradiated tin sphere is

presented in Figure 4a. In Figure 4b,c, HIM images of the same
area before and after 30 keV helium ion irradiation are shown.
The irradiation was stopped when clear extrusions appeared.
The sample area visible in Figure 4c was imaged by HIM, using
the minimal necessary fluence (short dwell times and low
currents) to not further irradiate the tin spheres during
imaging and therefore does not reflect the best possible image
quality. The sample was transferredand thereby exposed to
airto the dual beam tool (Ga FIB, SEM), and the exposed
area was identified using SEM imaging. A cross-section has

Figure 2. a−h) HIM snapshots of the irradiation of tin spheres for
increasing fluencies. A partially irradiated larger tin sphere with a
diameter of around 4.7 μm can be seen in the top left corner. The
field of view is 1.9 μm cropped from an irradiated area of 2.0 μm.

Figure 3. a) HRTEM image of a small, pristine tin sphere (FOV 37.9
nm); the square indicates the area that is shown at higher
magnification in (b). (c) Fast Fourier transform image of a
HRTEM image (FOV of 37.9 nm) of the inner crystalline part of
the tin sphere shown in (a). Indexing was done based on the β-tin
structure in the 1̅11̅ zone axis geometry. (d) HIM image of the
irradiated sphere on a carbon-coated TEM grid and (e) overgrown
crystalline extrusion, indicated by an arrow in (d). (f) Selected-area
electron diffraction pattern of the extrusion shown in (d). Indexing
was done based on the β-tin structure in the 1̅10 zone axis geometry.
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been prepared from several irradiated spheres, using Ga-FIB
milling. The first milled area is indicated in Figure 4c as a
dotted yellow box, and the result is presented in Figure 4d.
Due to sample tilting toward the FIB column, the sputtered
region appears as a trapezoid in the SEM image. Small spheres,
as shown in Figure 4d, show a large cavity in their center. The
sample was further milled, as indicated in Figure 4c, by a
dashed, red box, and the resulting cross-section is shown in
Figure 4e. For larger spheres, several smaller He bubbles in a
depth corresponding to the projected range of the 30 keV
helium beam were observed (see e.g., the sphere on the right
side of Figure 4e). The sample was rotated clockwise by 45° to
be able to look into all three milled structures, and the
resulting image is presented in Figure 4f. All cross-section tin
spheres which showed crystal-like extrusions have the same
kind of cavity-like internal structure. We will see later that this

finding is essential for the understanding of the observed effect
and the proposed model.
Localized pre-irradiation of the tin spheres could cause weak

points in the SnO skin, allowing the location of faceted
extrusions formed upon further broad-beam-like irradiation to
be determined in advance. Due to surface sputtering and ion-
beam mixing, the oxide layer could potentially be pre-thinned
at these locations.

3. MODELING, SIMULATIONS, AND DISCUSSION

The observed ion-irradiation-induced growth of extrusions on
tin spheres can be roughly divided into three stages:

(i) Collisions of the energetic He+ ions with tin atoms of
the spheres create Frenkel pairs of interstitial atoms and
vacancies in the tin lattice. Additionally, such collisions

Figure 4. (a) SEM image of unirradiated tin spheres. The largest sphere was cut-opened with a gallium FIB. The SEM image was taken at 54° tilt
angle. (b−f) show the same area of the sample at various points of the analysis process. (b) HIM image before irradiation. (c) HIM image after
irradiation with visible extrusions. The yellow, dotted rectangle is a guide to the eye, indicating the gallium-FIB-milled region shown in (d). The
red, dashed region indicates the milled area visible in (e) and (f). (d−f) SEM images under 54° tilt of tin spheres with extrusions that were opened
by FIB milling. Cavities are visible that were probably filled with helium bubbles. In (f), the sample was rotated clockwise to image the inside of all
three opened tin spheres, simultaneously.

Figure 5. Schematic representation of the proposed model for the formation of extrusions and bubbles in tin spheres of typical size (500 nm) by 30
keV helium ion irradiation. (a) Initial state of the irradiation process. Implantation of helium leads directly and also indirectly via the collision
cascade to about 70 interstitial-vacancy pairs per implanted ion. About half of the helium is implanted, while the other half is scattered out of the
sphere or is transmitted in the outer, thinner region of the sphere. The schematic exaggerates the number of sputtered atoms at the outer shell
(black circles). The following simulations show that each helium atom sputters 0.2 atoms on average, with higher sputtering rates at the rim of the
spheres. (b) Further implantation leads to increasing helium, interstitial, and vacancy densities. Vacancies can be reoccupied by tin interstitials or
filled by helium atoms. Sputter erosion and phase separation will cause somewhere a local exposure of the tin core. (c) Epitaxial lateral overgrowth
of the tin sphere by escaping tin interstitials and formation of helium bubbles inside the sphere.
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can erode the SnO skin of the tin spheres by sputtering
and by ion-beam mixing of the Sn−SnO interface,
resulting in sub-stoichiometric SnOx (x < 1) (Figure 5a).
As sputtering is the strongest for small incident angles
(in respect to the surface), the SnO skin becomes
damaged most severely near the equator.

(ii) With increasing He+ ion fluence, the number of
deposited He atoms and the number of interstitials
and vacancies increase within the tin spheres (Figure
5b). The SnO skin is assumed to be impermeable for He
atoms, vacancies, and interstitials.34,35 Due to ion
erosion of SnO, a contact of the tin core with the
external vacuum can form first somewhere along the
equator.

(iii) Through the hole in the SnO skin, Sn interstitials and
vacancies can escape from the core of the tin particle
(Figure 5c). As the tin particle is crystalline, the
extrusions also become crystalline due to ELO (see
e.g., ref 36). The only difference with conventional ELO
is the source of the atoms: Here, interstitial atoms come
from the interior of the spheres through the oxide
openings, as compared to atoms delivered by a chemical
vapor source. Some of the vacancies capture a helium
atom and can therefore not annihilate with an interstitial.
In an extreme case, one could consider a situation in
which all but one of the interstitial-vacancy pairswhich
are created by an incoming He+ ionannihilate. The
vacancy of the remaining Frenkel-pair is filled with the
implanted helium atom, and one interstitial atom per
implanted He+ ion remains in the lattice. For
phosphorus and boron implantation into silicon, this
very successful approach is called the “+1”-model.37 The
He-filled vacancies diffuse slowly and will unlikely escape
through the hole in the SnO skin. They become
enriched and form, due to their low nucleation barrier,
He nano-bubbles that later coalesce to larger He bubbles
within the tin sphere. The creation of helium bubbles
was confirmed by FIB cross-sectioning and is observed
for other material systems too.8,9,13,38−41

For stage (i), the spatial distributions of point defects and of
implanted He+ ions were calculated with the program
TRI3DST42 which is based on the binary collision
approximation (BCA). As the projected range of (156 ± 70)
nm for 30 keV He+ ions in tin (simulated with TRIM43) is of
the order of the size of the tin spheres, a truly 3D program like
TRI3DST is indispensable. The simulation of the impact of 1
× 1010 He+ ions onto a tin sphere of 500 nm diameter having a
5 nm tin oxide skin resulted in an average sputter yield of 0.20
atoms per incident ion and a He deposition efficiency of 49%.
As is evident from the simulation results, 30 keV He+ ions
become deposited mostly in the upper half of the sphere
(Figure 6a). For spheres with a diameter smaller than 150 nm,
most of the helium will be transmitted and not implanted.
On average, about 70 Frenkel pairs are formed per incoming

He+ ion, and their spatial distribution (calculated with
TRI3DST) is closer to the north pole than the distribution
of the implanted He atoms shown in Figure 6a. However, as
only one of the interstitials of a Frenkel pair survives, whose
nearby vacancy is filled by a He atom, the relevant Sn
interstitial generation is approximated by the spatial distribu-
tion of implanted He atoms, as shown in Figure 6a. Figure 6b
shows that the strongest ion erosion of the tin oxide skin takes

place at the equator of the sphere between 75 and 90°. There,
the SnO skin will be removed, as regrowth due to tin oxidation
under the used high-vacuum conditions is negligible. Tin
extrusions are observed at fluencies slightly above 2 × 1017 ions
cm−2 (see Figure 2b). According to TRI3DST, a hole in the
SnO skin is not yet opened by sputtering. However, besides
sputtering, there is ion-beam-induced mixing at the Sn−SnO
interface, and the resulting SnOx (x < 1) decays into Sn and
SnO regions of the nm size. Thus, a contact of the tin core
with the vacuum can form also without sputtering, just by ion-
beam mixing and ion-assisted phase separation of SnOx. A
detailed investigation of how far sputtering alone or to which
extent the ion beam-induced phase separation is responsible
for the formation of the extrusions has not been performed and
is beyond the scope of this article. Quantitative statements
cannot be made based on the data of TEM measurements and
therefore remain an important subject of future investigations.
The results of the TRI3DST simulations serve as input data

for 3DlkMC simulations44 of the diffusion-reaction kinetics of
the He atoms, interstitials, and vacancies. Simulations were
performed on a body-centered tetragonal (bct) crystal
structure which is close to the A5 lattice structure of β-tin.
The A5 structure of β-tin is in fact a double-bct structure,45
which differs energetically only slightly from the simpler bct
structure. In our model system, initially, all bct sites inside the
sphere are occupied by tin. The sphere is surrounded by a skin
of lattice sites which are not reachable by diffusion jumps (dark
gray atoms in Figure 5a and green atoms in Figure 7).
This skin is a few lattice sites thick and imitates the inert

properties of the SnO shell with respect to the diffusion34,35 of
the species considered here. To emulate the holes in the SnO
formed by sputtering and ion-beam mixing, the SnO shell is
removed locally at the equator (see Figure 7a), that is, at this
position tin atoms are in contact with the vacuum. Here, a tin
interstitial atom can become a surface adatom, and a tin
vacancy can become a surface vacancy.
The interatomic interaction of tin atoms is described by a

Rosato, Guillope,́ and Legrand (RGL) potential46 fitted to the
{200} surface energy and the energy of cohesion of β-tin.47

Figure 6. TRI3DST BCA simulation of a nanosphere with 500 nm
diameter, consisting of a Sn core and a 5 nm tin oxide shell irradiated
with 30 keV He+. 1 × 1010 He+ ion impacts were simulated. (a)
Normalized He+ ion implantation profile, (b) normalized sputter
ejection profile (thin colored area below the dashed circle). The color
represents the relative implantation and sputter yield amplitude
normalized from 0 to 1. In the inset, the sputter profile of the sphere is
plotted in polar coordinates. For angles smaller than 90°, the polar
angle also corresponds to the angle of incidence of the ions. For
angles larger than 90°, the ions must first enter the sphere and can
then sputter particles from the surface during the projectile exit. Most
particles are sputtered for angles between 75 and 90°.
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Other than standard Ising-like kinetic Monte Carlo (kMC)
simulations, with the RGL potential, the energy of a tin atom is
no longer linearly dependent on the number of occupied
nearest neighboring sites but shows a square-root-like
behavior. Thus, the RGL potential allows a more appropriate
description of the kinetics in metals, especially of the formation
of the correct crystal facets and the nucleation of voids. The
interaction of a Sn atom with a SnO species is assumed to
depend linearly on the number of nearest neighboring SnO
species. This Sn−SnO bond strength is a free parameter in our
model. It could be derived from the Sn−SnO interface energy
which is unfortunately unknown. Therefore, we modified it
until the experimentally found features of extruded tin on the
SnO-covered tin sphere were reproduced, resulting in a value
of 1.98 J m−2. It is assumed that there is neither He−Sn nor
He−SnO interaction.
The used interatomic tin potential describes suitably the

nucleation of voids/He bubbles and the formation of facets on

the extrusions and at the surface of bubbles. However, the
kinetics additionally depends on the migration energy of the
species, that is, the saddle point energy of diffusion jumps. The
migration energies of vacancies (empty or He-filled) and tin
interstitials could be derived with the Einstein−Smoluchovski
equation from their diffusion coefficients which, unfortunately,
are not available. It is known, however, that energetic electron
irradiation of metals like copper accelerates point-defect-driven
microstructure shape changes strongly.18 He+ ion irradiation is
expected to assist diffusion even more efficiently. Figure 1h
shows further evidence for this as the wetting of the SnO skin
is restricted to highly irradiated areas only. Thus, in our model,
we implemented the following reasonable approximation
which corresponds to the “+1”-model discussed above: from
the ≈70 Frenkel pairs per He+ ion impact, just one Sn
interstitial and one He-filled vacancy survive. For our problem,
the validity of the “+1”-model approximation was confirmed by
a comparison with a long-lasting 3DlkMC simulation taking
into account the full generation of 70 Frenkel pairs per He
impact. A similar assumption on He+-ion-created defects was
quite successfully used in the simulation of He+ ion irradiation
of intermetallic compounds.48 Possibly more than one He
atom can fit into a tin vacancy; this number is a parameter in
the 3DlkMC simulations.
Despite all the approximations made, the computation time

for realistic sphere diameters is prohibitive; thus, simulations
were carried out for scaled-down spheres, accompanied by also
scaling the projected range of the He+ ions and the fluence per
volume to be equivalent to that of a 500 nm sphere irradiated
with 1017 ions cm−2. Independent of the scaling, the thickness
of the SnO shell is fixed to the minimum value necessary to act
as a diffusion barrier. The scaling factor of the sphere diameter
in the simulations presented here is roughly 13. Snapshots of a
3DlkMC simulation (see Figure 7) show the formation of a
faceted tin extrusion on a tin sphere and the formation of a He
bubble within the tin sphere. The complete simulated tin
sphere evolution under He+ ion irradiation is available as a
movie in the Supporting Information.30 The extrusion grows
epitaxially from the hole in the SnO skin at the equator and
overgrows the SnO surface, driven by the tin interstitials
diffusing out of the sphere. The He bubbles in the simulation
are rhomboidal rather than spherical.
Pressure has not been taken into account in our simulations;

thus, the shapes of the extrusions and of the He bubbles are
controlled by the surface energies and the point defect kinetics.
In longer-running simulations (not shown here), an escape of
He bubbles from the interior of the sphere through the
extrusion into the vacuum was observed, similar to
experimental findings.

4. SUMMARY

We report on the effects of high-fluence He+ ion implantation
into tin spheres within a HIM. The spheres were characterized
and analyzed by SEM, XPS, and TEM to be single-crystalline
β-tin spheres with a few-nm-thick oxide skin. Under He+
irradiation, faceted ELO of tin on the SnO skin starts from
holes in the SnO skin, and it forms small-edged extrusions on
the outside of the spheres, which was observed in situ in the
HIM for different irradiation parameters. BCA-based simu-
lations of collision cascades show that high-fluence 30 keV He+
irradiation leads to the implantation of nearly half of the
supplied helium into a depth of ≈150 nm below the north
poles of 500 nm spheres. In addition, the energetic He particles

Figure 7. Snapshots of a simulation of He+ irradiation of a SnO-
covered tin sphere of 500 nm diameter after different equivalent
fluencies: To show interior evolution, the spheres are cut in half, and
all species but He are hidden in one-half. Purple points: deposited He
atoms, yellow points: bct sites occupied with Sn atoms, green points:
SnO species, and blue points: Sn atoms on interstitial sites. (a) Initial
sphere with a hole in the SnO skin. After an equivalent fluence of (b)
4.3 × 1015 ions cm−2, (c) 5.3 × 1015 ions cm−2, (d) 6.4 × 1015 ions
cm−2, (e) 1.2 × 1016 ions cm−2, and (f) 1.7 × 1016 ions cm−2, the He+
ion is coming from the top, and the long axis of the bct lattice is
oriented vertically.
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lead to the creation of ≈70 Frenkel-pairs per ion and enhanced
sputtering of SnO under tangential impact conditions at the
equator of the sphere. In the framework of the “+1”-model, for
each He+ impact, all but one of the Frenkel pairs annihilate due
to He occupation of one vacancy; thus, one Sn interstitial atom
remains. In the course of He+ implantation, the helium-vacancy
complexes accumulate, and He bubbles nucleate and grow. Sn
interstitial atoms accumulate too, but due to the increasing
pressure in the SnO-covered tin spheres, the nucleation of Sn
dislocations is hampered. Upon creation of an opening in the
SnO skin at the equator due to sputtering and ion-beam
mixing, the dense Sn interstitial gas can emanate through that
hole, leading to ELO on the SnO, that is, the formation of an
extrusion. This behavior was observed experimentally and is
qualitatively reproduced by modeling and atomistic simu-
lations of the defect generation and the reaction-diffusion
kinetics of the defects. Thus, the observed phenomenon
becomes a well-understood mechanism of point-defect-driven
nanostructure formation. The He+-irradiation-induced defect
generation is intense, which allows short experimental studies,
and there is a good theoretical understanding of the defect
generation. This is quite different for the tin whisker growth
which is detrimental for electronics. There, the defect
generation rate is very low (and not well understood, e.g.,
pressure-induced), leading to very long-lasting experiments.
Thus, our study of point defect kinetics in tin can help to get a
better understanding of tin whisker growth.
As such, the process is not restricted to Sn spheres and He

but might also be relevant for many other examples. It is also of
importance for a wide range of irradiation conditions that lead
to a large number of interstitials and where a passivating
surface layer prevents the surface from acting as an effective
sink for point defects.

5. METHODS

5.1. HIM Irradiation. The ion beam exposure of the tin
spheres was performed in the Carl Zeiss NanoFAB using
helium and neon ions, the latest generation of HIM devices.
Stage drift and sample drift were compensated by manually
adjusting the irradiation window position and by post-aligning
of the recorded image stack using the scale-invariant feature
transform algorithm49 in ImageJ.50
For the irradiation shown in Figure 1, a primary ion current

of (6.6 ± 1.0) pA was applied, utilizing a 10 μm aperture, 5.2 ×
10−6 mbar helium gas pressure in the ion source, and a
crossover position of −193 mm (spotcontrol 3). The dwell
time per pixel was chosen to be 10 μs, capturing (512 × 512)
pixel images on a FOV of 2.0 μm. This equals to 2.6 s
irradiation time per image, a fluence of 2.7 × 1015 ions cm−2

per scan, and a flux of 1 × 1015 ions cm−2 s−1. After 301 images,
the resulting total implantation fluence was 8.3 × 1017 ions
cm−2, resulting in a total irradiation time of approximately 13
min. The chamber pressure during the irradiation was below
2.0 × 10−7 mbar.
The irradiation shown in Figure 2 was performed with (0.2

± 0.1) pA of 30 keV He+ using a 10 μm aperture, 4.5 × 10−6

mbar helium gas pressure in the ion source, and a crossover
position of −246 mm (spotcontrol 6). The dwell time per pixel
was chosen to be 5 μs, capturing (1024 × 1024) pixel images
at a FOV of 2.0 μm, while every scan line was averaged 4 times.
With an irradiation time per image of 21 s and a fluence of 7.3
× 1014 ions cm−2 per scan, we calculate a flux of 3.5 × 1013 ions
cm−2 s−1. 521 images equal a total irradiation fluence of 3.8 ×

1017 ions cm−2 and a total irradiation time of 3 h. Including the
time for saving the individual images and correction for drift,
the irradiation was done in 9 h in total and split in two
sessions.
In Figure 3d, a tin sphere is shown that was irradiated with

2.0 pA of 30 keV He+ by using a 10 μm aperture, 5.6 × 10−6

mbar helium gas pressure in the ion source, and a crossover
position of −229 mm (spotcontrol 5). 5 μs dwell time per pixel
was used to capture (1024 × 1024) pixel images on a FOV of
1.4 μm without line averaging. The irradiation time per image
was 5.2 s, resulting in a fluence of 3.3 × 1015 ions cm−2 per
scan and a flux of 6.4 × 1014 ions cm−2 s−1. 71 image scans
equal a total implantation fluence of 2.4 × 1017 ions cm−2.
Videos of the irradiation process can be found in RODARE.30

5.2. TEM and SEM Analyses. Smaller tin spheres were
analyzed by TEM. Selected-area electron diffraction and
HRTEM imaging were performed with an image-Cs-corrected
Titan 80−300 microscope (FEI) operated at an accelerating
voltage of 300 kV. Additionally, spectrum imaging analysis
based on EDXS was done in scanning TEM mode at 200 kV
with a Talos F200X microscope equipped with a Super-X EDX
detector system (FEI). XPS measurements were performed
using a Microlab 310-F from Thermo Scientific. A Zeiss
NVision 40 CrossBeam Workstation was used to perform Ga
FIB cross-sectioning and SEM imaging.
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R.; Bischoff, L.; Hlawacek, G.; Facsko, S. Data publication: Epitaxial
lateral overgrowth of tin spheres driven and directly observed by
helium ion microscopy [Data set]. RODARE 2022, DOI: 10.14278/
rodare.1540.
(31) https://imagej.nih.gov/ij/plugins/kalman.html (accessed 12
April 2022).
(32) Ziegler, J. F.; Ziegler, M.; Biersack, J. SRIM − The stopping
and range of ions in matter. Nucl. Instrum. Methods Phys. Res. B 2010,
268, 1818−1823.
(33) Leitner, J.; Sedmidubsky,́ D. Thermodynamic Modeling of
Oxidation of Tin Nanoparticles. J. Phase Equilib. Diffus. 2019, 40, 10−
20.
(34) Tu, K. N. Irreversible processes of spontaneous whisker growth
in bimetallic Cu-Sn thin-film reactions. Phys. Rev. B: Condens. Matter
Mater. Phys. 1994, 49, 2030−2034.
(35) Togo, A.; Oba, F.; Tanaka, I.; Tatsumi, K. First-principles
calculations of native defects in tin monoxide. Phys. Rev. B: Condens.
Matter Mater. Phys. 2006, 74, 195128.
(36) Kim, S.-H.; Lee, S. H.; Park, J.-W.; Roh, T. M.; Suh, D. In situ
implementation of silicon epitaxial layer on amorphous SiO2 using
reduced-pressure chemical vapor deposition. Appl. Mater. Today
2021, 24, 101143.
(37) Giles, M. D. Transient Phosphorus Diffusion Below the
Amorphization Threshold. J. Electrochem. Soc. 1991, 138, 1160−1165.
(38) Wilson, W. D.; Baskes, M. I.; Bisson, C. L. Atomistics of helium
bubble formation in a face-centered-cubic metal. Phys. Rev. B: Solid
State 1976, 13, 2470−2478.
(39) Evans, J. The role of implanted gas and lateral stress in blister
formation mechanisms. J. Nucl. Mater. 1978, 76−77, 228−234.
(40) Trinkaus, H. Energetics and formation kinetics of helium
bubbles in metals. Radiat. Eff. 1983, 78, 189−211.
(41) Donnelly, S. E. The density and pressure of helium in bubbles
in implanted metals: A critical review. Radiat. Eff. 1985, 90, 1−47.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.2c03707
J. Phys. Chem. C 2022, 126, 16332−16340

16339

Annual Report IIM 2022, HZDR-123 47



(42) Nietiadi, M. L.; Sandoval, L.; Urbassek, H. M.; Möller, W.
Sputtering of Si nanospheres. Phys. Rev. B: Condens. Matter Mater.
Phys. 2014, 90, 045417.
(43) Ziegler, J. F.; Biersack, J. P.; Ziegler, M. D. SRIMThe
Stopping and Range of Ions in Matter. Nucl. Instrum. Methods Phys.
Res., Sect. B 2008, 268, 1818.
(44) Strobel, M.; Heinig, K.-H.; Möller, W. Three-dimensional
domain growth on the size scale of the capillary length: Effective
growth exponent and comparative atomistic and mean-field
simulations. Phys. Rev. B: Condens. Matter Mater. Phys. 2001, 64,
245422.
(45) Mukherjee, D.; Joshi, K. D.; Gupta, S. C. Pressure induced
phase transition in tin:Ab-initiocalculations. J. Phys.: Conf. Ser. 2010,
215, 012106.
(46) Rosato, V.; Guillope, M.; Legrand, B. Thermodynamical and
structural properties of f.c.c. transition metals using a simple tight-
binding model. Philos. Mag. A 1989, 59, 321−336.
(47) Eckold, P.; Sellers, M.; Niewa, R.; Hügel, W. The surface
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Flexomagnetism and vertically graded Néel
temperature of antiferromagnetic Cr2O3
thin films

Pavlo Makushko1,8, Tobias Kosub1,8, Oleksandr V. Pylypovskyi 1,2 ,
Natascha Hedrich3, Jiang Li1, Alexej Pashkin 1, Stanislav Avdoshenko4,
René Hübner 1, Fabian Ganss1, Daniel Wolf 5, Axel Lubk 5,6,
Maciej Oskar Liedke 7, Maik Butterling 7, Andreas Wagner 7, Kai Wagner3,
Brendan J. Shields3, Paul Lehmann3, Igor Veremchuk1, Jürgen Fassbender 1,
Patrick Maletinsky 3 & Denys Makarov 1

Antiferromagnetic insulators are a prospective materials platform for mag-
nonics, spin superfluidity, THz spintronics, and non-volatile data storage. A
magnetomechanical coupling in antiferromagnets offers vast advantages in
the control and manipulation of the primary order parameter yet remains
largely unexplored. Here, we discover a new member in the family of flex-
oeffects in thin films of Cr2O3. We demonstrate that a gradient of mechanical
strain can impact themagnetic phase transition resulting in the distribution of
the Néel temperature along the thickness of a 50-nm-thick film. The inhomo-
geneous reduction of the antiferromagnetic order parameter induces a flex-
omagnetic coefficient of about 15 μB nm

−2. The antiferromagnetic ordering in
the inhomogeneously strained films can persist up to 100 °C, rendering Cr2O3

relevant for industrial electronics applications. Strain gradient in Cr2O3 thin
films enables fundamental research on magnetomechanics and thermo-
dynamics of antiferromagnetic solitons, spin waves and artificial spin ice sys-
tems in magnetic materials with continuously graded parameters.

A standard micromagnetic approach for the description of thin films
relies on the effective parameters being homogeneously distributed
along the film thickness. Accounting for the magnetomechanical
couplingmakes the picturemore complex, yet promises technological
advantages: the cross-coupling between elastic, magnetic and electric
subsystems opens additional degrees of freedom in the control of the
respective order parameters1–3. The family of magnetomechanical
effects includes piezo- and flexomagnetic responses, which determine
the modification of the magnetic order parameter(s) due to

homogeneous or inhomogeneous strain, respectively. Piezomagnetic
effects are well addressed in literature both for ferro- and anti-
ferromagnetic materials including emergent anisotropy of material
parameters when samples are exposed to uniaxial strain4, change
of material parameters in samples of different thickness5,
magnetoelasticity6, transport effects in homogeneously strained
films7. Despite the fact that flexomagnetism8–13 is allowed for in the
majority of bulk magnetic classes and enforced by boundaries14, it is
hardly addressed in the literature compared to the case of
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piezomagnetism15–19. This situation is surprising considering that flex-
omagnetism is relevant for multiferroics and antiferromagnets, where
magnetomechanical couplings lead to the control of the anisotropy
and spontaneous magnetization20–22. Flexomagnetism can be found in
magnets of 69 out of 90 bulk symmetry classes14. This includes the
lowest symmetry groups 1 and 1 (54 nontrivial independent tensor
components out of 81), which makes flexomagnetism to be readily
expected even in Permalloy10. A higher symmetry of the lattice reduces
number of independent components of the flexomagnetic tensor, e.g.,
leaving 10 independent components among 37 non-trivial ones for
crystals of 3

0
m0 symmetry, or 5 independent components among non-

trivial 18 ones for 6
0
m20 crystals (e.g., ThMn2). Lowering the symmetry

at the surface allows the flexomagnetic effect in 19 surface magnetic
classes, e.g., ð0 1 1 0Þ surface cut of CrSb, which belongs to 60=m0mm0

bulk class14.
The current understanding of the physics of flexomagnetism is

limited to the prediction of the emergent ferromagnetic order para-
meter in the interior of an inhomogeneously strained anti-
ferromagnetically ordered material. It is to be expected that the
presence of the flexomagnetism-induced spontaneous ferromagnetic
moment can provide novel but as-of-yet unexplored means for the
manipulation of the antiferromagnetic order parameter, which could
open new avenues for the design of non-volatile memory23–25. The
fundamental understanding of the impact of flexomagnetism on
thermodynamics of magnetic materials, as well as spin-reorientation
and phase transitions, is missing at the moment. This lack in the fun-
damental knowledge of magnetomechanics in antiferromagnetic oxi-
des hinders their application in prospective low-energy and high speed
spintronic and spinorbitronic devices.

Here, we discover the presence of unconventional flexomagnetic
effects in Cr2O3. Usually, flexomagnetism results in the magnetic
moment induced by the strain gradient. For Cr2O3, we estimate this
contribution to be 12 μB nm−2 for the unit strain gradient. In contrast,
we demonstrate another mechanism in the family of flexomagnetic
effects, which originates in the impact of the strain gradient on ther-
modynamicproperties, namelyon theNéel temperature. Thepresence
of the gradient of the Néel temperature across the thickness of Cr2O3

films results in an inducedmagneticmomentperunit straingradient as
high as 15μB nm

−2. Thedistinct featureof this inducedmoment is that it
follows the direction of the Néel vector. By combining magnetotran-
sport andNitrogen vacancy (NV)microscopy characterization data, we
experimentally determine the presence of the gradient of the Néel
temperature in 30-nm and 50-nm-thick Cr2O3 thin films. Accessing this
magnetization is crucial for the proper description of the physics of
antiferromagnetic solitons, including domain walls, skyrmions, and
disclinations. In addition to these fundamental discoveries, we show
that the inhomogeneously strained Cr2O3 thin films can havemagnetic
transition temperature of about 100 °C, which is about 60 °C higher
than the transition temperature of the bulk Cr2O3. Due to good oxide-
oxide heteroepitaxy, the Néel temperature in Cr2O3 thin films can be
enhanced persistently and no sign of degradation of the Néel tem-
perature is observed after 1.5 years. The physics discussed here is not
specific to the Cr2O3. Based on the crystal symmetry and on the
magnetic symmetry groups, this effect should also be observable in
other relevant antiferromagnetic samples including CuMnAs and
Mn2Au. In this respect, the results of our work motivate further
research on antiferromagnetic thin films, where magneto-mechanical
coupling can play a key role in the design of material and device
responses for ultrafast spintronics andmagnonics26–28 and applications
in data storage23,24,29.

Results
Inhomogeneously strained thin films
We prepared a series of Cr2O3 thin films of different thickness ranging
from 30 to 250 nm on (000 1) oriented Al2O3 substrates using

magnetron sputtering (Supplementary Fig. 1). The samples are capped
with a Pt layer to enable magnetotransport characterization (Fig. 1a).
Regardless of the film thickness, Cr2O3 samples adopt the same
orientation as the substrate and exhibit excellent crystallinity (Sup-
plementary Figs. 2–8). Due to a wide deposition angle of the magne-
tron sputter source, the Cr2O3 films are dense and smooth
(Supplementary Note 1, Supplementary Figs. 2–6). This is a major dif-
ference with respect to prior studies focused on thermally evaporated
thin films24,30, featuring columnar growth with clear grain boundaries
going through the entire film thickness. The real space structure of the
films is shown in the transmission electron microscopy (TEM) images
in Fig. 1b,c for a 30-nm-thickfilm (Supplementary Figs. 4 and 5). A high-
resolution TEM image (Fig. 1c) reveals that the misfit dislocations in
such thin Cr2O3 films formseveral nanometers away from the interface
with the Al2O3 substrate, leaving a significant amount of the film in a
highly strained state that is pseudomorphic to Al2O3. The presence of
the pseudomorphic Cr2O3 layer with a thickness of about 5 nm is also
evidenced by the X-ray diffraction (XRD) characterization of 30- and
50-nm-thick samples (Supplementary Note 2, Supplementary
Figs. 9–14). Thicker films do not reveal the presence of a pseudo-
morphic layer, but approach the bulk values of the lattice parameters
(Supplementary Figs. 15–19).

Considering the absence of grain boundaries in the thin sam-
ples (Supplementary Note 1), we identify that the dominant strain
relaxation mechanism in our samples is due to vacancy formation,
their agglomeration andmisfit dislocations. To access open volume
defects, we perform the positron annihilation spectroscopy
(PAS), revealing a change in the prevailing defect type from
monovacancy-dislocation complexes to independent dislocations
with the increase in the film thickness from 30 to 250 nm (Sup-
plementary Note 3, Supplementary Figs. 20, 21). The size of the
vacancy clusters at the top and bottom regions of the Cr2O3 film,
which is linked to the measured positron annihilation time τ2
(Supplementary Fig. 22, Supplementary Table 1), decreases for
thicker films suggesting decrease in strain (Fig. 1d). The size of
agglomerated vacancies is found to be substantially smaller in the
bottom part of the film compared to the top region. The difference
between the vacancy cluster size at the top and bottom regions
(nVac), normalized to the film thickness (t), can be used as a qua-
litative measure of the strain gradient in the film. These data are
shown in Fig. 1e, suggesting a sizable strain gradient in 30-nm- and
50-nm-thick Cr2O3 films (Supplementary Fig. 23).

We utilize the c/a ratio of the out-of-plane (c) and in-plane (a)
lattice parameters as a measure of strain in Cr2O3 films. The lattice
parameters averaged over the entire film thickness (Fig. 1f–h) are
quantified relying on the analysis of the XRD data (Supplementary
Note 2) and Raman spectroscopy characterization (Supplementary
Note 4, Supplementary Figs. 24, 25). The thin film samples have
developed compressive in-plane strain and show an extended c-
axis. XRD data provide insights into the strain distribution along
the thickness of the Cr2O3 film (Supplementary Note 2, Supple-
mentary Figs. 10, 12–14, 16, 18). With increasing distance from the
substrate, the strain gradually relaxes, resulting in a strain gradient
along the film thickness, i.e. along the direction normal to the film
interface (Fig. 1i, j, Supplementary Table 2 and Supplemen-
tary Fig. 26).

Strain modifies magnetic and thermodynamic properties of
Cr2O3

16,19,31. To evaluate the impact of the strain and strain gradient on
theNéel temperature in thinfilmsof sputter-depositedCr2O3,we apply
two complementary experimental methods. The Néel temperature at
the top surface of the films, T top

N , is assessed using magnetotransport
measurements (Fig. 2). By monitoring the temperature evolution of
the antiferromagnetic domain pattern using nitrogen vacancy (NV)
scanning magnetometry, we evaluate the Néel temperature of the
interior of the Cr2O3 films (Fig. 3).
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Magnetic state of the top surface
To assess the surface Néel temperature, we measure the transverse
resistance of the Pt electrode (RTr) using the Zero-Offset Hall
technique24,32 (Supplementary Note 5). This property is modified by
the magnetic state of the underlying Cr2O3 as a result of the trans-
verse spin Hall magnetoresistance, which is a local probe of
the magnetic ordering in the sample area adjacent to the Pt
electrode33–36. Figure 2a, b shows the dependence of the transverse
resistance on the out-of-plane applied magnetic field H, RTrðH,TÞ, for
Cr2O3 thin film samples at selected temperatures (see also Supple-
mentary Fig. 27): below (blue) and above (red) the transition tem-
perature and in its vicinity (green). The RTrðH,TÞ contains the

temperature dependent contribution from the antiferromagnetic
Cr2O3 (R0(T), Supplementary Fig. 28), which we determine based on
the RTrðH,TÞ data (Fig. 2a). R0(T) is used for the evaluation of the Néel
temperature at the top surface T top

N (Supplementary Note 5, Sup-
plementary Figs. 29, 30), see Fig. 2c. For the 30-nm-thick film, T top

N is
estimated to be higher than 75 °C (Fig. 2d). This is a major increase in
the Néel temperature compared to the bulk value of Cr2O3, which is
measured on a single crystal to be 35 °C (Fig. 2c, d). Thin films with a
thickness of 250 nm reveal a Néel temperature similar to the single
crystal value, confirming the relaxed state of the sample. The
enhancement of the Néel temperature correlates with the average
strain in the samples and is in line with earlier theoretical

Fig. 1 | Thin films of Cr2O3with a strain gradient. a Schematic of a Cr2O3 thin film
prepared on a Al2O3 substrate. The film experiences a strain gradient along its
thickness that leads to a gradient of theNéel temperature. TheNéel temperature at
the top surface is probed viamagnetotransport relying on the transversal spin Hall
magnetoresistance in a Pt electrode adjacent to the Cr2O3 film. The Néel tem-
perature in the interior of the film is probed via NV magnetometry. b Cross-
sectional bright-field TEM image showing the Al2O3/Cr2O3/Pt stack for a 30-nm-
thick sample. The sample does not reveal the presence of grain boundaries (see
also Supplementary Note 1). c High-resolution TEM of the Al2O3/Cr2O3 interface.
Twomisfit dislocations are indicated inwhite. The dislocations are located about 5
nm away from the Al2O3/Cr2O3 interface. d Positron lifetime component τ2 and the
corresponding calculated vacancy cluster size (assuming spherical geometry) in
the top and bottom regions of the Cr2O3 films of different thickness t. The vacancy
cluster size increases for thinner samples, indicating larger strain. Error bars

correspond to the standard deviations of the fit. e The gradient of the vacancy
cluster size along the film thickness (nVac/t) for the samples of different thickness.
This parameter is a qualitative measure of the strain gradient across the sample
thickness. The error bars correspond to the standard deviations of the fit. Average
values of the in-plane (a; (f)) and out-of-plane (c; (g)) lattice parameters and the
respective c/a ratio (h) estimatedbased on the XRD,Raman spectroscopy and TEM
measurements of Cr2O3 samples of different thickness. Error bars of the lattice
parameters obtained from XRD and Raman measurements are estimated from
instrumental precision of the diffractometer and from the uncertainty of the
Raman spectra peak fitting accordingly.(I, j Change of the c/a ratio along the film
thickness estimated for the 30-nm-thick (i) and 50-nm-thick (j) samples. The c/a
ratio for the pseudomorpic layer is highlighted with the gray background. Error
bars of the lattice parameters are estimated from instrumental precision of the
diffractometer and from the uncertainty of the peak fitting.
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predictions16,19,31. Because the lateral strain relaxation is suppressed in
sputter-deposited samples, they are persistently strained, assuring a
long-term enhancement of the Néel temperature. This is evidenced
by the close-to-identical magnetotransport responses taken directly
following the sample fabrication and 18 months later (Fig. 2e, Sup-
plementary Fig. 31).

Magnetic state of the Cr2O3 films interior
We utilize NV magnetometry to assess the transition temperature
within the interior of the films by following the temperature-induced
decay of the magnetic contrast from the antiferromagnetic domain
pattern, i.e., difference eB between the strength of strayfieldsmeasured
within oppositely magnetized domains. This approach is similar to the
detection of the Néel temperature using X-ray magnetic linear
dichroism (XMLD) contrast in in-plane metallic antiferromagnets37–40.
For the case of strain-free (250-nm-thick film, Supplementary Fig. 32)
and strained (100-nm-thick film, Supplementary Fig. 33) samples, the

domain pattern in NV measurements disappears at temperatures
similar to the Néel temperatures determined in magnetotransport
studies, see Fig. 3a, b. We note that the surface and interior Néel
temperatures assessed by magnetotransport and NV magnetometry
do agree for the case of the strain-free Cr2O3 single crystal29 and for
thermally evaporated thin films30. In contrast, in thin-film samples with
an inhomogeneous strain (50- and 30-nm-thick films, Supplementary
Figs. 34, 35, respectively, see also Supplementary Figs. 5, 23 and Sup-
plementary Note 1), the domain contrast remains clearly visible even at
T ≳ 85 °C, see Fig. 3c, d. This is the highest temperature accessible in
the setup. Thus, the Néel temperature measured with NV magneto-
metry is substantially larger than the respective value of T top

N (Sup-
plementary Fig. 36). The observed difference in the transition
temperature measured with the two methods is evidence for the gra-
dient of the Néel temperature along the film thickness that arises from
the inhomogeneous strain distribution (Fig. 1a, g, h, Supplemen-
tary Fig. 23).

Flexomagnetism of Cr2O3 thin films
The discussion above suggests that gradient of the strain tensor
uij(z), where z is the coordinate along the sample thickness, can
impact antiferromagnetic materials not only via the emergence of
ferromagnetism14, but also by influencing the distribution of the
transition temperature TN[uij(z)] along the thin film’s thickness. This
effect was not addressed before. For the phenomenological analysis,
we assume that the strain varies linearly along the film thickness,
uij =u

0
ij +wijz with u0

ij being the base level of strain and wij being the
strain gradient. In line with the study by Kota et al. [16] andmultiscale
modeling (Supplementary Note 6), this leads to a linear coordinate
dependence of the Néel temperature TNðzÞ=T top

N + ζ × ðt � zÞ, where ζ
parameterizes the strain distribution in the film (Fig. 1i, j). In the
vicinity of the antiferromagnet-paramagnet phase transition, the
gradient of TN(z) enables a fundamentally new type of ferromagnetic
contribution, which originates from the local variation of the length
of the sublattice magnetization at T = const, Mζ∝ ∂L[T/TN(z)]/∂z
(Supplementary Note 7, Supplementary Figs. 37, 38). This leads to the
following form of the total flexomagnetic effect close to the phase
transitionM = μ × ∂u/∂z, where u = 〈uij〉 is the average strain, μ = μg + μζ

is the flexomagnetic coefficient. The first term, μg ~ 10 μB nm
−2, ori-

ginates from the gradient of g-tensor components due to the strain
gradient (Supplementary Note 6, Supplementary Fig. 39). It leads to a
constant magnetization along z in 50- and 30-nm-thick Cr2O3 films,
independent of the orientation of the Néel vector in anti-
ferromagnetic domains. The second term, μζ, is responsible for the
appearance of Mζ with the spatial distribution following the order
parameter L (Supplementary Note 7, Supplementary Fig. 38).

To perform quantitative estimations of the Néel temperature
distribution and μζ, we access the ferromagnetism of the sample
(Supplementary Note 7) relying on the analysis of the strength of stray
fieldsmeasured using NVmagnetometry. The uncompensated surface
spins (Supplementary Fig. 40) constitute the dominant contribution to
the stray fields, and are linked to the direction of L in anti-
ferromagnetic domains29,30,41. We model the strength of measured
stray fields as a sum of contributions from the top and bottom film
surfaces, complemented by Mζ. The fit of the experimental data
(Fig. 3b, d) then allows for an estimate of the transition temperature at
the bottom interface, Tbot

N (Supplementary Table 3). For the sample
with a thickness of 100 nm,we find that Tbot

N ≈T top
N . This is an expected

behavior for thicker samples, as they do not reveal the presence of
pseudomorphic layer or sizable strain gradient along the thickness. For
the inhomogeneously strained filmwith the thickness of 50 nm, Tbot

N is
estimated to be about 100 °C, which is substantially higher than T top

N of
59 °C. This analysis leads to a value of μζ on the order of 15 μB nm

−2

at T = 20 °C.
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Fig. 2 | Assessment of the Néel temperature T top
N at the top surface of Cr2O3

films. a, b Transverse resistance RTr of the Pt electrode vs out-of-plane magnetic
field at temperatures below (blue), in the vicinity of (green) and above (red) the
phase transition to the paramagnetic state for the samples of different thicknesses.
c Temperature dependence of the antiferromagnetic contribution from the Cr2O3

(Supplementary Note 5) is shown with symbols. The fit used to determine the Néel
temperature at the top surface of the sample is shown with solid lines. d Top sur-
face Néel temperature T top

N vs sample thickness. The Néel temperature measured
on a single crystal is shown as well. Error bars arise from the smooth decay of the
∣R0(T)∣ to the noise level in the vicinity of antiferromagnet-paramagnet transition.
e Temperature evolution of the antiferromagnetic contribution from the Cr2O3

taken right after sample fabrication (dashed lines) and after 18months (solid lines).
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Vertically graded Néel temperature
The control of magnetic parameters of Cr2O3 via homogeneous stain
(piezoeffect) is well established. In contrast, we demonstrate, that the
flexomagnetic contribution is comparable in strength with the piezo-
magnetism and enhances even further the operation temperature of
the devices based on technologically relevant Cr2O3 thin films. Due to
the gradient of the Néel temperature along the sample thickness, dif-
ferent slices of the thin film experience the magnetic phase transition
at different temperatures. Schematics of the phase transition for an
inhomogeneously strainedCr2O3filmare shown in Fig. 4a–c. Far below
T top
N (Fig. 4a), the length of the Néel vector L is almost the same along

the entire sample thickness (browncurve in Fig. 4d). ApproachingT top
N ,

the antiferromagnetic order parameter at the top surface becomes
smaller and eventually vanishes at T top

N (Fig. 4b and red curve in
Fig. 4d). At higher temperatures, the boundary between the anti-
ferromagnetic and paramagnetic phases progresses towards the bot-
tom surface of the Cr2O3 film (Fig. 4c and orange curve in Fig. 4d). The
coexistence of para- and antiferromagnetic phases within the interior
of the 50-nm-thick film is shown in Fig. 4e. We note that the con-
tinuously graded Néel temperature allows the magnetic nature of part
of the film to be turned off and on.

Based on our results, the Néel temperature TN of inhomogen-
eously strained Cr2O3 thin films consists of the following contributions
(Fig. 4f, Supplementary Note 7). The first term in TN is the bulk Néel
temperature of Cr2O3 (green colored bar). The second contribution
comes from the base level of strain u0

ij (orange colored bar). We note
that to plot Fig. 4f, we set u0

ij to be equal to the smallest level of strain
for each sample which is achieved at the top surface. This piezoeffect-
driven increase in the Néel temperature determines T top

N and can be as
high as 20 °C, in line with earlier theoretical predictions16,19 (Supple-
mentary Fig. 41). The third contribution is related to the increase of
strain towards the bottom film surface (blue shaded bar refers to the
maximal strain in the film). Due to the slow relaxation of strain along
the film thickness, we see the pronounced and continuous increase in
the Néel temperature towards the bottom interface. This results in the
further increase in the transition temperature, reaching a remarkable
100 °C for 30- and 50-nm-thick Cr2O3 films. We note that despite

higher transition temperatures estimated for the 30-nm-thick film
(Fig. 4f), the flexomagnetic effect in this sample can be reduced in
comparison with the 50-nm-thick one because of lower gradient at
smaller thickness.

Discussion
In summary, we show that thin films of undoped Cr2O3 with inhomo-
geneously distributed strain possess a flexomagnetic response, which
we probe by means of magnetotransport and NV scanning magneto-
metry measurements. The key enabler of the flexomagnetism is the
proper design of the sample, revealing a persistent and pronounced
strain gradient along the sample thickness, which is a result of (i) the
chemical adhesion to the substrate due to the oxide-oxide hetero-
epitaxy and (ii) a grain boundary-free growth of thin films realized
through a large magnetron sputter source. The latter prevents the
formation of the interfacial misfit dislocations and an excessive strain
relaxation into grain boundaries during the cool-down process. We
note that the effect is not specific to Al2O3 substrates. Any substrate,
which is isostructural to Cr2O3 (like V2O3) and can provide coherent
epitaxy for Cr2O3 thin films should enable the discussed here flex-
omagnetic effect. In this respect, other substrates could offer further
advantages. For instance, V2O3 is conducting and when growing Cr2O3

thin films can act as a gate enabling magnetoelectric characterization
of the strained samples. Still, highmiscibility of Cr2O3 and V2O3 should
be be taken into account while preparing these samples.

From the fundamental point of view, our findings enable the
experimental access to a subtle and still unexplored magnetomecha-
nical coupling in thin films of antiferromagnetic insulator Cr2O3 but is
also applicable for other antiferromagnetic materials including CuM-
nAs, Mn2Au (magnetic symmetry group mmm0) and NiO (magnetic
symmetry group 2=m0)14. Although the 3

0
m0 bulk symmetry of the

Cr2O3 and its boundary (000 1) allow for flexomagnetic effects14, they
have never been addressed for this material. Still, flexomagnetic effect
is not generic. For instance, it is not expected in other well studied
antiferromagnetic materials Mn3Ir (3m0 magnetic symmetry group)
and MnF2 (40=mmm0 magnetic symmetry group)14. A spatial change of
the material parameters along the thickness of thin films raises
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Fig. 3 | Néel temperature of the interior of thin Cr2O3 films. Temperature evo-
lution of the antiferromagnetic domain pattern measured using NVmagnetometry
of (a) 100-nm-thick and (c) 50-nm-thick Cr2O3 samples. The strength of the mea-
sured stray fields decays upon approaching the transition temperature. Estimation
of the phase transition temperature at the bottom interface, Tbot

N , of the (b) 100-
nm-thick and (d) 50-nm-thick samples. The blue-shaded region in (b and d) cor-
responds to the uncertainty in the determination of the Tbot

N . The Néel temperature

measured at the top surface viamagnetotransport (Fig. 2) is shown for comparison
in (b and d). A gray-shaded region indicates the uncertainty in the determination of
the T top

N . For the 50-nm-thick sample, a clear domain contrast is present even at
temperature,which substantially higher thanT top

N . The strength of the strayfield for
scans shown in (a and c) are highlighted in (b and d) with corresponding symbols
and error bars correspond to the half-width of the distribution.
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questions about the applicability of the classical definition of the
magnetic length as a universal characteristic of a magnetic thin film
material. The community of high-resolution microscopies (X-ray- and
electron-based techniques) can provide further unique insights into
the spatially inhomogeneous antiferromagnet-paramagnet phase
transition at the nanoscale, which can broaden our understanding of
thephysicsof phase transitions in condensedmatter. In addition to the
spontaneous magnetization of flexomagnetic origin M, the symmetry
of Cr2O3 allows a ferromagnetic moment to be produced by the gra-
dient of the antiferromagnetic order parameter14,42,43, for instance at
the location of domainwalls. This effect is not addressed in the present
work, although we anticipate that NV magnetometry of thin films of
Cr2O3 shouldbe able toprovide insight into thisphysics. Accessing this
magnetization is crucial for the proper description of the physics of
antiferromagnetic solitons, including domain walls, skyrmions, and
disclinations44,45. Furthermore, our work poses questions on the mag-
netoelectric responses of these inhomogeneously strained thin films
of Cr2O3. If confirmed experimentally, inhomogeneously strained
magnetoelectric Cr2O3 thin films will become a game changer,
enabling low-energy and high-speed spintronic and spin-orbitronic
memory devices where magnetism is controlled by electric fields. The
emergent flexomagnetism-driven ferromagnetic order parameter in
antiferromagnetic thin films offers more flexibility in the design of
spintronic and magnonic devices. In this respect, temperature
becomes a useful tool for enabling the realization of reconfigurable
racetracks and waveguides, given the unique possibility to determi-
nistic turn off/on of themagnetism in less strained parts of the sample.
For instance, a magnonic crystal can be designed as a stripe with
modulated thickness. With the distribution of the Néel temperature
along the stripe’s normal, the relevant thickness of the magnetically

ordered interior of the sample can be controlled by temperature. The
crystal’s bandgap can be tuned, or its presence itself can be turned on
or off bymeans of temperature. Furthermore, in contrast to statics, we
anticipate that the magnetization of flexomagnetic origin should
interact with spin waves in thin films due to the presence of stray
fields46–48. Depending on the amplitude, it can be of relevance for spin
Seebeck effect49,50 and antiferromagnetic magnonics relying on anti-
ferromagnetic insulators.

Methods
Sample preparation
Cr2O3 thin films were grown on c-cut single crystalline Al2O3(0001)
substrates by RF magnetron sputtering (base pressure: below 10−7

mbar; Ar sputter pressure: 10−3 mbar; deposition rate: 1.72 nm min−1;
target size: 100 mm; sample to target separation: 10 cm) of a pure
Cr2O3 targetmaterial (RobekoGmbH&Co. KG). Prior to thedeposition
of Cr2O3 the substrates were heated up to 750 °C for about 15 min to
remove adsorbates from the surface and initiate the crystallization of
Cr2O3 (Supplementary Fig. 1). Cr2O3 thin films of nominal thicknesses
ranging from 30 to 250 nm were deposited at 700 °C. The high
deposition temperature ensures a coherent epitaxial growth of Cr2O3

thin films. After the deposition, the substrate is cooled down by the
heat dissipation through the sample mounting structure. The max-
imum cooling rate is 30 °C min−1, resulting in a high level of thermally
induced strain. To enable magnetotransport characterization, the
samples were capped with a Pt layer in situ at room temperature (base
pressure: 10−7mbar; Ar sputter pressure: 8 × 10−4mbar; deposition rate:
0.15 nm s−1). A 1-mm-thick Cr2O3 single crystal (MaTecK, lattice para-
meters a0 = 4.96 Å, c0 = 13.59 Å) with (0 00 1) surface orientation was
used as a reference sample. We note that the thickness of Pt capping
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was different for Cr2O3 samples of different thickness: single crystal
and 250-nm-thick Cr2O3 samples are capped with 3-nm-thick Pt; Cr2O3

films of other thickness are capped with 5-nm-thick Pt layer.
To address the absence of finite size effects in Cr2O3 samples with

a thickness larger than 30 nm, we prepared an additional 15-nm-thick
sample following the samegrowthprotocol asdiscussed above. Due to
the different criticality behavior (Supplementary Fig. 42), the 15-nm-
thick Cr2O3 sample is not used for the analysis of the flexomagnetic
effect and the flexomagnetism is discussed only for the samples with
the thickness in the range between 30 and 250 nm.

The thickness of the Cr2O3 film affects the structural properties of
the films due to a different strain state, which also affects the structure
of the Al2O3/Cr2O3 interface. These twomaterials are isostructuralwith
about 4% lattice mismatch within (0 00 1) plane. At the initial stages,
Cr2O3 grows preudomorphically reproducing in-plane lattice para-
meters of the sapphire substrate. The pseudomorphic state is meta-
stable. By forming this state, the chemical free energy competes with
the strain free energy, which determines the critical thickness of the
pseudomorphic layer51. During the growth, at some thickness of
the film, it is energetically favorable to formdislocations, which are the
limiting factor of the thickness of the pseudomorphic layer. Further,
the film grows in non-pseudomorphic but highly strained state52. The
location of the dislocation determines the thickness of the pseudo-
morphic layer (from the substrate to the plane with dislocations; Fig. 1
taken of a 30-nm-thick sample).With the increase in the total thickness
of the Cr2O3 film, dislocations tend to diffuse towards the interface
with the Al2O3 substrate. The pseudomorphic layer disappears when
dislocations reach the interface with the substrate, while the coherent
epitaxial relation of Cr2O3 and Al2O3 remains (Supplementary Fig. 2
taken of a 250-nm-thick sample).

The high-temperature high-field slope of RTr in Supplementary
Fig. 27 is strongly dependent on the thickness of the Pt electrode. The
reduction of the thickness of the Pt layer resulted in a decrease of χPt
contribution to the measured transversal resistance. We note that the
change in slope due to the normal Hall effect in Pt does not change the
conclusion about the phase transition temperature. Indeed, for our
analysis of the Néel temperature, we subtract this linear contribution
as it is not dependent on the transition temperature of Cr2O3.

We checked that our thin films do not have ferromagnetic signal
as was reported in51,53–55 (Supplementary Fig. 43).

Electron microscopy characterization
Cross-sectional bright-field and high-resolution TEM measurements
were performed using an image-Cs-corrected Titan 80-300 micro-
scope (FEI) operated at an accelerating voltage of 300 kV. High-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) imaging combined with spectrum imaging analysis
based on energy-dispersive X-ray spectroscopy (EDX) were per-
formed at 200 kV with a Talos F200X microscope equipped with an
X-FEG electron source and a Super-X EDX detector system (FEI). Prior
to (S)TEM analysis, the specimen was mounted in a double-tilt low-
background holder and placed for 8 s into a Model 1020 Plasma
Cleaner (Fischione) to remove possible contaminations. Classical
TEM cross-sections, glued together in face-to-face geometry using
G2 epoxy glue (Gatan), were prepared by sawing (Wire Saw WS 22,
IBS GmbH), grinding (MetaServ 250, Bühler), polishing (Minimet
1000, Bühler), dimpling (Dimple Grinder 656, Gatan), and final Ar ion
milling (Precision Ion Polishing System PIPS 691, Gatan). The TEM
study was applied to understand the mechanism behind the persis-
tent strain in magnetron-sputter-deposited Cr2O3 thin films and to
confirm the high quality and coherent epitaxy of Cr2O3 thin films
(Supplementary Note 1, Supplementary Fig. 2–6). TEM imaging
revealed sharp and high-quality interfaces of Cr2O3 with the Al2O3

substrate and the Pt electrode. Fast Fourier transformation per-
formed at the region of the Cr2O3/Al2O3 interface confirmed the

coherent epitaxial growth of the thin films on Al2O3 (Supplementary
Figs. 3a, b and 5a, 6a, b for the 250-nm-thick and 30-nm-thick films,
respectively). Furthermore, EDX analysis confirmed the phase purity
of the thin films and the absence of intermixing at the Cr2O3/Pt and
Cr2O3/Al2O3 interfaces (Supplementary Figs. 3c, d and 6c, d for the
250-nm-thick and 30-nm-thick films, respectively).

High-resolution scanning TEM (HR-STEM) was performed on an
FEI Titan3 80–300 probe-corrected instrument (ThermoFisher Com-
pany, US) operated at 300 kV. To this end, scan images were recorded
with a high-angle annular dark-field (HAADF) detector at a camera
length of 115 mm (collection angle 40–200 mrad) and a probe semi-
convergence angle of 21.5 mrad.

X-ray diffraction analysis
XRD studies were carried out using a Rigaku SmartLab 3 kW with a
parallel beam of Cu-Kα1 radiation, λ = 1.54056 Å (using a Ge (2 20) two-
bounce monochromator). The reflection positions obtained by the
profile deconvolutionwere correctedusing theAl2O3 substrate. Lattice
parameter refinement was performed with WinCSD56.

Raman spectroscopy
The Ramanmeasurements were performed using a JY Horiba LabRAM
HR Evolution Raman Spectrometer in the backscattering geometry.
The excitation wavelength was 532 nm. The power of the incident
beam was <1 mW. The radiation was focused and collected by a
100 × long working distance objective and the laser spot size was
around 2 μm. The Rayleigh length for the beam divergence in the
microscope is about 5 μm. As this is about 20 times larger than the
thickness of our thickestfilm,we do not expect inhomogenieties along
the film thickness. Besides multiple sharp peaks from the Al2O3 sub-
strate, the Raman spectra of the Cr2O3 films are dominated by three
relatively broad peaks (Supplementary Figs. 24, 25). The Cr2O3 spectra
were fitted using a set of Lorentzian functions to obtain the phonon
frequency dependence on the sample thickness. The variation of the
lattice parameter has been estimated by comparing the observed
phonon frequencies with literature data on pressure-induced phonon
shift and the lattice compression57. All three phonon peaks demon-
strate the frequency shift corresponding to the lattice compression.
This agrees with the fact that the eigenvectors of the observed Raman-
active phonons mainly involve the in-plane motion of the ions58. Cor-
respondingly, they are mostly affected by the in-plane compressive
strain of the Cr2O3 films. Using the XRD data on the strain-induced
deformation and the pressure-induced shift of Raman modes57, we
estimate the variation of the averaged in-plane unit cell parameter aav
with film thickness (Fig. 1f). We note that if the growth morphology
results in a non-uniform strain, that produces a shoulder in the Raman
peak. This behavior is well established for semiconductor nanos-
tructures, see e.g. Bernardi et al. [59] for the case of Ge nanodots.

Positron annihilation spectroscopy
Being implanted at a well-defined depth in the sample, positrons
annihilate with electrons after localization in vacancy-like defects and
their agglomerations (the so-called vacancy clusters or complexes;
here voids) allowing for depth and concentration-dependent defect
microstructure analysis. The positron annihilation lifetime experi-
ments were carried out at the mono-energetic positron spectroscopy
(MePS) beamline, the end station of the radiation source ELBE (Elec-
tron Linac for beams with high Brilliance and low Emittance) at the
HZDR60. Signals were processed by a digital data acquisition system
using a CrBr3 scintillator detector coupled to a Hamamatsu R13089-
100 photomultiplier tube. The data were analyzed using a custom
software rooted at a SPDevices ADQ14DC-2X digitizer with 14 bit ver-
tical resolution and 2 GS s−1 horizontal resolution61. The overall mea-
surement time resolution was not worse than0.21 ns. A typical lifetime
spectrum N(t) is described byNðtÞ= Pð1=τiÞIi expð�t=τiÞ, where τi and
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Ii are the positron lifetime and relative intensity of the i-th component,
respectively (∑Ii = 1). All the spectra were deconvoluted using the non-
linearly least-squared based package PALSfit fitting software62 into
three discrete lifetime components, which provides evidence for two
different defect types and a surface ortho-Positronium annihilation
state. The second lifetime component τ2, representing vacancy
agglomeration, is shown in Fig. 1d. The resolution function utilized for
the spectrum analysis required two Gaussian functions with distinct
intensities and shifts depending on the positron implantation energy
Ep. All spectra contained at least 107 counts. Further discussion on the
positron annihilation spectroscopy studies is in SupplementaryNote 3,
see also Supplementary Fig. 20,21 and Supplementary Table 1. Theo-
retical calculations of positron lifetimes for thedelocalized states (bulk
lifetime) and for positrons trapped at defects states were obtained
using the atomic superposition (ATSUP) method within two-
component density functional theory (DFT) ab initio calculations63.
For the electron-positron correlation, the generalized gradient
approximation (GGA) scheme was used64. The calculated positron
lifetimes corresponding to specific spherical-shaped void sizes
(vacancy cluster sizes) are plotted in Supplementary Fig. 22.

Magnetotransport measurements
Magnetotransport is a well-established technique to determine the
phase transition temperature65–68. According to Wang et al. [69], the
spin decay length in typical antiferromagnetic insulators including
Cr2O3 is less than 10 nm (for Cr2O3 the spin decay lengthmight be even
smaller in the range of several nm only). This provides the upper
bound on the depth from which we collect the information in the
magnetotransport studies. Due to this surface sensitivity of the
method, we refer to the transition temperature measured via magne-
totransport as to the onemeasured at the top surface of the Cr2O3 film,
T top
N . We measured the magnetic field dependence of the transverse

resistance, RTrðH,TÞ, of a Pt thin film deposited on Cr2O3 samples. The
magnetotransport measurements were carried out using the Zero-
Offset Hall preset of a Tensormeter measurement device70, which
provides the absolute transverse resistance without any offset due to
undetermined sample geometry. Typical current amplitudes were on
theorder of 500μA. Forevery sample, theRTrðH,TÞdependencieswere
measured for up to 100 different sample temperatures in the range
from 15 °C up to 90 °C (this is the highest temperature, which is
accessible in the setup), as shown in Fig. 2a, b and Supplementary
Fig. 27. At low temperatures well in the antiferromagnetic state of the
sample, the magnetic field dependence of the transversal resistance is
a straight line. This behavior is given by the normal Hall effect of the
Pt thin film (Supplementary Fig. 45). In the vicinity of the
antiferromagnet-paramagnet transition temperature, the anti-
ferromagnetic ordering is weakened and the contribution of the anti-
ferromagnetic Cr2O3 to the measured transport signal becomes
discernible (the slope of the RTrðH,TÞ dependence taken at zero field
increases). With further increase in themeasurement temperature, the
contribution from the Cr2O3 transforms the measured RTrðH,TÞ
dependence from a line to a Langevin-like function. By subtracting the
normal Hall effect in Pt and the paramagnetic contribution from the
Cr2O3 (Supplementary Note 5 and Supplementary Fig. 29), we access
the temperature dependence of the contribution to the RTrðH,TÞ from
the antiferromagneticCr2O3. This is theR0(T) data shown in Fig. 2c. In a
small temperature range close to the transition temperature, R0 can be
assumed to be proportional to the primary order parameter. There-
fore, the dependencies R0(T) are used to determine the Néel tem-
perature (Fig. 2c and Supplementary Fig. 29, 30, 42).Using this analysis
method, we correctly capture the transition temperature of the single
crystal to be 35 °C71, see Supplementary Fig. 29a.

The R0(T) dependence for Cr2O3 thin films with the thickness of
30–250 nm can be described with the critical exponent β ≈0.3, which
is the same as for the reference Cr2O3 single crystal. This indicates the

absenceoffinite size effects in these samples.On the contrary, a 15-nm-
thick sample reveals the critical exponent β of 0.67 (Supplementary
Fig. 42), indicating the onset of finite size effects in this sample.

The magnetic polarization of Pt can be safely excluded from the
consideration. In this respect, it is already established that Pt in
proximity to antiferromagnetic insulators is not polarized72–76. This
statement is also valid for Cr2O3/Pt interfaces, where it was experi-
mentally confirmed that the measured transversal resistance is not an
anomalous Hall effect but a spin-Hall magnetoresistance effect35,77.
Here, we performed magnetotransport measurements of a 5-nm-thick
Pt electrode deposited directly on a Al2O3 substrate (Supplementary
Fig. 44). Besides a normal Hall effect due to paramagnetism of Pt, we
do not observe any specific feature on the temperature and
field dependence of the transversal resistance in the studied
temperature range.

Alternatively, the change of the magnetic state at the Cr2O3/Pt
interface can be detected by evaluating the change of the slope of the
dependence RTrðH =0,TÞ. The transition of the RTrðH =0,TÞ function
from the linear to the Langevin-like shape upon the transition of the
Cr2O3 to the paramagnetic state is accompanied by a pronounced
change of the slope ∂RTr=∂H∣H =0 at low (<100mT)magnetic fields (see
lines in Supplementary Fig. 45a). We analyze the variation of this
parameter as a function of temperature according to f sðTÞ= tanhT
(Supplementary Fig. 45b). We correlate the transition temperature to
the inflection point of the hyperbolic tangent function. The obtained
values of the Néel temperature are summarized in Supplementary
Fig. 45c. We note that the Néel temperatures estimated accordingly to
these two methods of the analysis of the magnetotransport data are
similar within the measurement error.

Growth of 30- and 250-nm-thick Cr2O3 films on a Pt seed layer
leads to the relaxation of strain (Supplementary Figs. 46, 47, respec-
tively) and low Néel temperature (Supplementary Fig. 30b).

Nitrogen-vacancy magnetic microscopy
NVmagnetometrymakes useof the electronic spin triplet ground state
of the atomic NV defect in diamond to measure stray fields at the
nanoscale78. Scanning NV magnetometry was performed with a tip
fabricated from single-crystal, 〈100〉-oriented diamond that was
implanted with 14N ions at 12 keV and annealed to form NV centers. A
small bias field (<60 Oe) is applied along the NV axis (54° from the
sample normal) to split the ms = ∣± 1i states of the NV. The magnetic
stray field along the NV axis is then proportional to the Zeeman split-
ting of the ms = ∣± 1i states, allowing us to achieve quantitative
nanoscale imaging. For imaging, a single NV center is located at the tip
of an all-diamond scanning probe79 to provide scanning magneto-
metry capabilities with ~50 nm spatial resolution. The imaging is per-
formed using feedback to lock to one of the NV resonances80, thereby
extracting the local stray field. We note that NV magnetometry is
sensitive to non-collinear magnetic textures only. The texture should
provide magnetic stray fields, which are detected by the NV magnet-
ometer. Thus, any homogeneous magnetization also the one coming
from the saturated surface with uncompensated moments will not
influence themeasured signal. Furthermore, for the analysis of theTbot

N

we follow the decay of the domain contrast

eB=Bred
NV � Bblue

NV ð1Þ

with Bred
NV and Bblue

NV being signed values of the average stray field
strength measured on the oppositely ordered antiferromagnetic
domains (red and blue areas in Fig. 3a, c). When the contrast (1) van-
ishes, we interpret this as the transition to the paramagnetic regime.
No further assumptions are made for the determination of the Néel
temperature in these measurements. This is determined by the
detection limit of the setup, which provides eB∼ 5μT in the vicinity and
above the phase transition. In this respect, the reported Néel

Article https://doi.org/10.1038/s41467-022-34233-5

Nature Communications | (2022)13:6745 8

56 Selected Publications



temperature is a lower bound and can be slightly higher. This means
that the difference between the transport and NV estimates for the
Néel temperature might be even higher, and the flexomagnetic con-
tribution can be larger.

To build Fig. 3b, d and Supplementary Fig. 36, we average the
measured stray field values from oppositely oriented domains sepa-
rately. These average values were used to calculate BNV. The mea-
surements were carried out between room temperature and 85 °C,
which is a hardware limitation for the setup. The temperature evolu-
tion of the antiferromagnetic domain pattern taken of the Cr2O3

samples of different thicknesses are shown in Supplementary
Figs. 32–35. The NV contrast error bars of 2 μT correspond to the
halfwidth of the distribution.

Furthermore, we note that the presence of the Pt(3 nm) electrode
does not affect the NV measurement of antiferromagnetic contrast eB
(Supplementary Fig. 48).

Multiscale modeling
Molecular dynamics modeling of a Cr2O3 block containing 14,050
atoms (60 × 60× 100 Å3 simulation box) was done using the LAMMPS
package81 (Supplementary Note 6). The systems were parameterized
with reactive forcefieldCr–Al–O82.We found that parameters for Al2O3

have a better agreement between theory and experiment. Therefore,
instead of using the parameters of the Cr2O3 system and straining
them down to the Al2O3 geometry at the bottom interface by 4%, we
usedparametersof Al2O3 and strained further by 4% tomimic the same
relative geometric transformations. The structure optimization pro-
tocol includes quick NVT quenching down to T = 10 K with an overall
time of 5000 fs following quick annealing at T = 10 K. An example of
the LAMMPS protocol is provided in Supplementary Note 6. The first-
principles CASSCF calculations were done at the DKH2/CAS(3,5)/
RASSI-SO/ANO-RCC-MB level of theory using OpenMolcas83. In the
complete active space (CAS) model, the total spin of the 3d-shell
populated with three electrons is S = 3/2. Having solved the spin-free
CAS problem, all 10 roots were used in further state interaction
modelingusing the spin–orbit coupling (SOC)-Hamiltonian. Finally, for
all doubly degenerate SOC-states of the g-tensors were computed
using first-order perturbation theory.

We used the D value fit in ruby as a standard for our ab initio
anisotropy model in the distorted polyhedra of the strained Cr2O3.
That is independent modeling for CrO6-polyhedron as found in the
Al2O3 structure. Then, we employed the ReaxFF model to predict a
possible geometry of the asymmetrically loaded Cr2O3 fragment. This
modeling produces a local polyhedra distortion along the c-axis and in
the ab-pane. For each CrO6-polyhedron in the predicted Cr2O3 struc-
ture, the D-value and μg was estimated. The limitations of the ReaxFF
model are summarized in82. Also, for a given geometry, the local ani-
sotropy can be predicted rather well, according to CASSCR/RASSI/SO
literature83.

We stress that the zero-field splitting is a function of all three
lattice parameters for each Chromium ion and, in the general case,
cannot be considered as a function of c value only. The parameter
c = c(z) is computed as the equilibrium value for the given strain and
geometry. Thus, both distributionsD(z) and c(z) reflect the actual state
of the Cr2O3 epitaxially grown at Al2O3.

Model of strained film
Typically, thin films are considered as homogeneous materials and
variations of the micromagnetic parameters along the film thickness
are neglected. In this approach, physical properties of epitaxial thin
films (magnetic, electric, etc.) are linked to the average values of
structural parameters like lattice constants or stress/strain state, which
are often presented as functions of the overall film thickness. The
primary focus of the manuscript is on the fact that thin film samples
reveal variation of structural parameters along the normal direction of

the film, which results in peculiar magnetic effects. Only within this
assumption thatmagnetic parameters change across thefilm thickness
for the same sample, flexomagnetic effects can emerge in Cr2O3.

To describe inhomogeneously strained thin antiferromagnetic
films (Supplementary Note 7), first we expand the Néel temperature
into a power series as the function of the c/a ratio. Having numerical
evidence of a linear behavior of TN in awide range of strain values16 and
considering thin films, we limit our description to the linear term only.
In this way, we determine the expression (Supplementary Equation
(S20)) for the position of the boundary between the paramagnetic and
antiferromagnetically ordered regions of the thin film,which is used to
calculate the curves in Fig. 4d,e. For quantitative analysis, we need to
determine sources of the magnetic moment in the samples. We take
into account the following contributions, which are written for the
local density of magnetic moments per unit area of the film surface:

σ = σsurf + σdis + σflex + σd-l + σζ : ð2Þ

(i) Uncompensated spins at the top and bottom surfaces29,30,41

(Supplementary Fig. 40). This contribution gives the surface magne-
tization σsurf of about 2.2 μB nm

−2 for a single crystal29 and a 200-nm-
thick Cr2O3 film

30 at room temperature, which is several K below the
transition temperature. We note that for a relaxed sample, the surface
magnetization is the same at the top and bottom surfaces. For the
following discussion, we define the direction of L to be associatedwith
the direction of magnetic moments at the top surface.

(ii) Uncompensated spins at dislocations located close to the
bottom film surface24 (Supplementary Fig. 49). This contribution gives
the surface magnetization of about σdis = 0.45 μB nm

−2 for a 200-nm-
thick Cr2O3 film24 close to the bottom interface with Al2O3. Recent
studies carried out for Cr2O3 films of 250 nm thickness prepared under
different protocols to reveal different defect nanostructure exhibit the
Néel temperature close to single crystals84. Furthermore, even SPS-
sintered polycrystalline Cr2O3 samples with random orientation of the
easy axis across the volume of the sample reveal the bulk value of the
Néel temperature of 307.5 ± 2 K85. This allows us to conclude that the
local magnetic ordering and direction of the easy axis are not of
importance for the determination of the Néel temperature.

(iii) Ferromagnetism induced by the strain gradient (the inverse
flexomagnetic effect)14 (Supplementary Fig. 50). The estimations of the
strain gradient in our samples and flexomagnetic coefficient via mul-
tiscalemodeling (Supplementary Note 6, Supplementary Fig. 39) gives
the respective magnetic moment per unit area of the film of order of
0.7 μB nm

−2 (Supplementary Table 4).
(iv) Dzyaloshinskii-like coupling between the ferro- and anti-

ferromagnetic order parameters at non-collinear textures results in
σd-l ≠0 (Supplementary Fig. 51). There are twomechanisms which lead
to the appearance of magnetization with the effective surface density
σd-l induced by the gradients of the Néel vector in Cr2O3

42,43. In the
approach by Andreev [42], the spatial orientation of magnetization is
determined by the spatial derivatives of L yet it is not necessarily
aligned with L. The magnetization due to the flexoantiferromagnetic
term introduced by Kabychenkov and Lisovskii [43] is mainly deter-
mined by the spatial derivatives of the in-plane components of L. The
volume magnetization caused by this term is about 0.01 μB nm

−3 (see
Supplementary Note 7).

In case of Cr2O3, the DMI links the antiferromagnetic order para-
meter n =m1 −m2 +m3 −m4 with the secondary antiferromagnetic
order parameter n1 =m1 +m2 −m3 −m4, where mi denote magnetic
moments of Cr ions within the unit cell19,86. This leads to the spin
canted state with m1 = −m4 and m2 = −m3 resulting in a zero total
magnetic moment. This situation is different for α-Fe2O3, where
m1 =m4 and m2 =m3 leads to the phenomenon of weak
ferromagnetism86. Thus, even if spin canting is present in our samples,
it cannot be detected via the NV magnetometry measurements.
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(v) The spatially inhomogeneous reduction of the length of sub-
latticemagnetizations (Supplementary Fig. 37) along thefilm thickness
(and reduction of L as well) due to the inhomogeneous profile of the
Néel temperature leads to the uncompensated magnetization

Mζ / L
∣L∣

∂f ðT=TNÞ
∂z

/ ∂uij

∂z
, ð3Þ

where the function f determines the temperature dependence of the
sublattice magnetization and the Néel temperature is a function of
strain tensor components uij. We estimate its strength using the tem-
perature dependence of the sublattice magnetization. At T =T top

N , the
respective surface density σζ =

R t
0 ðMζ Þzdz ∼ 2μB/nm

2.
The strength of the aforementioned contributions is summarized

in Supplementary Table 5. Piezomagnetism of Cr2O3 is not taken into
account in our discussion, as it is forbidden in center-antisymmetric
magnetic materials87.

The inhomogeneous magnetic texture in the film plane leads to
the appearance of stray fields, which can be detected using NV mag-
netometry. In our analysis, we rely on the numerical value of the NV
contrast (1), which can be compared with the theoretical model we
discuss in the following. The average stray field above the top surface
reads

BNV = hBtopi+ hBboti+ hBζ i: ð4Þ

Here, 〈•〉 means average over the NV scan area, 〈Btop〉 arises from
the domains pattern at the top surface (contribution (i) discussed
above), 〈Bbot〉 contains the signal from antiferromagnetic domains
at the bottom film surface (contribution (i)) and contribution from
dislocations (contribution (ii)), and 〈Bζ〉 contains the contribution
from the magnetization (v). It is reasonable to assume that defects-
induced moments are randomly distributed in the film. Therefore,
their explicit net contribution is averaged to zero. Hence, we
cannot detect this contribution relying on the analysis of the NV
contrast (1). In this way, we model the NV signal as a function of
temperature as

BNVðTÞ= b1 1� T
Tbot
N

 !3
2
4

3
5
1=3

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
bottomsurface

+ b2 1� T
Tbot
N

 !3
2
4

3
5
1=3

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
top surface

+ b3

ZtAFM

0

∣Mζ ðT ,zÞ∣dz
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

via reductionof L

,

ð5Þ

where the parameters b1,2,3 incorporate characteristics of the setup,
tAFM is the thickness of the antiferromagnetic layer and Tbot

N =TNð0Þ.
The first two parameters b1,2 contain information on the uncompen-
sated surface magnetization; b3 determines the average scale of the
contribution from the interior of the film (Supplementary Fig. 52).
There is a constraint on b1 and b2 that they should have opposite signs
because they come from the oppositely oriented spins at the top and
bottom surfaces88. The signal amplitude b3 by definition consists of
uncompensated sublattice magnetizations along the film thickness,
which are scaling from the saturation magnetization of one sublattice
to zero. Therefore, bymagnitude, it should not exceed the signal from
the bottom film surface where the magnetization length is maximal.
We note that upon approaching the transition temperature, the mag-
netic length, which determines the domain wall width, diverges ren-
dering the antiferromagnetic domains as effectively small ones. This
explains why the stray fieldB ismeasured not only at the domain walls,

but at the domains as well. In Equation (4), stray fields arising from
contributions (iii) and (iv) are absent. The contribution (iii) induces
magnetization with out-of-plane and in-plane components14. The out-
of-plane component is homogeneous along the film thickness and,
hence, it does not produce stray fields. The in-plane components are
averaged to zero over the film area. The strength of the magnetization
due to the mechanism (iv) is small and can be hardly detected in our
measurements (Supplementary Note 7). We note that uncompensated
moments located atpoint defects of arbitrary nature donot contribute
to the value of (5) being averaged to zero.

Our theory is not directly applicable the region in the vicinity of
TN, where the renormalization group theory should be used to
describe thermal fluctuations of magnetization and smooth transition
from finite sublattice magnetization to the paramagnetic state. Taking
the latter into account, will make the dependency BNV(T) a smoother
function of temperature aswell.We note that within our approach, the
kinks in the temperature dependence of the NV contrast (Supple-
mentary Fig. 36) is of the order of 2 μT. Although irregularities in the
NV contrast could be found in the relevant temperature range, the
observed change is close to the resolution of our NV setup and is not
discussed further.

The strength and direction of the magnetic moment, which is
induced by the flexomagnetic effect is determined by the direction of
the straingradientwith respect to crystallographic axes. In the absence
of shear, the strain gradient along the c-axis can result in the magnetic
moment, which is collinear with this axis. The strain gradient along the
selected axis within the c plane can result in the magnetic moment,
inclinedwith respect to this axis, see Eliseev [14] andEqns. (26) and (27)
in Supplementary Notes of the manuscript. However, the thermally
induced magnetic moment, Mζ, is generated along the gradient of L
only. The uncompensated magnetic moment of thermal origin is
aligned along the Néel vector (see schematics in Supplemen-
tary Fig. 37).

Data availability
The data supporting the findings of this study are available within the
main text of this article and its Supplementary Information. Further
information on this study is available from the corresponding authors
upon reasonable request. Source data are provided with this paper.
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Z. R. Kudrynskyi,4 Z. D. Kovalyuk,5 L. Baldassarre,2 A. Knorr,3 M. Helm,1,6 and H. Schneider1

AFFILIATIONS
1Helmholtz-Zentrum Dresden-Rossendorf, 01314 Dresden, Germany
2Dipartimento di Fisica, Universit�a di Roma “Sapienza,” 00185 Rome, Italy
3Institut f€ur Theoretische Physik, Technische Universit€at Berlin, 10623 Berlin, Germany
4School of Physics and Astronomy, University of Nottingham, Nottingham NG7 2RD, United Kingdom
5Frantsevich Institute for Problems of Materials Science, The National Academy of Sciences of Ukraine, Chernivtsi Branch,
58001 Chernivtsi, Ukraine

6Technische Universit€at Dresden, 01062 Dresden, Germany

a)Author to whom correspondence should be addressed: tommaso.venanzi@uniroma1.it

ABSTRACT

A promising route for the development of opto-electronic technology is to use terahertz radiation to modulate the optical properties of semi-
conductors. Here, we demonstrate the dynamical control of photoluminescence (PL) emission in few-layer InSe using picosecond terahertz
pulses. We observe a strong PL quenching (up to 50%) after the arrival of the terahertz pulse followed by a reversible recovery of the emission
on the timescale of 50 ps at T ¼ 10 K. Microscopic calculations reveal that the origin of the photoluminescence quenching is the terahertz
absorption by photo-excited carriers: this leads to a heating of the carriers and a broadening of their distribution, which reduces the probabil-
ity of bimolecular electron-hole recombination and, therefore, the luminescence. By numerically evaluating the Boltzmann equation, we are
able to clarify the individual roles of optical and acoustic phonons in the subsequent cooling process. The same PL quenching mechanism is
expected in other van der Waals semiconductors, and the effect will be particularly strong for materials with low carrier masses and long car-
rier relaxation time, which is the case for InSe. This work gives a solid background for the development of opto-electronic applications based
on InSe, such as THz detectors and optical modulators.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0080784

The use of terahertz radiation to modulate the optical properties of
van der Waals (vdW) semiconductors is a promising route for the
development of opto-electronic technology.1 Indeed, this class of materi-
als offers unique engineering possibilities by controlling the material
thickness down to monolayers and by making heterostructures without
lattice matching constrains and with the additional twist-angle degree of
freedom.2–4 Among vdWmaterials, InSe is a III–VI semiconductor that
has shown numerous promising properties for opto-electronic applica-
tions: it features a direct bandgap, low electron mass that leads to high
electron mobility5,6 and large bandgap tunability,7–9 and very low
Young’s modulus that leads to high plasticity.10,11 Therefore, InSe can
be used as an active layer for various applications like photodetec-
tors,12,13 field-effect transistors,6,14 and flexible electronics.12,15,16

It was recently shown that InSe is an appealing material for appli-
cations in the THz range, such as detectors and emitters. In fact,

intersubband electronic transitions in few-layer InSe were predicted
and observed experimentally by means of electronic resonant tunnel-
ing.17–19 However, the use of InSe in the infrared and terahertz range
of the electromagnetic spectrum has not been intensively investigated
so far. On the one hand, it is of fundamental interest to investigate the
THz/infrared response of InSe,20,21 which, in turn, could constitute a
novel characterization technique for InSe quality testing to be
employed in the more developed visible range technology. On the
other hand, THz radiation can be employed to control the optical
response of the material and the light-matter interaction.22,23

Here, we demonstrate the dynamical control of photolumines-
cence emission in InSe using picosecond terahertz pulses obtained
with the free-electron laser (FEL) FELBE. To this end, we perform a
two-color time-resolved photoluminescence (PL) experiment. After
exciting an electron–hole population with picosecond visible (VIS)
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pulses, a THz pulse arrives with a delay on the sample causing a tran-
sient quenching of the PL emission. For all the investigated tempera-
tures, we observe a full recovery of the PL intensity, e.g., on the
timescale of 50 ps at T ¼ 10 K. Our microscopic analysis reveals that
the transient quenching is due to the heating of the carriers after THz
absorption: this leads to a broadening of the electron and hole distribu-
tions in the momentum space that reduces the rate of spontaneous
emission. By monitoring the subsequent recovery of the PL, we are
able to extract the effective cooling times. We accompany our experi-
ment with a microscopic calculation of carrier cooling obtaining good
agreement. The present study is important for the basic physics knowl-
edge of the electron-phonon dynamics in InSe and for the develop-
ment of THz and opto-electronic applications as ultrafast THz
detectors, optical modulators, and ultrafast lasing switchers.

The InSe samples are fabricated via mechanical exfoliation and
are transferred onto a diamond substrate. The thicknesses of the flakes
are measured with atomic force microscopy, and the data are reported
in the supplementary material. The InSe flakes under investigation
have a thickness between 8 and 40nm. If it is not stated differently, we
show results from a 16.5nm thick sample since the experimental
results do not show any significant thickness dependence. This corre-
sponds to about 20 atomic layers.24 In this work, we focus on flakes
thicker than 8nm since they feature strong PL emission due to the
direct bandgap.24 For this thickness, the bandgap energy of InSe is of
about 1.31 eV.

Time-resolved photoluminescence spectra are recorded with a
streak camera coupled to a spectrometer. With this system, 5 ps time
resolution and 1meV spectral resolution are obtained. A mode-locked
Ti:sapphire (TiSa) oscillator with a pulse length of 3 ps is used as exci-
tation source at k ¼ 770 nm. The spot diameter is around 3lm. The
THz radiation is obtained with an infrared FEL (FELBE). The THz fre-
quency is tuned from 5.5 to 26THz (from 22 to 110meV). The THz
pulse length is of about 5 ps. The TiSa laser is reduced from 78 to
13MHz by pulse-picking with a Pockels cell to match the FEL repeti-
tion rate.

Figure 1(a) shows the time-resolved photoluminescence spec-
trum without THz pumping. The visible radiation excites electrons
well-above the bandgap. After the initial thermalization and relaxation
of the photo-excited carriers, a long-living PL emission is observed at
1.31 eV. The PL emission is assigned to a combination of defect-
assisted radiative recombination and band-to-band recombina-
tion.25,26 Figure 1(b) shows the PL decay integrated over the photon
energy. The PL decay time of the PL emission is longer than the time
range of our setup, i.e., sD > 1 ns.

Figure 1(c) shows the time-resolved PL spectrum with the addi-
tional THz pulse. The THz pulse arrives around 250 ps after the visible
pulse and induces a PL quenching. Shortly after the quenching, the PL
emission is recovered.

The time dependence of the spectrally integrated PL emission is
shown in Fig. 1(d). The PL emission is quenched by about 35% by the

FIG. 1. (a) Time-resolved PL spectrum of a thin-flake of InSe at T ¼ 10 K. (b) Time dependence of the PL signal integrated over the emission photon energy (dark gray
curve). The red curve is a fit of the experimental data. (c) Time-resolved PL spectrum with additional THz pumping. The THz pulse arrives 250 ps after the optical pulse and
induces a transient PL quenching. The FEL fluence is /FEL ¼ 5 lJ/cm2 at 12 THz. (d) Time dependence of the integrated PL signal with THz radiation. (e) THz fluence depen-
dence of the quenching parameter Q.
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THz radiation at THz fluence /FEL ¼ 5lJ/cm2 and reaches values
higher than 50% at higher fluences [see Fig. 1(e)]. The THz fluence
dependence of the PL quenching parameter Q shows a saturation
behavior at high fluences [Fig. 1(e)]. The quenching parameter Q is
the fraction of PL quenching during the THz pulse arrival with respect
to the PL just before the THz pulse. It ranges between 0 (no quench-
ing) and 1 (full quenching).

In order to extract the PL decay constants, a system of rate
equations is used containing the decay constants (srise, sPL, and
scooling) and the quenching parameter Q (all the details are given in
SM). The fits of the PL time dependence are shown in Figs. 1(b)
and 1(d). This way we extract a recovery time after the FEL pulse of
scooling ¼ 406 10 ps at 10 K of lattice temperature. The PL rise time
is srise ¼ 506 10 ps.

At this point, the most important question to answer concerns
the mechanism responsible for the PL quenching. As discussed in the
literature for quantum well and quantum dot semiconductor systems,
various physical mechanisms can lead to a PL quenching.27–32

To investigate whether we observe a resonant effect, we repeated
the experiment at different FEL photon energies, and we did not
observe any significant dependence within our signal-to-noise ratio
(see supplementary material). We conclude that we observe a broad-
band non-resonant effect, thus resonant effects such as phonon excita-
tion,33 resonant excitation of shallow impurities,28 intra-excitonic
transitions (e.g., 1s-to-2p),27,34 and intersubband transitions29 can be
ruled out.

We also rule out exciton ionization as origin of the PL quenching
since the fluence dependence of the PL quenching shows a saturation
behavior that is in contradiction with an exciton ionization process.30

Moreover, we observe a strong PL quenching at THz fields of the order
of 1 kV/cm, which is much lower than the needed electric field for
exciton ionization in InSe, since the exciton binding energy is of about
20meV.35–37

Furthermore, lattice heating due to non-resonant absorption by
the substrate could lead to a PL quenching, but (1) we do not expect
this fast dynamics, (2) the substrate is transparent and has a very high
thermal conductivity (no heat transfer from the substrate to the flake
and good thermal dissipation), and (3) the PL emission shows a slight
blueshift after the THz pulse arrival while an increase in lattice temper-
ature would induce a redshift of the PL emission.25,38

The most probable origin of the PL quenching is THz absorption
by photo-excited free carriers. To verify this interpretation, we analyze
the spectral shape of the PL emission as a function of time [shown in
Figs. 2(a) and 2(b)]. We fit the spectrum at any time with a convolu-

tion of an Urbach tail UðEÞ / exp E
Eu

� �
with the electronic density of

state DðEÞ / HðE � EgÞ, where Eu is the Urbach energy, Eg is the
bandgap energy, and H is the Heaviside step function.26,39 The fitting
function was then weighted with a Fermi–Dirac distribution
f / ð1þ exp ðE�l

kBT
ÞÞ�1. The resulting PL intensity reads as

IPLðxÞ / x2 UðEÞ � DðEÞð Þf ðx;TÞ; (1)

where x is the photon frequency. The complete analytic expression is
given in supplementary material. We use Eq. (1) to fit the spectrum at
any delay time using two free parameters: the carrier temperature and
the density of carriers that contribute to the PL emission. Figure 2(a)
shows the spectra with the fit at two delay times, i.e., just before and
during the FEL pulse arrival. By comparing the two spectra, it can be
seen that the FEL pulse induces a quenching and a broadening on the
high-energy side of the peak [see Fig. 2(b)]. This latter effect is direct
evidence of hot-carrier emission.40 Figure 2(c) shows the time depen-
dence of the carrier temperature as obtained from the fit. The carrier
temperature shows a sharp increase after the visible pulse arrival due
to the excitation of hot electron-hole pairs. A second sharp increase in
the carrier temperature is observed at the THz pulse arrival. The
increase in the carrier temperature is of about 50K. From this value,
we estimate a terahertz absorption of A ¼ 0:12% by the photo-excited
carriers (see supplementary material).

THz absorption by free carriers explains also the saturation
behavior of the PL quenching at high THz fluences shown in Fig. 1(e).
At high carrier temperatures, i.e., high THz fluences, the carrier cool-
ing time becomes shorter and the electron heat capacity larger. The
fast cooling of hot carriers via optical phonons leads to a limitation on
the temperature that the carriers can reach, therefore a limitation on
the maximum PL quenching. Similarly, at low temperature, the elec-
tron heat capacity increases linearly with the temperature, and this fur-
ther reduces the heating of the carrier distribution at high THz
fluences. A detailed discussion of these mechanisms is given in supple-
mentary material alongside with another possible mechanism that
leads to a saturation behavior at high THz fluences.

FIG. 2. (a) PL spectra before and during the arrival of the THz pulse. The PL emission is strongly quenched, and a broadening of the peak on the high-energy side is
observed. (b) Zoom in of the high-energy tail of the PL spectra. The emission gets broader at higher effective carrier temperatures. (c) Time dependence of the carrier temper-
ature. The FEL pulse heats the carrier system, and the radiative efficiency drops dramatically.
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Now, we show how the heating of the photo-excited carriers by
THz radiation leads to a PL quenching. To this end, we calculate the
PL emission intensity with a microscopic theory assuming a quasi-
stationary carrier distribution. Therefore, we calculate the lumines-
cence in the free particle limit41

IðXqz Þ / Im d
X
k

f ek ðtÞf hk ðtÞ
Eg þ �h2k2

2m
� �hXqz � ic

0
B@

1
CA; (2)

with the dipole strength d, carrier momentum k, bandgap energy Eg,
reduced mass of the electron-hole pair m, and a phenomenological
chosen broadening c. Note that we assume the optical dipole element
d to be independent of the momentum, which is reasonable due to the
negligible momenta of the photons.41 f ek ðtÞ and f hk ðtÞ are the time-
dependent electron and hole distribution after the heating process,
respectively.

To obtain the luminescence from Eq. (2), we calculate the elec-
tron and hole distribution (f ek and f hk ) dynamics with the Boltzmann
scattering equation in the low density limit

d
dt

f kiq ¼ 2p
�h

X
k;j;a;6

jgkak�qj2
1
2
6
1
2
þ nak�q

� �
d eiq � ejk6�hxa

k�q

� �
f kjk

� 2p
�h

X
k;a;6

jgkak�qj2
1
2
6

1
2
þ nak�q

� �
d eiq � ejk7�hxa

k�q

� �
f kiq :

(3)

The equation accounts for the thermalization of electrons to the
lattice temperature, which is encoded in the phonon occupation naq.
The summation 6 accounts for phonon emission (þ) and phonon
absorption (�) processes, which are involved in the scattering. naq
accounts for the phonon occupation of the mode a with momentum
q. The Dirac delta function imposes the energy conservation during

the electron-phonon scattering event. ekik ¼ �h2k2

2mk is the carrier disper-
sion as a function of the carrier momentum k, band k, and the elec-
tronic subband i. The intersubband spacing is calculated in
supplementary material and is about 28meV between the first and

second subband. The effective masses in the conduction and the
valence band are mc ¼ 0:12m0 and mv ¼ 0:73m0, respectively.

24,42

ga;kq is the electron-phonon coupling element. Further details are given
in supplementary material.

We solve the Boltzmann equation (Eq. 3) for lattice temperature
Tlattice ¼ 10 K and by setting an initial carrier temperature Tadd ¼ 50 K
as obtained by the spectral fit of the PL emission just after the FEL pulse
arrival. We note that we perform the calculation for different Tadd and
show in supplementary material that the results do not change qualita-
tively by varying this parameter. With this procedure, we are able to cal-
culate the electron and hole cooling time as a function of carrier
temperature and, therefore, the luminescence intensity as a function of
time.

Figure 3(a) shows the calculated PL spectra for selected times
after the FEL pulse arrival. A PL recovery is clearly observed as a con-
sequence of the carrier cooling, while the carrier density is kept con-
stant. The origin of the quenching relates to the broadening of the
electron and hole distributions when the carrier temperature increases.
This can be understood by considering Eq. (2): when the carrier tem-
perature increases, the carrier distributions are broader in the momen-
tum space, and the sum over k in the numerator strongly reduces
leading to a PL quenching.

We stress that the denominator in Eq. (2) contributes to shift the
PL emission to higher energies. This observation is in agreement with
the experimental data. However, the denominator does not have a sig-
nificant influence on the PL quenching that is instead ruled by the
numerator. The following is the intuitive interpretation of the observed
PL quenching: the band-to-band bimolecular recombination depends
on the probability to find both an electron and a hole at k, and this
probability is strongly reduced when the electron and hole distribu-
tions become broader in the momentum space. Further details are
given in supplementary material.

With this calculation, we can compare the time dependence of
the PL recovery after the THz pulse arrival with the experimental data
[see Fig. 3(b) for a lattice temperature of 10K]. We note that in Fig.
3(b), we multiply the calculated curve by a multiplication factor to
match the intensity of the PL quenching. In fact, we notice that from
the theoretical calculation, we expect a PL quenching of about 70%

FIG. 3. (a) Calculated PL spectra as a function of delay time after the THz pulse arrival on the sample. After the initial quenching, the PL emission increases due to the relaxa-
tion of the heated electrons (holes) to the bottom (top) of the conduction (valence) band. (b) Comparison between experimental and calculated PL recovery after the THz pulse
arrival at 10 K.
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[Fig. 3(a)] differently from the experimentally observed quenching of
35%. The reasons for this quantitative disagreement are (1) the limited
time resolution of the setup that smears out the dip in the recorded PL
spectra and makes the experimental value of quenching smaller than
the actual quenching; (2) in the calculation, we made the approxima-
tion of a quasi-stationary distribution, so that we could define a carrier
temperature at any time. This approximation can be critical, especially
during the arrival of the THz pulse, and can lead to a wrong value of
the calculated PL quenching.

To further corroborate our results and to get more information
on the material properties, we investigate the dependence of the PL
quenching on the lattice temperature. Figure 4 shows the lattice tem-
perature dependence of the PL recovery time (black dots). The error
bars are calculated considering the time resolution of the setup and the
error of the fitting procedure. The strength of the PL modulation
decreases at high temperatures (data in supplementary material) as a
consequence of higher electron heat capacity and shorter relaxation
time. Figure 4 shows also the PL cooling times calculated with the
microscopic theory (red line). By comparing the experimental and cal-
culated PL recovery time, we find good agreement between calculation
and data. This strongly suggests that our interpretation and our theory
capture correctly the physics behind the modulation of the PL signal
by the THz pulse.

Interestingly, the cooling time determined via a Boltzmann fitting
of the electron occupation is one order of magnitude longer than the
measured data (Fig. 4, blue line). This is connected to the missing
momentum resolution in the simplification of the complex carrier relax-
ation under the influence of electron-phonon coupling to a single num-
ber (the cooling time). Differently from our full microscopic model, this
method to obtain the relaxation time does not account for the fact that
the PL emission arises mostly from occupied states with small momenta.
In fact, electron–hole bimolecular luminescence is sensitive to the most
densely populated regions, which are the low q-regions because they are
quickly populated via optical phonon scattering.

As discussed, we have used Eq. (3) to calculate, ab initio, the tem-
perature dependence of the cooling times finding very good agreement
with the experimental data. If we start from our calculation and leave

the electron-phonon coupling constant g as free parameter (not done
in any plotted calculation), we find that the best fit is obtained for
g 0 ¼ 0:88g, a slightly smaller value of the coupling constant than what
expected from DFT calculations.43,44

The temperature dependence of the cooling time can mainly be
understood from the scattering of electrons by optical phonons. At
low temperatures, optical phonons only have a minor impact on the
relaxation because the optical phonon energy (�hxZO1 ¼ 12:4 meV43)
is too large to contribute effectively to the cooling of carriers with low
kinetic energy.45 Therefore, the cooling is mainly determined via
acoustic phonon scattering at low temperatures. Increasing the lattice
temperature increases the kinetic energies of electrons resulting in a
larger impact of optical phonon scattering to the cooling dynamics.
This leads to a speed-up of the cooling at high lattice temperatures.

Finally, we note that the strength of the PL quenching depends
mostly on (1) THz absorption, (2) electron heat capacity, and (3) car-
rier relaxation time. In other words, it depends on how well the heat-
ing of the electron distribution via THz absorption works. In this
regard, the low electron mass plays a central role since the THz
absorption and the heat capacity depend on the electron mass (A � n

m
and c � m in a two-dimensional electron gas, respectively). High
absorption and low heat capacity lead to a high heating of the carrier
distribution and, consequently, to a strong PL quenching. The carrier
relaxation time plays also an important role and long time corresponds
to high quenching. To conclude, the PL quenching is expected in other
vdW semiconductors, and the effect will be particularly strong for
materials that have low carrier masses and long relaxation time, which
is the case for InSe.

In summary, we investigated the effects of THz radiation on the
PL emission of few-layer InSe. We observe a transient quenching of
the PL emission induced by heating of the photo-excited electron–hole
system. The PL quenching reaches values up to 52%. The heating and
cooling of the electron–hole system are modeled by Boltzmann equa-
tion, and the PL emission is calculated microscopically. With the
microscopic theory, we are able to reproduce the experimental data
corroborating the physical interpretation that THz free carrier absorp-
tion leads to a broader carrier distribution in the momentum space
and, therefore, to a PL quenching. The increase in cooling time at low
temperatures is attributed to the less efficient cooling via the emission
of optical phonons because of their high energy with respect to the
thermal energy of carriers. By comparing the experimental and theo-
retical results, we provide an experimental estimation of the electron-
phonon coupling constants of 0.88 times of the expected values from
DFT calculations.

All in all, we demonstrate the possibility to use terahertz radiation
for the dynamic control of the photoluminescence emission in a van
der Waals semiconductor. This work demonstrates a promising route
for the realization of opto-electronic technology, such as terahertz
detectors and optical modulators.

See the supplementary material with further experiments and cal-
culations is provided.
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FIG. 4. Lattice temperature dependence of measured (black dots) and theoretically
predicted (red line) PL recovery time. For comparison, we also show the electron
cooling time (blue line), which is quite different from the calculated PL recovery
time as explained in the main text. The measured temperatures are 10, 30, 50, 80,
110, and 140 K.
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Mid- and far-infrared localized surface plasmon
resonances in chalcogen-hyperdoped silicon†
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Plasmonic sensing in the infrared region employs the direct interaction of the vibrational fingerprints of

molecules with the plasmonic resonances, creating surface-enhanced sensing platforms that are superior

to traditional spectroscopy. However, the standard noble metals used for plasmonic resonances suffer

from high radiative losses as well as fabrication challenges, such as tuning the spectral resonance posi-

tions into mid- to far-infrared regions, and the compatibility issue with the existing complementary

metal–oxide-semiconductor (CMOS) manufacturing platform. Here, we demonstrate the occurrence of

mid-infrared localized surface plasmon resonances (LSPR) in thin Si films hyperdoped with the known

deep-level impurity tellurium. We show that the mid-infrared LSPR can be further enhanced and spectrally

extended to the far-infrared range by fabricating two-dimensional arrays of micrometer-sized antennas in

a Te-hyperdoped Si chip. Since Te-hyperdoped Si can also work as an infrared photodetector, we believe

that our results will unlock the route toward the direct integration of plasmonic sensors with the on-chip

CMOS platform, greatly advancing the possibility of mass manufacturing of high-performance plasmonic

sensing systems.

I. Introduction

The field of plasmonics has elicited great attention and
research efforts for potential applications as varied as
enhanced sensing, waveguides for integrated optical intercon-
nects, and nanoscale optoelectronic devices.1–3 Surface plas-
mons generated by the coupling of collective charge oscil-
lations with electromagnetic radiation at a conducting surface4

offer effective light–matter interactions in nanoscale structures
with sub-wavelength light confinement and large enhance-
ment of the local electromagnetic field intensity.5,6 In this

framework, materials with a good crystalline quality and a
small amount of plasmon losses are proposed for plasmonic
applications that span a wide range of electromagnetic
frequencies.5,7,8 Particularly, the mid-infrared (MIR) spectral
range that covers the frequency band from 3000 to 300 cm−1 is
of high interest for chemical and biological molecular
sensing,9–11 since many molecules display unique spectral
vibrational fingerprints in this range. Therefore, a plasmonic
material platform that can be tailored to the frequency range
of interest with strong subwavelength confinement is
desired.12

It has been recently shown that hyperdoped
semiconductors10,13–18 provide a promising material system
for the development of a plasmonic platform with inherent
advantages in the mid-infrared (MIR) region.19,20 Here, hyper-
doping means a doping concentration well above the impurity
solid solubility limit. Contrary to metals (Au, Ag, and Al), in
which the density of free electrons is fixed and the resulting
resonance frequencies are mainly located in the visible and
near-infrared (VIS-NIR) spectral range,11 the plasmon reso-
nance in doped semiconductors can be tuned over a broad
spectral window, ranging from NIR to far-infrared (FIR) by con-
trolling the carrier concentration.12,15,21–26 Among hyperdoped
semiconductor materials, Si is the most desired material for
plasmonic applications in the MIR spectral range, owing to its

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
d1nr07274a

aHelmholtz-Zentrum Dresden-Rossendorf, Institute of Ion Beam Physics and

Materials Research, Bautzner Landstraße 400, 01328 Dresden, Germany.

E-mail: m.wang@hzdr.de
bInstitute of Semiconductors and Microsystems, Technische Universität Dresden,

01062 Dresden, Germany. E-mail: ye.yu@tu-dresden.de
cFelix-Bloch-Institut für Festkörperphysik, Universität Leipzig, Linnéstraße 5, 04103

Leipzig, Germany
dCentre for Advancing Electronics Dresden (CfAED), Technische Universität Dresden,

01062 Dresden, Germany
eInstitute of Electronics at the Bulgarian Academy of Sciences, 1784 Sofia, Bulgaria
fInstitut für Angewandte Physik (IAP), Technische Universität Dresden, 01062

Dresden, Germany

2826 | Nanoscale, 2022, 14, 2826–2836 This journal is © The Royal Society of Chemistry 2022

Annual Report IIM 2022, HZDR-123 69



compatibility with the complementary metal–oxide-semi-
conductor (CMOS) technology.21,22,27–32 Moreover, a plasmonic
material based on doped Si has certain advantages over other
doped semiconductors, such as cost-effectiveness, environ-
mental friendliness and the well-developed and versatile fabri-
cation process. Importantly, compared to III–V semi-
conductors, the absence of optical phonon absorption in the
FIR spectral range in Si will naturally reduce the plasmon
losses since Si is a non-polar semiconductor.15,33–35 Recently,
Si hyperdoped with the chalcogen dopant Te has gained
increasing attention in the development of room-temperature
MIR photodetectors.36 Also, Te-hyperdoped Si exhibits a high
free-electron concentration with a reasonably high mobility,37

as well as a better thermal stability as compared to other deep-
level impurities.33 This boosts the potential of Te-hyperdoped
Si serving as a nanoscale MIR plasmonics platform with a
broadly tunable plasma frequency. Such a platform could
allow an easy integration with the current chip technology, pro-
viding room-temperature enhanced IR sensing.

In this work, we explore the potential of using Si hyper-
doped with the deep-level dopant Te as an alternative for
MIR-FIR plasmonic materials. A plasma frequency ωp of
around 1880–1630 cm−1 is obtained in the Te-hyperdoped Si
material. In addition, micrometer-sized antenna arrays, which
are fabricated from the Te hyperdoped-Si layer via electron-
beam lithography and reactive ion etching, exhibit an
enhanced localized plasmon resonance in the spectral range
of 100 to 700 cm−1 compared to the non-patterned Te-hyper-
doped Si material. This work points out the potential of Si
hyperdoped with Te for plasmon-enhanced sensing appli-
cations such as the detection of the vibrational fingerprints of
thin molecular films.

II. Methods
A. Experimental methods

A non-equilibrium approach combining ion implantation and
flash lamp annealing (FLA) is used to achieve solid-phase epi-
taxial regrowth of hyperdoped-Si layers with a Te doping con-
centration several orders of magnitude above the equilibrium
solid solubility. The electrical and optical properties of Si
hyperdoped with Te have been systematically investigated
previously.36,37 It was found that the hyperdoped-Si layer with
a Te concentration of 1.5% exhibits below-bandgap infrared
absorption and yields high electron concentration. In this
work, we used (100)-oriented double-side polished Si wafers
(p-type, boron-doped, ρ ≈ 1–10 Ωcm) with a thickness of
around 380 μm. A triple implantation with energies of 350 keV,
150 keV and 50 keV with a fluence ratio of 5.3 : 2.3 : 1 was
applied to compensate the Gaussian distribution of Te
dopants during the implantation process.31 The dopant con-
centration and the doping depth can be increased by increas-
ing implantation fluence and energy, respectively. The para-
meters can be simulated by using the software of the Stopping
and Range of Ions in Matter (SRIM).38–40 Note that, in our pre-

vious works,36,37 we used pulsed laser melting to recrystallize
Te-implanted Si with a thickness of about 100 nm. Here, milli-
second-range FLA is applied to recrystallize the implanted
layer.41,42 The FLA was performed in nitrogen ambient with a
pulse length of 3 ms along with an energy density of around
58 J cm−2. This corresponds to a temperature in the range of
around 1200 ± 50 °C at the sample surface. Further details on
the FLA system employed in our experiments can be found in
the ESI.† The optimal FLA parameters were obtained by
inspecting the crystalline quality of the implanted layers using
micro-Raman spectroscopy.

The antenna patterning was achieved by electron-beam
lithography and reactive ion etching (see ESI† for more
details). The geometrical details of the two-dimensional Te-
hyperdoped Si antenna arrays are schematically depicted in
Fig. 1. The rectangular antenna arms have a size of 2 μm
(length) × 0.8 μm (width), and two equal arms featuring
different gap sizes varied between 0.2 and 1 μm.

Structural characterization of the Te-hyperdoped Si layers
and antenna arrays were performed by micro-Raman spec-
troscopy using a linearly polarized continuous 532 nm Nd:YAG
laser for excitation and by scanning electron microscopy (SEM,
S-4800, Hitachi). In addition, the microstructural properties of
the FLA-treated Te-hyperdoped Si layer with a Te doping con-
centration of 1.5% were investigated by high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) imaging coupled with spectrum imaging ana-
lysis based on energy-dispersive X-ray spectroscopy (EDXS) to
obtain cross-sectional element distribution maps. Further
details concerning the TEM techniques employed in our
experiments can be found elsewhere.40 The electrical pro-
perties were characterized using a Lake Shore Hall measure-
ment system in a van der Pauw configuration. IR measure-
ments were carried out at room temperature by Fourier-trans-
form infrared spectroscopy (FTIR, Bruker Vertex 80v). A
Deuterated L-Alanine doped Triglycine Sulphate (DLaTGS)
detector was used for the detection of MIR (from 10 000 to
400 cm−1) radiation, while a deuterated triglycine sulfate
(DTGS) detector was used for FIR (from 700 to 10 cm−1). FTIR

Fig. 1 A sketch of the geometry of the Te-hyperdoped Si antenna
arrays. The geometrical details are indicated in the figure.
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measurements were performed in vacuum to eliminate the
infrared absorption lines of the atmosphere. A reflection geo-
metry was employed to quantify the absolute reflectivity of
FLA-performed Te-hyperdoped Si layers and the antenna
arrays. The reflectance of a gold mirror was measured as a
100% reflectance standard for the FTIR data.

B. Theoretical methods

Electromagnetic simulations were carried out using finite-
difference time domain (FDTD) methods (FDTD 3D
Electromagnetic Simulator, DEVICE Multiphysics Simulation
Suite, Lumerical Inc. version 8.22.2072).43

Before FDTD simulations, the broadband optical properties
of the material, more specifically the real and imaginary part
of permittivity need to be determined first. The permittivity of
bulk highly doped semiconductors can be modeled approxi-
matively across a wide frequency range using the Drude
model:

εðωÞ ¼ εs 1� ω2
p

ω2 þ iωΓ

 !
; ω2

p ¼ ne2

εsε0m*ðnÞ ð1Þ

εðωÞ ¼ ε′þ iε″ ¼ εs 1� ω2
p

ω2 þ Γ2

 !
þ iεs

Γω2
p=ω

ω2 þ Γ2

 !
ð2Þ

where the frequency-dependent permittivity ε(ω) is character-
ized by the screened plasma frequency ωp, the scattering rate
Γ, the background dielectric constant εs (for Si, ε ≈ 11.7) and
the permittivity of free space ε0. The screened plasma fre-
quency ωp given above is characterized by the dielectric con-
stant εsε0, the free-carrier density n, the charge of the electron
e and the non-parabolic doping-dependent effective mass of
the free carriers m*(n) (0.27me for n-type heavily doped
Si26,44,45). If Γ is small, ωp marks the approximate spectral
position where the sign of the real component of the semi-
conductor permittivity (ε‘) switches from positive to negative.
Therefore, such kind of semiconductors can serve as an engin-
eered MIR-FIR plasmonic material at frequencies (wavelengths,
λp ¼ 2πc

ωp
) lower (greater) than the plasma frequency of the

material. Particularly, the plasma frequency can be accurately
controlled by the doping concentration of the semiconductor.

III. Results and discussion
A. Material properties of the Te-hyperdoped Si layer

Raman spectroscopy and Hall measurements were performed
in order to characterize the structural (Fig. 2(a)) and electrical
properties (Fig. 2(c) and (d)), respectively (further data can be
found in section D of the ESI†). The Raman spectrum of the
as-implanted sample shows a very broad Raman band located
at 460 cm−1, which corresponds to a typical feature of the
amorphous silicon layer created during the Te implantation
process.46,47 After FLA, only the sharp peaks at 520 cm−1 and
303 cm−1 are observed, which are ascribed to the transverse
optical (TO) phonon mode and the second-order two trans-

verse acoustic phonon (2TASi) scattering, respectively. This
indicates that the crystalline structure of the FLA-treated Te-
hyperdoped Si layer is completely restored with comparable
quality as the virgin Si wafer. A representative cross-sectional
HAADF-STEM image superimposed with the corresponding
EDXS-based element distributions is shown in Fig. 2(b). Apart
from the native oxide layer at the surface, Te is found to be
quite evenly distributed within the top ∼120 nm of the Si
wafer. However, the Te dopants show segregation with further
increasing depth. In our previous work, we used pulsed laser
annealing to melt Te-implanted Si, where the implanted layer
is around 120 nm thick and the Te distribution is hom-
ogenous.36 Here, we use a higher implantation energy along
with flash lamp annealing to fabricate thicker hyperdoped
samples, leading to some Te segregation at the interface
between in the implanted layer and the Si substrate. In order
to get a more homogenous Te distribution in thicker hyper-
doped layers, the parameters for flash lamp annealing such as
pulse duration and energy, pre-heating temperature and dur-
ation should be optimized.48 As shown in Fig. 2(c) and (d), the
Te-hyperdoped Si displays n-type and metal-like conductivity.
The sheet carrier density and the carrier mobility measured at
300 K are 1.5 × 1015 cm−2 and 32 cm2 V−1 s−1, respectively
(further data can be found in section D of the ESI†). As indi-
cated in the cross-sectional STEM image (Fig. 2(b)), the Te
impurities distribute within a depth of up to around 220 nm
and the segregation occurs between 120 and 220 nm.
Therefore, the estimated volume carrier density ranges from
1.25 × 1020 to 9.4 × 1019 cm−3 depending on the assumed
effective thickness. This indicates an electrical activation
efficiency of around 15% at room temperature. According to
the theoretical Drude formalism (as shown in eqn (1) and (2))
and assuming our Te-hyperdoped Si layer as a bulk material,
ωp is calculated to be around 1880–1630 cm−1, using the elec-
trical transport data.

To cross-examine the accuracy of the plasma frequency of
the bulk material obtained above with respect to the experi-
mental values, we performed a further analysis of the reflec-
tion spectrum of the thin film using transfer matrix method
(TMM). Fig. 2(c) displays the normal-incident reflectance (R/
RAu) spectra of the Te-hyperdoped Si layers measured by FTIR
at room temperature. The spectrum of a Si wafer was also
measured for comparison. The red dash-dotted line displays a
three-layer system simulation of the reflectivity spectrum of Te-
hyperdoped Si as described in the following. The approxi-
mated dielectric function of the implanted layer was con-
structed based on the multi-layer transfer matrix formalism
with 20° incidence angle via VASE (vase-ellipsometer-liquid-
prism-cell) software.49 This model consists of two layers: (i) the
implanted layer described by the Drude approximation func-
tion, and (ii) the Si substrate described by the tabulated
optical constants of monocrystalline Si. The fitting gives a
carrier concentration of 1.27 × 1020 cm−3 and plasma fre-
quency is around 1900 cm−1 with the input free electron mass
of 0.27me, which is reasonable for n-type deep-level impurity
heavily doped Si.26,44,45 The extracted plasma frequency from
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Fig. 2 Material characterization for FLA-treated Te-hyperdoped Si sample with the doping concentration of 1.5%. (a) Room-temperature micro-
Raman spectra. The Raman spectra of the as-implanted sample as well as virgin Si (red and green solid lines, respectively) are also included for com-
parison. The spectra are stacked vertically with a constant offset for clarity. (b) Cross-sectional HAADF-STEM image superimposed with the corres-
ponding EDXS element distributions (blue: tellurium, green: silicon, red: oxygen). Apart from the native oxide layer at the surface, Te is found to be
quite evenly distributed within the top ∼120 nm of the Si wafer. However, the Te dopants show segregation with further increasing depth. (c) The
temperature-dependent sheet resistances. Also, the Si substrate is included as comparison. (d) The Hall resistance at 2 K and 300 K with a linear fit
to experimental data. (e) Room-temperature reflectance spectra. The reflectivity of a bare Si wafer is included as a reference. (f ) Reflectance
measurements at different temperatures.
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the fitting is shifted to a slightly higher wavenumber compared
to the one obtained from the Drude formalism. The discre-
pancy may be related to the rather thin film thickness together
with the graded doping; as a consequence, the fit allows many
different solutions of similar quality, yet none could be found
with optimal agreement. Besides, the line shape of the spec-
trum can be affected by the measurement conditions, such as
the brilliance of the light source,50,51 the maximum angle of
acceptance of the detector.52 One must carefully examine the
experimental and instrumental conditions used during the
measurement of the reflectance spectra, from which the broad-
band permittivity of the material is deducted. Fig. 2(d) displays
the temperature-dependent spectral reflectance of the Te-
hyperdoped layer. The reflectance spectrum at different temp-
eratures exhibits similar behavior, which suggests that Te-
hyperdoped Si can be used as a plasmonic material in a broad
temperature range. In addition, the plasma frequency and
optical response of Te-hyperdoped Si can be tuned by altering
the doping concentration as well as the electrical and optical
excitation.

B. LSPR in Te-hyperdoped Si: electromagnetic simulations

In order to understand and design the antenna response, we
have performed FDTD simulations. We started with the sim-
plest structure to simulate the spectral response of one

nanobar with an atomic Te doping concentration of 1.5% on a
Si substrate in order to first analyze the possible range of plas-
monic resonances. The dimensions of the antennas were set
to be the same width (w) of 0.8 μm and thickness of 0.3 μm, as
mentioned in the previous section, except the arm length (l)
was varied from 0.5 to 3 μm. The corresponding extinction
spectra and electric field intensity distribution are shown in
Fig. 3. As displayed in Fig. 3(a), when the polarization is per-
pendicular to the long axis of the antenna, the spectral posi-
tion of the resonance does not change as the antenna length
increases. On the other hand, when the electric field polariz-
ation is parallel to the long antenna axis, the plasmon reso-
nance shows a red shift (for a depiction in linear wavelength
scale see ESI Fig. S1†) with increasing antenna length
(Fig. 3(b)). The difference in the extinction cross-section shown
in Fig. 3(a) and (b) indicates that the LSPR mode in Fig. 3(a) is
much less intensive than that in Fig. 3(b). To understand the
nature of these two modes, we further calculated the corres-
ponding electric field intensity distributions at the resonance
positions (at the wavelength of 25 μm), which is displayed in
the top-down view in Fig. 3(c) and (d), respectively. As dis-
played in the coordinate, the antenna has a width of 0.8 μm
and an arm length of 2 μm. As the polarization direction is
perpendicular to the long axis of the antenna, shown in
Fig. 3(c), the free electrons only accumulate along the longer

Fig. 3 The simulated extinction spectra as a function of the antenna length of a single antenna with the electric field polarization perpendicular to
the long antenna axis (a) and parallel to the long antenna axis (b). The antenna length against wavelength is plotted in Fig. S1 in the ESI† for clarity.
Top-down view of the electric field distribution map of single-arm antenna at the LSPR position (at the wavelength of 25 μm), the electric field
polarization perpendicular to the long antenna axis (c) and parallel to the long antenna axis (d). The electric field enhancement is obtained by nor-
malizing the electric field intensity to the incident plane wave amplitude E0.
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edge (length), indicating that this plasmonic resonance is a
transverse mode. Whereas, in the case of Fig. 3(d), since the
polarization direction is parallel to the long axis of the
antenna, the free electrons in turn accumulate along the
shorter edge (width), exciting the longitudinal mode at longer
wavelength (Fig. 3(d)). This in general results in the strong
near-field enhancement, which will be beneficial in surface-
enhanced spectroscopies.

From the FDTD simulations of the single antenna in Fig. 3,
we have successfully obtained the spectral range of the LSPRs
for such a system. We then investigate the plasmonic pro-
perties of an array of coupled antennas, i.e. two nanoantennas
placed very close to each other, forming a repeating structural
unit, as illustrated in Fig. 1. The separations between units
along the x and y axis were set to be 3 μm and 1.2 μm, respect-
ively. The dimensions of the nanoantennas were kept constant:
l = 2 μm; w = 0.8 μm; and t = 0.3 μm. Only the gap size
between the two adjacent antennas was varied from 0.1 μm to
1 μm. However, since both periodicities are much smaller than
the wavelength of the incident radiation resonant to the
plasmon of Te-hyperdoped Si, we expect the diffractive far-field
coupling not to interfere with the LSPRs. Fig. 4(a) reveals the
broad-band spectral response of the coupled system, showing
two reflection peaks sandwiching a reflection dip in between,
indicating that the coupling between two adjacent nanoanten-
nas is present. The presence of coupling is also corroborated
by the fact that, as the gap size increases, the reflection peaks
experience a slight blue shift due to the decreased near-field
coupling strength. However, further careful examination is still
needed, since the reflection intensity is expected to be consist-
ent with the transmission intensity. Hence, the electric field
intensity distribution, along with the corresponding charge
distribution of the nanonantenna pair at both reflection peaks
and valleys were plotted in the cross-section view, shown in
Fig. 4(c) through (f ), taking the structure with gap size g =
0.2 μm as an example. The spectral positions were all marked
correspondingly in Fig. 4(b). Simulation reveals that at small
wavenumbers, the system exhibits predominately the charac-
teristics of a coupled dipolar resonance,53,54 such as Fig. 4(c)
and (d). This indicates that, an additional mode is created at a
longer wavelength due to the coupling between the two adja-
cent nanoantennas. However, at shorter wavelength, the
system exhibits briefly a quadrupolar resonance, shown in
Fig. 4(e), and then transitions into non-coupled dipolar reso-
nance (Fig. 4(f )). Note that the six-node charge distribution in
Fig. 4(e) is because the energy level of the quadrupolar reso-
nance is too close to the non-coupled dipolar resonance. This
plasmonic behavior over the spectrum of interest suggests a
classic plasmonic hybridization model, where the longitudinal
dipolar resonances are treated as electric dipoles and the
quadrupolar resonances as an electric dipole pair with oppo-
site moment, the sketch of which is shown in Fig. S2 in ESI.†

Upon plasmonic hybridization, the dipolar resonances
form a bonding mode, occupying a lower energy level, as well
as an anti-bonding mode, occupying a higher energy level. At
the same time, the quadrupolar resonances experience the

same process, creating two additional energy levels. However,
from FDTD simulations, only two energy levels were observed
(Fig. 4(c)–(e)), indicating that the two anti-bonding modes are
likely residing at the energy levels beyond the plasma fre-
quency. On the other hand, we also observed that the non-
coupled dipolar resonance remains prominent over a broad
range of the spectrum, as evidenced in Fig. 4(f ). This result
indicates that even with a relatively small gap size that we
simulated, the coupling strength is relatively low, which is cor-
roborated by the small permittivity of the Te-hyperdoped Si
material, as compared to the conventional plasmonic
materials such as gold. It is safe to assume that, if a system
with high coupling strength is needed, a much smaller gap
size is generally required. However, this does not negate the
value of plasmonic semiconductor materials. First, the “weak”
confinement, despite the lower local field intensity, allows the
plasmonic resonances to reach the bulk environment with a
large interrogation volume. This could provide more stable
detection performance at large distances from the semi-
conductor/dielectric interface, as well as potentially reducing
the detection limit. Second, the propagation loss from the
plasmonic semiconductor material is very low, since the ima-
ginary part of the permittivity is a few orders of magnitude
lower than that of plasmonic metals. While this is by no
means the defining factor of a “better” material, it does
provide a unique feature as compared to classic plasmonic
metals. Additionally, the Te-hyperdoped Si material can result
in an effective n-type doping with carrier density approaching
1021 cm−3,37 which is only one order of magnitude lower than
that of metal, in conjunction with a few comparative
studies,55,56 it would be reasonable to assume that the plasmo-
nic performance from the Te-hyperdoped Si material could be
on par with plasmonic metal structures.

C. LSPR in Te-hyperdoped Si: infrared spectral properties

The hyperdoped Si paired-arm antenna arrays with a Te
doping concentration of 1.5% were designed based on the con-
siderations of providing maximum coupling between the
paired antenna arms and preserving the maximum coverage of
the substrate. Therefore, the period for the antenna arrays is
designed to be large enough to avoid significant near-field
interactions between two neighboring paired antennas, where
the near field coupling is only possible between the two nano-
bars within the same pair, as verified by the electromagnetic
simulations (FDTD electric field intensity map) shown in
Fig. 4. At the same time, the period for the antenna arrays
should be smaller than the wavelength of the incident radi-
ation resonant to the plasmon to avoid crosstalk between LSPR
and diffractive far-field coupling. Thereby, with a small period,
we can ensure that the spectral response is strong enough
since more nanostructures will be measured in the same unit
area. In this design, we can ensure that the plasmonic anten-
nas provide spectral response strong enough to be detected.
Moreover, the gap (g) between the two arms is varied from
0.2 μm to 1 μm, which aims at affecting the local intensity dis-
tribution, thereby further boosting the enhancement and con-
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Fig. 4 The FDTD simulations for the paired-armed antennas. The simulated antenna has a width of 0.8 μm, a thickness of 0.3 μm and an arm length
of 2 μm. (a) The simulated reflection spectra as a function of the gap size in an array of paired-arm antennas (antenna arm length, 2 μm) with the
electric field polarization parallel to the long antenna axis. (b)–(f ) are simulation results of a nanoantenna pair consisting of two identical nanobars
with a gap size of 0.2 μm. (b) Simulated reflection spectrum and the cross section view of the electric field enhancement distribution (upper panels
in c–f ), as well as the charge distribution (lower panels in c–f ) at the wavelengths of 44 μm (227 cm−1) (c, marked with a blue solid square), 33 μm
(303 cm−1) (d, marked with a red circle), 25 μm (400 cm−1) (e, marked with a green triangle), and 17 μm (588 cm−1) (f, marked with a purple star),
respectively. The electric field enhancement is obtained by normalizing the electric field intensity to the incident plane wave amplitude E0.
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finement of the field. Representative SEM images of Te-hyper-
doped Si paired-arm antenna arrays are presented in Fig. 5,
where the antennas have a width (w) of 0.8 μm, an arm length

(l) of 2 μm and consist of two equal arms featuring a gap size
of 0.2 μm (Fig. 5(a)), 0.3 μm (Fig. 5(b)), 0.4 μm (Fig. 5(c)), and
1.0 μm (Fig. 5(d)). In order to investigate the sensing appli-

Fig. 5 Demonstration of MIR-FIR localized surface plasmon resonances in Te-hyperdoped Si antenna arrays. Bird’s-eye SEM images of antenna
arrays with an antenna width of 0.8 μm, an arm length of 2 μm and two equal arms featuring different gap sizes: (a) 0.2 μm, (b) 0.3 μm, (c) 0.4 μm
and (d) 1.0 μm. (e) Representative reflection spectra for the antenna arrays shown in (a)–(d). The spectra are measured with the electric field polariz-
ation parallel to the long antenna axis. (f ) The simulated reflection spectra of the same antenna arrays in (e), which correspond to horizontal cuts
through Fig. 4(a). The spectra in (e) and (f ) have been vertically offset with a constant of 0.1 for clarity.
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cations of Te-hyperdoped Si antenna arrays, it is worth discuss-
ing the antenna signal in reflection geometry. Particularly, it is
important to use the reflectance spectrum in realistic MIR
chemical sensing devices, since the aqueous solutions are not
transparent at MIR frequencies.

Fig. 5(e) demonstrates the reflection spectra in the far-infra-
red range at normal incidence with the electric field polariz-
ation direction parallel to the long antenna axis. The spectra
recorded in the mid-infrared range are shown in Fig. S3 in the
ESI.† We conducted a comparison of the measured reflection
spectra of the paired-arm antenna arrays with four different
gap size of 0.2, 0.3, 0.4, and 1.0 μm, with l = 2.0 μm and w =
0.8 μm for an individual antenna arm. In order to extract the
antenna optical response, the reflectance is displayed as R/RAu,
with R and RAu being the reflection spectra acquired from the
antenna array sample and from a gold mirror, respectively.
The experimental results clearly display two sets of reflection
peaks and valleys, shown in Fig. 5(e). In addition, these fea-
tures barely observed when the excitation electric field is
oriented perpendicular to the long antenna axis (shown in
Fig. S4 in ESI†). This suggests that the line shape that we
observe in Fig. 5(e) is indeed caused by the presence of longi-
tudinal plasmonic modes. Furthermore, a blue shift of the fea-
tures with increasing gap size is observed, indicating that the
coupling between two adjacent nanobars is present. Fig. 5(f )
presents the simulated reflection spectra for the same antenna
arrays shown in Fig. 5(e). The line shapes of the two sets of
spectra show reasonable resemblance to each other, indicating
that our simulation can provide a good insight to the plasmo-
nic behavior of the system. However, discrepancies are also
noticeable. We believe, they mainly originate from the inhom-
ogeneity of the Drude response, because the Te doping profile
is not perfectly uniform along the depth, as shown in Fig. S5
in ESI.† One important aspect that should be noted, is that for
plasmonic semiconductors, an accurate broadband permittiv-
ity (ε(λ) and ε′(λ)) is the key to the quality of simulation, and
has to be extracted properly. In our simulations, the permittiv-
ity of the Te-hyperdoped Si material was extracted from the
classic Drude mode calculation, which only represents the
theoretical values for the bulk material. In reality, the permit-
tivity of the same material but in thin-film configuration often
varies, which is partially evidenced by the discrepancies
between the Drude model and the fitted data obtained via the
TMM shown in Fig. 2. Moreover, the plasmon damping near
the edges of the antenna structures may be much higher than
in the inner part due to additional scattering by the roughly
etched surfaces and nonideally shaped cuboid (as shown in
the insets of Fig. 5(a)–(d)), which can be further minimized by
optimizing the etching parameters.

IV. Conclusions

In summary, we have demonstrated that Si hyperdoped with
the deep-level impurity Te is a promising material platform for
MIR-FIR plasmonic applications. We have accomplished elec-

tron density of about 1.25 × 1020 to 9.4 × 1019 cm−3 in Te-hyper-
doped Si, which gives rise to a plasma frequency ωp of around
1880–1630 cm−1 (λp = 5.3–6.1 μm), ideal for surface-enhanced
infrared absorption spectroscopy. By fabricating two-dimen-
sional antenna arrays out of the Te-hyperdoped Si, multiple
plasmon resonance modes are excited in the frequency range
of 100–600 cm−1. Since the whole manufacturing process of
the Te-hyperdoped Si antennas is compatible with the CMOS
technology, our result holds great promise for the realization
of CMOS-compatible MIR-FIR devices for substance-specific
molecular sensing, IR imaging, light detection, and energy
harvesting.
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User facilities and services 

Ion Beam Center (IBC) 

The Ion Beam Center (IBC) at HZDR combines various machines (electrostatic accelerators, ion 

implanters, low-energy and focused ion beam systems) into a unique facility used for ion beam 

modification and ion beam analysis of materials. The available energy range spans from a few eV to 

60 MeV with a respective interaction depth in solids between 0.1 nm to 10 µm. In addition to standard 

broad beams also focused (down to 1 nm) and highly-charged ion beams with charge states up to 45+ 

are available. In combination with an allocated ion beam experiment, users can also profit from struc-

tural analysis (electron microscopy and spectroscopy, X-ray scattering techniques) and sample or 

device processing under clean-room conditions. At the 6-MV tandem accelerator, the DREAMS 

(DREsden AMS = accelerator mass spectrometry) facility is used for the determination of long-lived 

radionuclides, like 7,10Be, 26Al, 36Cl, 41Ca, 55Fe, 129I, and others. A schematic overview of the IBC 

including the description of the main beam lines and experimental stations is given on page 87 of this 

Annual Report. In 2022, about 12,300 beam time hours were delivered for 155 proposals of 128 users 

from 16 countries worldwide, performing experiments at IBC or using the capabilities for ion beam 

services.  

 

The IBC has provided ion beam technology as a user and competence center for ion beam applica-

tions for more than 30 years. With respect to user beam time hours, the IBC is internationally leading, 

and has been supported by numerous national and European grants, and by industry. 

The research activities cover both ion beam modification and ion beam analysis (IBA), as well as 

rare isotope detection capabilities (accelerator mass spectrometry, AMS). 

The operation of IBC is accompanied by a strong in-house research at the affiliated host “Institute 

of Ion Beam Physics and Materials Research”, both in experiment and theory. Furthermore, the IBC 

strongly supports the commercial exploitation of ion beam technologies of partners from industry, which 

is essential for materials science applications. For ion beam services, the HZDR Innovation GmbH 

(spin-off of the HZDR) – www.hzdr-innovation.de – provides a direct and fast access to the IBC facilities 

based on individual contracts. 

Quite recently, new ion beam tools and end stations have been commissioned which will attract new 

users by state-of-the-art experimental instrumentation. In a new end station for Rutherford-

backscattering spectrometry (RBS), solid-liquid interfaces can now be investigated in-situ in an electro-

chemical cell. An ion microscope ORION NanoFab (He/Ne ions, 5 – 35 keV) provides unique 

possibilities for surface imaging, nano-fabrication, and for the first time, elemental analysis based on 

http://www.hzdr-innovation.de/
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ion beam techniques. The cluster tool at the 6-MV accelerator allows in-situ deposition and analysis 

investigations at temperatures of up to 800 °C. Medium-energy ion scattering (MEIS) is now available 

for investigation of elemental compositions and depth profiles of ultra-thin layers at the new 100-kV 

accelerator. 

IBC activities are efficiently integrated into various Helmholtz programmes within the research field 

“Matter”, but also in the Helmholtz cross-programme activities “Mineral Resources”, “Materials 

Research for Energy Technologies”, and “Helmholtz Energy Materials Foundry”. Since 2013, the IBC 

has been recognized as a large-scale facility within the “BMBF Verbundforschung” promoting long-term 

collaborations with universities. In addition, as of 2019 the IBC is coordinating the EU Integrated 

Infrastructure Initiative (I3) project RADIATE, which provides trans-national access to the largest ion 

beam centers in Europe (www.ionbeamcenters.eu). 

Following the rules of a European and national user facility, access for scientific experiments to IBC 

is provided on the basis of a proposal procedure (www.hzdr.de/IBC) via the common HZDR user facility 

portal HZDR-GATE (gate.hzdr.de), and for RADIATE via www.ionbeamcenters.eu. IBC users from EU 

countries are eligible to receive support through the RADIATE initiative. Due to the availability of 

multiple machines and versatile instrumentation, IBC proposals can be submitted continuously. The 

scientific quality of the proposals is evaluated and ranked by an external international User Selection 

Panel. For successfully evaluated proposals, users get free access to IBC facilities for their 

experiments. The use of the IBC facilities includes the scientific and technical support during planning, 

execution, and evaluation of the experiments. For AMS samples preparation, two chemistry laboratories 

are available. 

For more detailed information, please contact Dr. Stefan Facsko (s.facsko@hzdr.de), or 

Dr. René Heller (r.heller@hzdr.de), for AMS enquiries Prof. Anton Wallner (a.wallner@hzdr.de), and 

visit the IBC webpage: www.hzdr.de/IBC. 

  

https://www.ionbeamcenters.eu/
http://www.hzdr.de/IBC
https://gate.hzdr.de/
https://www.ionbeamcenters.eu/
mailto:s.facsko@hzdr.de
mailto:r.heller@hzdr.de
mailto:a.wallner@hzdr.de
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Free Electron Laser FELBE 

FELBE is an acronym for the free-electron laser (FEL) at the Electron Linear accelerator with high 

Brilliance and low Emittance (ELBE) located at the Helmholtz-Zentrum Dresden-Rossendorf. The heart 

of ELBE is a superconducting linear accelerator operating in continuous-wave (cw) mode with a pulse 

repetition rate of 13 MHz. The electron beam (40 MeV, 1 mA max.) is guided to several laboratories 

where secondary beams (particle and electromagnetic) are generated. Two free-electron lasers (U37-

FEL and U100-FEL) produce intense, coherent electromagnetic radiation in the mid and far infrared, 

which is tunable over a 

wide wavelength range 

(5 –250 µm) by changing 

the electron energy or the 

undulator magnetic field. 

Main parameters of the 

infrared radiation produced 

by FELBE are as follows: 

Wavelength  5 – 40 µm 

18 – 250 µm 

FEL with undulator U37 

FEL with undulator U100 

Pulse energy 0.1 – 2 µJ depends on wavelength 

Pulse length 1 – 25 ps depends on wavelength 

Repetition rate 13 MHz 3 modes:  cw  
                 macropulsed (> 100 µs, < 25 Hz) 
                 single pulsed (Hz … kHz) 

In addition, there is the THz beamline TELBE that is run by the Institute of Radiation Physics. TELBE 

delivers high-power pulses (up to 10 J) in the low THz range (0.1 to 2.5 THz) at a repetition rate of 

100 kHz. 

 Typical applications are picosecond pump-probe spectroscopy (also in combination with several 

other femtosecond lasers, which are synchronized to the FEL), near-field microscopy, and nonlinear 

optics. The FELBE facility also serves as a far-infrared source for experiments at the Dresden High 

Magnetic Field Laboratory (HLD) involving 

pulsed magnetic fields up to 70 T. 

The statistics shows that the FEL used about 

1000 hours beam time of the ELBE accelerator. 

This corresponds to 19 % of total beam time, 

which is again distributed among internal and 

external users. 

For further information, please contact Prof. 

Manfred Helm (m.helm@hzdr.de) or visit the 

FELBE webpage www.hzdr.de/FELBE. 

ELBE is a user facility and applications for beam 

time can be submitted twice a year, typically by 

April 15 and October 15. 

mailto:m.helm@hzdr.de
http://www.hzdr.de/FELBE
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Experimental equipment 

Accelerators, ion implanters, and other ion processing tools 

Van de Graaff Accelerator (VdG) 2 MV TuR Dresden, DE 

Tandetron Accelerator (T1) 3 MV HVEE, NL 

Tandetron Accelerator (T2) 6 MV HVEE, NL 

Low-Energy Ion Implanter 40 kV Danfysik, DK 

Low-Energy Ion Platform (LEINEF) 100 kV HVEE, NL 

High-Energy Ion Implanter 500 kV HVEE, NL 

Mass-Separated Focused Ion Beam (FIB)  
(will be replaced in 2023) 

10 – 30 keV, 
>10 A/cm2 

Orsay Physics, FR 

ORION NanoFab HIM 
(including GIS, Nanopatterning, TOF-SIMS,  
µ-manipulators and heater) 

He, Ne ions, 
10 – 35 keV, 

Resolution ~ 0.5/1.8 nm 

Carl Zeiss Microscopy, 
DE 

ORION PLUS HIM modified for STIM He ions, 10 – 35 keV, 
Resolution 0.35 nm 

Carl Zeiss Microscopy, 
DE 

Highly-Charged Ion Facility 25 eV – 6 keV  Q, 
Q = 1 … 45 (Xe) 

DREEBIT, DE; 
 PREVAC, PL 

Surface Modifications by Low-Energy Ion 
Irradiation  

200 – 1200 eV Home-built 

UHV Ion Irradiation (Ar, He, etc.) 0.2 – 5 keV, 

Scan 10  10 mm2 

Cremer, DE; VG, USA 

 

Ion beam analysis (IBA) 

A wide variety of advanced IBA techniques are available at the MV accelerators (see figure). 

RBS  Rutherford-Backscattering Spectrometry 
(A1), (A2), (5), 
(9), (11), (14) 

VdG, T1, T2, 
HIM 

RBS/C RBS – Channeling (A1) VdG, T1 

Liquid-
RBS 

Liquid Rutherford Backscattering 
Spectrometry 

(A2) VdG 

MEIS Medium Energy Ion Scattering MEIS LEINEF 

ERDA Elastic Recoil Detection Analysis (2), (9) T2 

PIXE Particle-Induced X-ray Emission (A1), (A2), (5), (14) VdG, T1, T2 

PIGE Particle-Induced gamma Emission (5), (14) T1, T2 

NRA Nuclear Reaction Analysis (1), (14) T1, T2 

NMP Nuclear Microprobe (14) T1 

 
Some stations are equipped with additional process facilities enabling in-situ IBA investigations during 

ion irradiation, sputtering, deposition, annealing, investigations at solid-liquid interfaces, etc. 
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Schematic overview of the HZDR Ion Beam Center 

Accelerator Mass Spectrometry (AMS) 

AMS Accelerator Mass Spectrometry (B2) T2 

 (focused to long-lived radionuclides: 7Be, 10Be, 26Al, 36Cl, 41Ca, 129I) 

Other particle-based analytical techniques 

SEM Scanning Electron Microscope (S4800 II) 1 – 30 keV 
+ EDX 

Hitachi, JP 

TEM Transmission Electron Microscope 
(Titan 80-300 with Image Corrector) 

80 – 300 keV 
+ EDX, EELS 

FEI, NL 

TEM Transmission Electron Microscope 
(Talos F200X) 

20 – 200 keV 
+ SuperX EDX 

FEI, NL 

FIB/SEM Focused Ion/Electron Cross Beam 
(NVision 40)  

1 – 30 keV 
+ EDX, EBSD 

Carl Zeiss 
Microscopy, DE 

FIB/SEM Focused Ion/Electron Instrument  
(Helios 5 CX DualBeam) 

0.5 – 30 keV Thermo Fisher 
Sci. - FEI, US 

AES Auger Electron Spectroscopy + SAM, SEM, XPS, 
EDX, CL 

Scienta Omicron, 
DE 

LEEM Low-Energy Electron Microscope 
(Spec-LEEM-III) 

0 eV – 4.5 keV, 
Resolution < 6 nm 

+ AES 

Elmitec, DE 

SIMS Secondary Ion Mass Spectrometer 
(IMS7f-auto) 

3 – 15 keV 
Cs and O beam 

CAMECA, FR 
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Photon-based analytical techniques 

XRD/XRR X-Ray Diffractometers 

θ-θ Powder D8 Advance 
θ-θ 4-Circle Empyrean 
θ-θ 4-Circle SmartLab 3kW 

Cu-K  

Bruker, DE 
PANalytical, NL 

Rigaku, JP 

SE Angle-Dependent Spectroscopic 
Ellipsometry 

250 – 1700 nm Woollam, US 

UV-Vis Solid Spec 3700 DUV 190 – 3300 nm Shimadzu, JP 

FTIR Fourier-Transform Infrared Spectrometer 50 – 15000 cm-1 Bruker, DE 

 Ti:Sapphire Femtosecond Laser 78 MHz Spectra Physics, US 

 Femtosecond Optical Parametric Osci.  APE, DE 

 Ti:Sapphire Femtosecond Amplifier 1 kHz, 250 kHz Coherent, US 

 Femtosecond Optical Parametric 
Amplifier 

 Light Conversion, LT 

THz-TDS Terahertz Time-Domain Spectroscopy 0.1 – 4 THz Home-built 

Raman Raman Spectroscopy > 10 cm-1 Jobin-Yvon-Horiba, FR 

 In-situ Raman Spectroscopy > 100 cm-1 Jobin-Yvon-Horiba, FR 

PL Photoluminescence (10 – 300 K) 405 – 1550 nm Jobin-Yvon-Horiba, FR 

 Micro-Photoluminescence < 0.5 μm Jobin-Yvon-Horiba, FR 

TRPL Time-Resolved Photoluminescence  = 3 ps – 2 ns 

 > 5 ns 

Hamamatsu Phot., JP 
Stanford Res., US 

EL Electroluminescence 300 – 1600 nm Jobin-Yvon-Horiba, FR 

 Optical Split-Coil Supercond. Magnet 7 T Oxford Instr., UK 

PR Photomodulated Reflectivity 300 – 1600 nm Jobin-Yvon-Horiba, FR 

PLE Photoluminescence Excitation 300 – 1600 nm Jobin-Yvon-Horiba, FR 

OES Optical Emission Spectroscopy 250 – 800 nm Jobin-Yvon-Horiba, FR 

Confocal Confocal scanning photoluminescence 
microscope 

~1 μm resol. 
5 – 300 K 

Attocube, DE 

SSPD Superconducting single photon detectors 800 – 1500 nm Single Quantum, NL  
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Magnetic thin film analysis 

MFM Magnetic Force Microscope ~ 50 nm resol. VEECO; DI, US 

AFM/MFM Magnetic Force Microscope ~ 50 nm resol. BRUKER ICON tool, 
US 

SQUID 
VSM 

Vibrating Sample Magnetometer  7 T Quantum Design, US 

Vector-
VSM 

Vibrating Sample Magnetometer  2 T Microsense, US 

MOKE Magneto-Optic Kerr Effect (in-plane)  0.35 T Home-built 

MOKE Magneto-Optic Kerr Effect (perpend.)  2 T Home-built 

FR-MOKE Frequency-Resolved Magneto-Optic KE  1.1 T Home-built 

SKM Scanning Kerr Microscope  Home-built 

 Kerr Microscope  Evico Magnetics, DE 

VNA-FMR Vector Network Analyzer Ferromagnetic 
Resonance 

50 GHz Agilent, DE; 
Home-built 

Cryo-FMR Variable-Temperature Ferromagnetic 
Resonance 

3 – 300 K Attocube, DE; 
Home-built 

ME Magnetoellipsometer  LOT, DE; 
AMAC, US 

µBLS Brillouin Light Scattering Microscope  0.8 T, 
491 & 532 nm 

Home-built 

SKM Scanning Kerr Microscope with RF 
Detection (Spectrum Analyzer) 

 0.5 T, 40 GHz Home-built 

MT-50G High Frequency Magneto-Transport 
Setup 

 1.5 T, 50 GHz 
250 ps 

Home-built 

 

Other analytical and measuring techniques 

STM/AFM UHV Scanning Probe Microscope (variable T) Omicron, DE 

AFM Atomic Force Microscope (Contact, Tapping, Spreading) Bruker, US 

AFM Atomic Force Microscope (with c-AFM, SCM-Module) Bruker, US 

 Dektak Surface Profilometer  Bruker, US 

 Micro Indenter/Scratch Tester  Shimatsu, JP 

MPMS Mechanical Properties Measurement System – Stretcher Home-built 

MS Mass Spectrometers (EQP-300, HPR-30) HIDEN, UK 

 Wear Tester (pin-on disc)  Home-built 

LP Automated Langmuir Probe  Impedans, IE 

HMS Hall Measurement System 2 – 400 K,  9 T LakeShore, US 

 Van-der-Pauw HMS Ecopia LNT & 300 K, 0.5 T Bridge Technol., 
US 

MTD Magneto-Transport Device 300 K,  3 T Home-built 

RS Sheet-Rho-Scanner  AIT, KR 

Redmag Redmag Tensormeter System 280 – 350 K, 2.5 T Home-built 

Greymag Greymag Tensormeter System 300 K, 0.7 T (360°) Home-built 
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Greenmag Tensormeter System (TMCS) 30 – 320 K, 
1.3 T (360°) 

Tensor Instruments 
(HZDR Inno), DE 

SEM Scanning Electron Microscope (Phenom 
XL) 

5 – 15 keV 
+ EDS 

Thermo Fisher Sci., 
US 

IV / CV I-V and C-V Semi-Automatic Prober -60 – 300 °C Süss, DE; 
 Keithley, US 

IV / CV I-V and C-V Analyzer  Keithley, US 

BCS Battery test system, 8 channels  Bio-Logic Science, 
DE  

GC Gas Chromatography (GC-2010)  Shimadzu, JP 

ECW Electrochemical workstation (CHI 760e)  CH instruments, US 

FDA Force displacement analysis machine  Sauter, DE 

IV / VNA I-V and VNA Prober for VHF, LCR and  
frequency analysis measurements 

20 – 120 MHz Süss, DE; 
Cascade, US; 
Keysight, US 

OSCI 4-channel real time oscilloscope  1.5 GHz (BW), 
5 GSa/s 

Keysight, US 

IR-Cam TrueIR Thermal Imager -20 – 350 °C Keysight, US 

CM Confocal Microscope (Smartproof 5) 405 nm LED,  
z drive res. ~ 1 nm 

Carl Zeiss, DE 

FAS Fluidic Analytic Setup – microscope,  
high speed camera, and fluidic pumps 

2 GB 120 kfps, 
5 modules 

Zeiss, DE; Photron, 
US; Cetoni, DE 

 

Deposition and processing techniques 

Physical Deposition 2x DC / 2x RF Magnetron Sputter 
System, up to 4x 6” substrates 

Nordiko, UK 

 Thermal (2 sources) / Electron Beam 
(12 pockets) Evaporation System 

CREAVAC, DE 

 Thermal Evaporation Bal-Tec, LI 

 Thermal (1 source) / Electron Beam 
(7 pockets) Evaporation System 

BESTEC, DE 

 DC/RF Magnetron Sputter System, 
4x 3’’ + 4x 2’’ magnetrons, substrate 
heating: RT – 950 °C, up to 4” wafers 

BESTEC, DE 

 DC/RF Magnetron Sputter System, 
6x 2’’ confocal magnetrons, substrate 
heating: RT – 650 °C, up to 3” wafers 

AJA International, US 

 Dual Ion Beam Sputtering (IBAD), 
6" targets, RT – 500 °C 

Home-built 

 High Power Impulse Magnetron Sputtering Melec, DE 

 Magnetron Sputter System (2 targets) Home-built 

 Thermal Evaporation System (Cr, Au) Leybold GmbH 

 DC/RF Magnetron Sputter System (Au, up 
to 3’’ wafers)  

Denton Vacuum, LLC 

PLD Pulsed Laser Deposition SURFACE, DE 

Molecular Beam Epitaxy (MBE) III-V Semiconductors Riber, FR 

 Metals CreaTec Fischer, DE 

Chemical Vapor Deposition 
(CVD) 

Plasma Enhanced: 
a-Si, a-Ge, SiO2, SiON, Si3N4 

Oxford Instr., UK 
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Atomic Layer Deposition (ALD) Al2O3, HfO2, ZnO Ultratech, US 

Dry Etching ICP-RIE,  6”: CF4, SF6, C4F8 with 
interferometric etch-stop monitor 

Sentech, DE 

 RIBE,  6”: Ar, CF4 with SIMS etch-
stop monitor 

Roth & Rau, DE 

 Barrel reactor,  4”: O2, Ar, N2 Diener electronic, DE 

Etching/Cleaning incl. Anisotropic Selective KOH Etching, 
Metal-Assisted Chemical Etching, 
Photoelectrochemical Etching 

 

Photolithography Mask-Aligner MA6,  6”, < 2 µm 
accuracy; with two-side alignment 

Süss, DE 

 Direct Laser Writer DWL 66FS,  8”x8”, 
2 µm accuracy 

Heidelberg Instr., DE 

 Laser Micro Writer ML, 10 µm accuracy Durham Magneto Optics, 
UK 

Electron Beam Lithography Raith 150-TWO:  6”, 10 nm resolution Raith, DE 

 e-Line Plus:  4”, 10 nm resolution Raith, DE 

Thermal Treatment Room Temperature – 2000 °C  

 Oxidation and annealing furnace INNOTHERM, DE 

 Rapid Thermal Annealing JETFIRST 100 JIPELEC, FR 

 Rapid Thermal Annealing AW 610 Allwin21, USA 

 Flash-Lamp Units (0.5 – 20 ms) Home-built; FHR/DTF, DE 

 Combined Flash Lamp Sputter Tool (Magnetron sputtering plus 
flash lamp annealing 0.3 – 3 ms, up to 10 Hz) 

ROVAK GmbH, DE 

 RF Heating (Vacuum) JIPELEC, FR 

 Laser Annealing (CW, 808 nm, 450 W) LIMO, DE 

 Laser Annealing (30 ns pulse,10 Hz, 308 nm, 500 mJ) COHERENT, USA 

 CVD Tube furnace (RT – 1200 °C, three channel gas) NBD, CN 

 Vacuum oven (RT – 250 °C, Vacuum < 133 Pa) LAB-KITS, CN 

 Vacuum oven (RT – 800 °C, Vacuum < 10-7 mbar) Xerion GmbH, DE 

Bonding Techniques Ultrasonic Wire Bonding Kulicke & Soffa, US 

 Semi-automatic Wire-bonder: 
Gold-ball and wedge-wedge bonding 
Ultrasonic generator: 60 kHz, 140 kHz 
Wire deformation control software 

F & S Bondtec, AT 

Cutting, Grinding, Polishing  Bühler, DE 

TEM Sample Preparation Plan View and Cross Section  
incl. Ion Milling Equipment 

Gatan, US 

SEM / HIM Sample Preparation Mechanical milling, sawing, grinding, 
polishing 

Leica, AUT 

 Argon cross-section milling, surface 
polishing 

Hitachi, JP 

Disperse and mixer Mixer for pastes and emulsions IKA, DE 

Centrifuge Max. 17850 rpm, -10 – 40 °C Thermo Scientific, US 
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Doctoral training programme 

Education programme 

This programme for our doctoral researchers fosters not only professional qualification but also 

personal development by equipping young graduates with competencies for successful careers in a wide 

variety of positions in academia and industry. 

The doctoral training programme aims at attracting and promoting excellence by educating promising 

doctoral researchers with backgrounds in physics, chemistry, materials science, and electrical 

engineering. During a period of three to four years, doctoral researchers benefit from well-structured, 

comprehensive training curricula and multiple mentorship, while performing cutting-edge research projects 

within one of the institute’s departments. 

A weekly PhD Seminar gives a training in presenting scientific results and the opportunity of exchange 

with junior, as well as senior colleagues from all departments. Every doctoral researcher is expected to 

present the progress of his/her project once a year. 

The transferable skills courses offered in 2022 covered the topics “Scientific Presentation” introduced 

by Millie Baker from London, and “Scientists Need More - effective project and time management tools” by 

Alexander Schiller from Jena. Both courses were rated very well to excellent by the doctoral researchers. 

Workshop NANONET+ FWIO FWIM 

 

The NANONET+ inter-departmental Workshop 2022 was held at the Youth Hostel Görlitz in a very 

relaxed setting after the Corona restrictions during October 4th – 6th. The topic was “2D Materials and ultra-

high doped semiconductors: electronics, photonics and sensing”. It was 

organized by the departments “Nanoelectronics” and “Semiconductor 

Materials” of our institute, NaMLab gGmbH, and the institute IHM of TU 

Dresden. The format of a “Hüttenseminar” was generously supported 

by the Heraeus Foundation Hanau. It was attended by 43 participants 

of 11 nationalities. The name is derived from the International 

Helmholtz Research School for Nanoelectronic Networks (IHRS 

NANONET) which was supported by the Initiative and Networking Fund 

of the Helmholtz Association between 2012 and 2020, and was 

coordinated at the Institute of Ion Beam Physics and Materials 

Research (www.hzdr.de/nanonet). 

http://www.hzdr.de/db/Cms?pNid=2880
http://www.hzdr.de/db/Cms?pNid=2881
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Publications and patents 

Books and chapters 

1. Makarov, D.; Sheka, D. 
Curvilinear Micromagnetism: from fundamentals to applications 
Cham, Switzerland: Springer, 2022, 978-3-031-09085-1 

2. Canon Bermudez, G.S.; Lopez, M.N.; Evans, B.A.; Yershov, K.; Makarov, D.; Pylypovskyi, O. 
Magnetic soft actuators: magnetic soft robots from macro- to nanoscale 
in Denys Makarov and Denis D. Sheka: Curvilinear Micromagnetism: from fundamentals to 
applications, Cham, Switzerland: Springer, 2022, 978-3-031-09085-1 
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Magnetochemistry 8, 33 (2022) 

149. Venanzi, T.; Selig, M.; Pashkin, A.; Winnerl, S.; Katzer, M.; Arora, H.; Erbe, A.; Patanè, A.; 

Kudrynskyi, Z.R.; Kovalyuk, Z.D.; Baldassarre, L.; Knorr, A.; Helm, M.; Schneider, H. 

Terahertz control of photoluminescence emission in few-layer InSe 

Applied Physics Letters 120, 092104 (2022) 
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150. Veremchuk, I.; Liedke, M.O.; Makushko, P.; Kosub, T.; Hedrich, N.; Pylypovskyi, O.; Ganss, F.; 

Butterling, M.; Hübner, R.; Attallah, A.G.; Wagner, A.; Wagner, K.; Shields, B.; Maletinsky, P.; 

Faßbender, J.; Makarov, D. 

Defect nanostructure and its impact on magnetism of α-Cr2O3 thin films 

Small 18, 2201228 (2022) 

151. Veremchuk, I.; Makushko, P.; Hedrich, N.; Zabila, Y.; Kosub, T.; Liedke, M.O.; Butterling, M.; 

Attallah, A.G.; Wagner, A.; Burkhardt, U.; Pylypovskyi, O.; Hübner, R.; Faßbender, J.; 

Maletinsky, P.; Makarov, D. 

Magnetism and magnetoelectricity of textured polycrystalline bulk Cr2O3 sintered in 

conditions far out of equilibrium 

ACS Applied Electronic Materials 4, 2943 (2022) 

152. Vitanov, P.; Ivanova, T.; Dikov, H.; Terziyska, P.; Ganchev, M.; Petkov, N.; Georgiev, Y.; 

Asenov, A. 

Effect of a Discontinuous Ag Layer on Optical and Electrical Properties of ZnO/Ag/ZnO 

Structures 

Coatings 12, 1324 (2022) 

153. Wang, M.; Yu, Y.; Prucnal, S.; Berencén, Y.; Shaikh, M.S.; Rebohle, L.; Khan, M.B.; Zviagin, V.; 

Hübner, R.; Pashkin, A.; Erbe, A.; Georgiev, Y.M.; Grundmann, M.; Helm, M.; Kirchner, R.; Zhou, 

S. 

Mid- and far-infrared localized surface plasmon resonances in chalcogen-hyperdoped 

silicon 

Nanoscale 14, 2826 (2022) 

154. Wei, W.; Hübner, R.; Georgi, M.; Wang, C.; Wu, X.; Eychmüller, A. 

Controllable electrostatic manipulation of structure building blocks in noble metal 

aerogels 

Materials Advances 3, 5760 (2022) 

155. Wenzel, M.; Ortiz, B.R.; Wilson, S.D.; Dressel, M.; Tsirlin, A.A.; Uykur, E. 

Optical study of RbV₃Sb₅: Multiple density-wave gaps and phonon anomalies 

Physical Review B 105, 245123 (2022) 

156. Wenzel, M.; Tsirlin, A.; Iakutkina, O.; Yin, Q.; Lei, H.C.; Dressel, M.; Uykur, E. 

Effect of magnetism and phonons on localized carriers in ferrimagnetic kagome metals 

GdMn₆Sn₆ and TbMn₆Sn₆ 

Physical Review B 106, L241108 (2022) 

157. Werbrouck, A.; Mattelaer, F.; Nisula, M.; Minjauw, M.; Munnik, F.; Dendooven, J.; Detavernier, C. 

Surface Reactions Between LiHMDS, TMA and TMP Leading to Deposition of Amorphous 

Lithium Phosphate 

Journal of Materials Chemistry A 10, 3543 (2022) 

158. Werner, Z.; Barlak, M.; Ratajaczak, R.; Kentsch, U.; Heller, R.; Munnik, F.; Konarski, P.; 

Dłużewski, P.; Pisarek, M.; Kozłowski, M.; Ażgin, J.; Zagórski, J.; Staszkiewicz, B. 

The recovery effects of electron-beam pulse treatment in Sn implanted Ge 

Radiation Effects and Defects in Solids 177, 1088 (2022) 

159. Winter, M.; Trindade Goncalves, F.J.; Soldatov, I.; He, Y.; Zuniga Cespedes, B.E.; Milde, P.; 

Lenz, K.; Hamann, S.; Uhlarz, M.; Vir, P.; König, M.; Moll, P.J.W.; Schlitz, R.; Goennenwein, 

S.T.B.; Eng, L.M.; Schäfer, R.; Wosnitza, J.; Felser, C.; Gayles, J.; Helm, T. 

Antiskyrmions and their electrical footprint in crystalline mesoscale structures of 

Mn1.4PtSn 

Communications Materials 3, 102 (2022) 
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160. Xie, Y.; Birowska, M.; Funk, H.S.; Fischer, I.A.; Schwarz, D.; Schulze, J.; Zeng, Y.-J.; Helm, M.; 

Zhou, S.; Prucnal, S. 

Tuning of Curie temperature in Mn5Ge3 films 

Journal of Applied Physics 131, 105102 (2022) 

161. Xie, Y.; Li, Z.; Begeza, V.; Funk, H.S.; Fischer, I.A.; Zeng, Y.-J.; Helm, M.; Zhou, S.; Prucnal, S. 

Influence of fabrication parameters on the magnetic and structural properties of Mn5Ge3 

Semiconductor Science and Technology 37, 065009 (2022) 

162. Xu, H.; Li, Z.; Pang, C.; Li, R.; Li, G.; Akhmadaliev, S.; Zhou, S.; Lu, Q.; Jia, Y.; Chen, F. 

Second harmonic generation from precise diamond blade diced ridge waveguides 

Chinese Physics B 31, 094209 (2022) 

163. Xu, R.; Canon Bermudez, G.S.; Pylypovskyi, O.; Volkov, O.; Oliveros Mata, E.S.; Zabila, Y.; 

Illing, R.; Makushko, P.; Milkin, P.; Ionov, L.; Faßbender, J.; Makarov, D. 

Self-healable printed magnetic field sensors using alternating magnetic fields 

Nature Communications 13, 6587 (2022) 

164. Yagodkin, D.; Greben, K.; Eljarrat Ascunce, A.; Kovalchuk, S.; Ghorbani-Asl, M.; Jain, M.; 

Kretschmer, S.; Severin, N.; Rabe, J.P.; Krasheninnikov, A.; Koch, C.T.; Bolotin, K.I. 

Extrinsic localized excitons in patterned 2D semiconductors 

Advanced Functional Materials 32, 2203060 (2022) 

165. Yastremsky, I.A.; Faßbender, J.; Ivanov, B.A.; Makarov, D. 

Enhanced Longitudinal Relaxation of Magnetic Solitons in Ultrathin Films 

Physical Review Applied 17, L061002 (2022) 

166. Yershov, K.; Kakay, A.; Kravchuk, V.P. 

Curvature-induced drift and deformation of magnetic skyrmions: Comparison of the 

ferromagnetic and antiferromagnetic cases 

Physical Review B 105, 054425 (2022) 

167. Yu, Z.; Guo, H.; Sun, Z.; Li, Y.; Liu, Y.; Yang, W.; Zhu, M.; Jin, H.; Li, Y.; Feng, L.; Li, S.; Prucnal, 

S.; Li, W. 

U7Co 3d impurity energy level mediated photogenerated carriers transfer in 

Bi2S3/ZnS:Co/TiO2 photoanode 

Chemical Engineering Journal 433, 134458 (2022) 

168. Yuan, S.; Peng, J.; Cai, B.; Huang, Z.; Garcia-Esparza, A.T.; Sokaras, D.; Zhang, Y.; Giordano, 

L.; Akkiraju, K.; Guang Zhu, Y.; Hübner, R.; Zou, X.; Román-Leshkov, Y.; Shao-Horn, Y. 

Tunable metal hydroxide–organic frameworks for catalysing oxygen evolution 

Nature Materials 21, 673 (2022) 

169. Yuan, Y.; Zhou, S.; Wang, X. 

Modulating properties by light ion irradiation: From novel functional materials to 

semiconductor power devices 

Journal of Semiconductors 43, 063101 (2022) 

170. Yuk, T.C.; Elliger, N.; Klis, B.; Kollar, M.; Horvath, E.; Forro, L.; Dressel, M.; Uykur, E. 

High-pressure investigations in CH₃NH₃PbX₃ (X = I, Br and Cl): suppression of ion 

migration and stabilization of low-temperature structure 

Physical Review B 106, 214106 (2022) 

171. Zaiets, O.; Kravchuk, V.; Pylypovskyi, O.; Makarov, D.; Sheka, D. 

Circular stripe domains and cone state vortices in disk-shaped exchange coupled 

magnetic heterostructures 

Journal of Physics D: Applied Physics 55, 445003 (2022) 



110  Publications and patents 
 
172. Zhang, Q.; Liang, J.; Bi, K.; Zhao, L.; Bai, H.; Cui, Q.; Zhou, H.-A.; Bai, H.; Feng, H.; Song, W.; 

Chai, G.; Gladii, O.; Schultheiß, H.; Zhu, T.; Zhang, J.; Peng, Y.; Yang, H.; Jiang, W. 

Quantifying the Dzyaloshinkii-Moriya Interaction Induced by the Bulk Magnetic 

Asymmetry 

Physical Review Letters 128, 167202 (2022) 

173. Zheng, W.; Sun, B.; Li, D.; Gali, S.M.; Zhang, H.; Fu, S.; Di Virgilio, L.; Li, Z.; Yang, S.; Zhou, S.; 

Beljonne, D.; Yu, M.; Feng, X.; Wang, H.I.; Bonn, M. 

Band transport by large Fröhlich polarons in MXenes 

Nature Physics 18, 544 (2022) 

174. Zhu, L.-G.; Sheng, Z.; Schneider, H.; Chen, H.-T.; Tani, M. 

Ultrafast phenomena and terahertz waves: introduction 

Journal of the Optical Society of America B 39, UPT1 (2022) 
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Active Patents and Patent Applications 

(Effective April 1st, 2023) 

1. Quantum Cascade Laser Structure 

P0404 102004009531.0 DE, US 

2. Coherent terahertz radiation source 

P0410 05787095.8 DE, GB 

3. Flüssigmetall-Ionenquelle zur Erzeugung von Lithium-Ionenstrahlen 

P0709 102007027097.8 DE 

4. Strahlungsdetektor, Verwendung eines Strahlungsdetektors und Verfahren zur 

Herstellung eines Strahlungsdetektors 

P0907 102009017505.9 DE 

5. Integrated non-volatile memory elements, design and use 

P1108 102011051767.7 DE, US 

6. Magnetisierbare Einzel- und Mehrschichtstrukturen, deren Herstellung und Verwendung 

P1109 102011052217.4 DE 

7. Carrier material for electrically polarizable biomaterials, polyelectrolyte materials, atoms, 

ions and molecules; its manufacture and use 

P1112 12772707.1 AT, CH, DE, US 

8. Integrierter nichtflüchtiger Analogspeicher 

P1204 102012102326.3 DE 

9. Integrierte Elektrode mit nichtflüchtig positionierbarer, statisch geladener Grenzschicht, 

Aufbau und Verwendung 

P1205 102012104425.2 DE 

10. Magnetooptik mit optischen Polarisationsgittern aus strukturierten unmagnetischen 

Metallen 

P1309 112014001145.2 DE 

11. Magnetisierbare Halbleiter und Oxide mit permanenter Magnetisierung, deren Herstellung 

und Verwendung 

P1313 102013209278.4 DE 

12. Variable capacitance diode, method for producing a variable capacitance diode, and 

storage device and detector comprising such a variable capacitance diode 

P1403 102014105639.6 CN, DE, US 

13. Strukturierungsverfahren 

P1404 102014107458.0 CN, DE 

14. Complementary resistance switch 

P1505 15166520.5 BE, DE, FR, GB 

15. Complementary resistance switch, contact-connected polycrystalline piezo- or 

ferroelectric thin-film layer, method for encrypting a bit sequence 

P1506 14/761,319 US 

16. Method and circuit arrangement for encrypting and decrypting a bit sequence 

P1507 14703281.7 DE, FR, GB 
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17. Complementary resistance switch, contact-connected polycrystalline piezo- or 

ferroelectric thin-film layer, method for encrypting a bit sequence 

P1508 14/800,785 US 

18. Self-cleaning high temperature resistant solar selective coating 

P1510 P201431972 ES 

19. Method for producing silicon-based anodes for secondary batteries 

P1603 201780011186.2 AT, CH, CN, DE, ES, FR, GB, IT, PL, US 

20. Method and means for operating a complementary analogue reconfigurable memristive 

resistive switch and use thereof as an artificial synapse 

P1604 102016205860.6 CN, DE, US 

21. Ionenmikroskopievorrichtung 

P1608 102016112328.5 DE 

22. THz-Antenne und Vorrichtung zum Senden und/oder Empfangen von THz-Strahlung 

P1609 102016116900.5 DE 

23. Vorrichtung und Verfahren zur Umwandlung thermischer Energie in elektrische Energie 

P1614 102017126803.0 DE 

24. Apparatus for characterizing the electrical resistance of a measurement object 

P1702 102017105317.4 CN, DE, EP, US 

25. Schichtanordnung, elektronisches Bauteil mit einer Schichtanordnung und Verwendung 

einer Schichtanordnung 

P1703 102017109082.7 DE 

26. Vorrichtung und Verfahren zum Erzeugen von Ionenpulsen 

P1709 102017218456.6 DE 

27. Teilchenspektrometer und Teilchenspektrometrieverfahren 

P1803 102018106412.8 DE 

28. Method for continuously determining all of the components of the resistance tensor of 

thin films 

P1804 102018106466.7 CN, DE, EP, US 

29. Transparent specimen slide 

P1805 102018107810.2 DE, US 

30. Method for the reconfiguration of a vortex density in a rare earth manganate, a non-

volatile impedance switch and use thereof 

P1809 102018112605.0 CN, DE, EP, US 

31. Schichtabfolge zur Erzeugung von Elektrolumineszenz und deren Verwendung 

P1813 102018117210.9 DE 

32. Verfahren zur Herstellung eines keramischen Materials mit lokal einstellbarem 

Permeabilitätsgradienten, dessen Anwendung in einem Beschichtungsverfahren sowie 

dessen Verwendung 

P1819 102018125270.6 DE 

33. Verfahren zum Herstellen eines gedruckten magnetischen Funktionselements und 

gedrucktes magnetisches Funktionselement 

P1908 102019211970.0 DE, EP 
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34. Magnetische Streufeld-Struktur, magnonisches Bauelement und Verfahren zur 

Herstellung einer magnetischen Streufeldstruktur 

P1915 102019129203.4 DE 

35. Vorrichtung zur gezielten Anordnung von in einem Analyten gelösten, elektrisch 

polarisierbaren Materialien, Verfahren zur Bestimmung eines isoelektrischen Punktes 

eines elektrisch isolierenden Materials, Verfahren zum gezielten Anordnen eines in einem 

Analyten gelösten elektrisch polarisierbaren Materials 

P2001 102020200470.6 DE, EP 



114  Concluded scientific degrees 
 

Concluded scientific degrees 

PhD theses 

1. Anwar, Md. Shadab 

Magnetostructural phase transition in Fe60V40 thin films 
TU Dresden, 21.12.2022 

2. Creutzburg, Sascha 

Neutralisation langsamer hochgeladener Ionen in zwei-dimensionalen Materialien 
TU Dresden, 15.03.2022 

3. Duan, Juanmei 

Optoelectronic applications of heavily doped GaAs and MoSe2/FePS3 heterostructures 
TU Dresden, 14.01.2022 

4. Fotev, Ivan 

Evolution of electronic order in BaFe2As2 under high pressures investigated by pump-

probe spectroscopy 
TU Dresden, 28.04.2022 

5. Ghaderzadeh, Sadegh 

Atomistic simulations of irradiation-induced phenomena in low-dimensional materials 
TU Dresden, 17.03.2022 

6. Hollenbach, Michael 

Ion-induced telecom single-photon emitters in silicon for scalable quantum photonics 
TU Dresden, 19.12.2022 

7. Khan, M. Bilal 

Towards scalable reconfigurable field effect transistors: fabrication and characterization 
TU Dresden, 17.01.2022 

8. Lünser, Klara 

Martensitische Phasenumwandlungen und Zwillingsbildung in epitaktisch gewachsenen 

Nickel-Titan-Schichten 
TU Dresden, 02.12.2022 

9. Ramasubramanian, Lakshmi 

Tunable magnetic vortex dynamics 
TU Chemnitz, 23.03.2022  

10. Schumann, Erik 

Percolated Si:SiO2 nanocomposite: Oven- vs. laser-Iiduced crystallization of SiOx thin 

films 
TU Chemnitz, 05.05.2022 

11. Seidl, Angelika 

Nichtgleichgewichtsdynamik in Graphen bei geringen Photonenergien 
TU Dresden, 22.11.2022 

Bachelor/Master/Diploma theses 

1. Hergenhan, Felix 

Superconducting germanium for quantum technology 
TU Dresden (B.Sc.), 13.10.2022 
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Awards and honors 

1. Erbe, Artur 

Head of the department “Nanoelectronics” was appointed as Honorary Professor for ‘Nanostructures 
for electronics and sensorics’ at the Faculty of Electrical and Computer Engineering of TU Dresden. 

2. Salikhov, Ruslan 

PostDoc in the department “Magnetism” was awarded the HZDR Research Award 2022 for 
“outstanding research in the fields of magnetization dynamics and THz spectroscopy”, together with Dr. 
Sergey Kovalev from Institute of Radiation Physics. 

3. Lünser, Klara 

Former doctoral researcher in the department “Magnetism” received the HZDR PhD Award 2022 for 
her dissertation “Martensitische Phasenumwandlungen und Zwillingsbildung in epitaktisch 
gewachsenen Nickel-Titan-Schichten”. 

4. Fekri, Zahra 

Doctoral researcher in the department “Nanoelectronics” received a Student Travel Grant of the 
Graphene-2022 conference, Aachen, Germany, July 5 - 8, 2022 for her poster presentation 
“Modification of charge transport in single layer MoS2”. 

5. Ghosh, Sayantan 

Doctoral researcher in the department “Nanoelectronics” received the Student Award of the NanoNet+ 
Workshop 2D Materials and ultra-high doped semiconductors: electronics, photonics and sensing, 
Görlitz, Germany, October 4 – 6, 2022 for his oral contribution ‘Novel Mixed Dimensional 
Reconfigurable Field Effect Transistors: Fabrication and Characterization’. 

6. Jagtap, Nagesh 

Doctoral researcher in the department “Nanoelectronics” was elected as Helmholtz Juniors, the council 
of the doctoral researchers at the Helmholtz Association of German Research Centers. He is speaker 
of the committee on Working Conditions. 

7. Koll, Dominik 

Doctoral researcher in the department “Accelerator Mass Spectrometry and Isotope Research” received 
an Award of the science communication contest “I’m a scientist” of the Wissenschaft im Dialog GmbH. 

8. Krasheninnikov, Arkady 

Head of the group “Atomistic Simulations of Irradiation-induced Phenomena” was once again 
announced as Highly Cited Researcher 2022 by Clarivate Analytics (Web of Science), Jersey, UK. 

9. Li, Rang 

PostDoc in the department “Semiconductor Materials” won the Best Poster Prize of the E-MRS Spring 
Meeting, May 30 – June 03, 2022, (virtual event) for his poster contribution "Plasmonic Hyper-doped 
Semiconductors for Infrared Q-switched lasing". 
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10. Schultheiß, Katrin 

PostDoc in the department “Magnetism” received funding for her EU project NIMFEIA - Nonlinear 
magnons for reservoir computing in reciprocal space of about 3 Mio. Euro for 4 years. 

11. Steuer, Oliver 

Doctoral researcher in the department “Semiconductor Materials” received the Second Prize of the 
Student Award of the NanoNet+ Workshop 2D Materials and ultra-high doped semiconductors: 
electronics, photonics and sensing, Görlitz, Germany, October 4 – 6, 2022 for his oral contribution 
“Band-gap and strain engineering in Ge1-xSnx alloys using post-growth pulsed laser melting”. 
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Invited conference contributions 

1. Astakhov, G. 
Scalable fabrication of single quantum emitters in silicon 
Flagship Workshop: Defects in solids for quantum technologies, 12. - 17.06.2022, Stockholm, 
Sweden 

2. Berencen, Y.; Hollenbach, M.; Klingner, N.; Jagtap, N.S.; Bischoff, L.; Fowley, C.; Kentsch, U.; 
Hlawacek, G.; Erbe, A.; Abrosimov, N.V.; Helm, M.; Astakhov, G.V. 
Telecom-wavelength single-photon sources in silicon for scalable photonic quantum 
technology 
2022 E-MRS Fall Meeting / Symposium I: Group-IV semiconductor materials for nanoelectronics 
and cryogenic electronics, 19. - 22.09.2022, Warsaw, Poland 

3. Escobar-Galindo, R.; Heras, I.; Guillén, E.; Munnik, F.; Azkona, I.; Caro, A.; Rojas, T.C.; 
Sánchez-López, J.C.; Krause, M. 
Optical design, microstructural characterization and high-temperature in-air stability 
study of solar selective coatings based on aluminium- (titanium, chromium) oxynitride 
multilayers 
SICT 2022 / PlasmaTech 2022 / Tribology 2022 Joint Hybrid Conferences, 27. - 29.04.2022, 
Barcelona, Spain 

4. Fähler, S.; Schwabe, S.; Lünser, K.; Schmidt, D.; Nielsch, K.; Gaal, P. 
What is the speed limit of martensitic transformations? 
MSE2022, 27. - 30.09.2022, Darmstadt, Germany 

5. Fernandez Roldan, J.A. 
Current- and field- induced magnetization dynamics and magnetic configurations in 
cylindrical nanowires 
Magnetic Resonance Laboratory Seminars, 17.05.2022, San Carlos de Bariloche, Argentina 

6. Fichter, S. 
Synthesis and characterization of tri- and tetravalent actinide amidinates 
Jahrestagung der Fachgruppe Nuklearchemie 2022, 06.10.2022, Bergisch Gladbach, Germany 

7. Friedrich, R. 
Data-driven design of two-dimensional non-van der Waals systems and ionic materials 
Seminar Theoretische Chemie TU Dresden, 19.04.2022, Dresden, Germany 

8. Friedrich, R. 
Data-driven design of two-dimensional non-van der Waals materials 
CASUSCON, 13.07.2022, Wrocław, Poland 

9. Friedrich, R. 
Data-driven design of two-dimensional non-van der Waals materials 
CECAM Workshop Virtual Materials Design, 18.07.2022, Karlsruhe, Germany 

10. Friedrich, R. 
Data-driven research for the discovery of novel two-dimensional materials 
DFG CRC 1415 Young Investigator Symposium, 21.11.2022, Dresden, Germany 

11. Ghorbani Asl, M. 
Defect engineering in two-dimensional materials 
Webinar talks from leading international experts from various fields of STEM, 12.09.2022, 
Bengaluru, India 

12. Hellwig, O. 
Exploring magnetic reversal behavior and domain structure in perpendicular anisotropy 
layered synthetic antiferromagnets 
Webinar series on Spintronics (W2S, online), National Institute of Science Education and 
Research, 07.07.2022, Bhubaneswar, India 
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13. Hellwig, O. 

Exploring magnetic reversal behavior and domain structure in perpendicular anisotropy 
layered synthetic antiferromagnets 
AVS Conference, 06.11.-11.11.2022, Pittsburgh, USA 

14. Hellwig, O. 
Exploring magnetic reversal behavior and domain structure in perpendicular anisotropy 
layered synthetic antiferromagnets 
Condensed Matter Seminar, UC Santa Cruz, 14.11.2022, Santa Cruz, USA 

15. Hellwig, O. 
Exploring magnetic reversal behavior and domain structure in perpendicular anisotropy 
layered synthetic antiferromagnets 
Condensed Matter Seminar, Western Digital, 16.11.2022, San Jose, USA 

16. Hellwig, O. 
Exploring magnetic reversal behavior and domain structure in perpendicular anisotropy 
layered synthetic antiferromagnets 
Condensed Matter Seminar, Lawrence Berkeley National Laboratory, 18.11.2022, Berkeley, USA 

17. Helm, M. 
Nonlinear THz spectroscopy of two-dimensional systems 
Workshop on "Semiconductors, nanostructures, 2D systems, and Dirac matter", 
20. - 22.06.2022, Grenoble, France 

18. Helm, M. 
Free-electron lasers: past, present, and future challenges 
International Conference on Free Electron Laser Applications and THz Studies of New States of 
Matter (TERFEL), 05. - 08.07.2022, Warsaw, Poland 

19. Helm, M. 
THz sources: from semiconductor antennas to relativistic electrons 
47th International Conference on Infrared, Millimeter and Terahertz Waves (IRMMW-THz) 2022, 
28.08. - 02.09.2022, Delft, The Netherlands 

20. Helm, M.; Singh, A.; Pashkin, O.; Winnerl, S.; Beckh, C.; Sulzer, P.; Leitenstorfer, A.; 
Schneider, H. 
Germanium ultrabroadband THz photoconductive antennas 
International School on Terahertz Photonics and Electronics, 08. - 14.05.2022, Pisa, Italy 

21. Hlawacek, G. 
Spatially resolved materials property tuning using GFIS and LMAIS based FIBs 
4th International Conference on Radiation and Emission in Materials, 06. - 08.04.2022, Pattaya, 
Thailand 

22. Hlawacek, G. 
Beyond gallium: FIB based local materials property tuning with advanced ion sources 
2022 E-MRS Spring Meeting, 30.05. - 03.06.2022, Online 

23. Hlawacek, G. 
Adding "color" to helium ion microscopy images 
Conference on the Application of Accelerators in Research & Industry, 31.10. - 03.11.2022, 
Denton, USA 

24. Hlawacek, G. 
Focused ion beam applications using gas field and liquid metal alloy ion sources 
Conference on the Application of Accelerators in Research & Industry, 31.10. - 03.11.2022, 
Denton, USA 

25. Hübner, R. 
Transmission electron microscopy for the characterization of nanoscale materials 
Spezialseminar des Instituts für Werkstoffwissenschaft der TU Bergakademie Freiberg, 
20.06.2022, Freiberg, Germany 
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26. Khan, M.B.; Echresh, A.; Ghosh, S.; Arora, H.; Chava, P.; Jazavandi Ghamsari, S.; Khan, M.M.; 

Steuer, O.; Prucnal, S.; Hübner, R.; Rebohle, L.; Zhou, S.; Helm, M.; Erbe, A.; Georgiev, Y. 
Group IV nanowires: fabrication, characterisation and applications 
14th International Conference on Electron Beam Technologies EBT 2022, 26.06. - 01.07.2022, 
Varna, Bulgaria 

27. Khan, M.B.; Echresh, A.; Ghosh, S.; Arora, H.; Chava, P.; Jazavandi Ghamsari, S.; Khan, M.M.; 
Steuer, O.; Prucnal, S.; Hübner, R.; Rebohle, L.; Zhou, S.; Helm, M.; Erbe, A.; Georgiev, Y. 
Group IV nanowires: a versatile toolbox for nano-and optoelectronic device 
2022 E-MRS Fall Meeting, 19. - 22.09.2022, Warsaw, Poland 

28. Klopf, J.M.; Evtushenko, P.; Helm, M.; Kehr, S.C.; Lehnert, U.; Michel, P.; Pashkin, O.; Winnerl, 
S.; Zvyagin, S. 
The FELBE THz/IR FEL: Overview of the facility and user activities 
International Conference on Free Electron Laser Applications and THz Studies of New States of 
Matter (TERFEL), 05. - 08.07.2022, Warsaw, Poland 

29. Lachner, J.; Findeisen, S.; Golser, R.; Kern, M.; Marchhart, O.; Martschini, M.; Wallner, A.; 
Wieser, A. 
Isobar separation with cooled ions and laser light for compact AMS facilities 
DPG Frühjahrstagung der Sektion Atome, Moleküle, Quantenoptik und Photonik, 
14. - 18.03.2022, Erlangen, Germany 

30. Lenz, K.; Pablo-Navarro, J.; Klingner, N.; Hlawacek, G.; Samad, F.; Narkovic, R.; Hübner, R.; 
Kakay, A.; Canzever, H.; Pilz, W.; Meyer, F.; Mazarov, P.; Bischoff, L.; Bali, R.; Lindner, J. 
Magnetic patterning using Ne, Co, and Dy FIB 
5. European FIB Network Workshop 2022, 31.08. - 02.09.2022, Hamburg, Germany 

31. Lünser, K. 
How martensitic transitions make materials smart 
Leibniz IKZ Summer School, 31.08. - 02.09.2022, Berlin, Germany 

32. Makarov, D. 
From curvilinear magnetism to shapeable magnetoelectronics 
Yuri Gaididei memorial workshop, 02. - 03.02.2022, Kyiv, Ukraine 

33. Makarov, D. 
FlexiSens: smart magnetic field sensor technologies 
Annual workshop for partners of scia Systems GmbH, 16.03.2022, Chemnitz, Germany 

34. Makarov, D. 
Druckbare Hochleistungs-Magnetoelektronik 
8. Dresdner Werkstoffsymposium – Innovative Werkstoffe für neue Produkte, 02. - 03.06.2022, 
Dresden, Germany 

35. Makarov, D. 
Nanomagnetism of magnetoelectric granular thin-film antiferromagnets 
15th International Conference on Modern Materials and Technologies: 9th Forum on New 
Materials, 24. - 29.06.2022, Perugia, Italy 

36. Makarov, D. 
Skin conformal and printable magnetoelectronics for human-machine interfaces and soft 
robotics 
International Intelligent Materials (IIM) 2022, 29.06. - 01.07.2022, Kiel, Germany 

37. Makarov, D. 
Geometrically curved and skin-conformal magnetoelectronics 
2022 IEEE 22nd International Conference on Nanotechnology (NANO), 04. - 08.07.2022, Palma 
de Mallorca, Spain 

38. Makarov, D. 
Flexible und druckbare low-power-Magnetfeldsensoren 
11. GMM-Fachtagung Energieautonome Sensorsysteme (EASS), 05. - 06.07.2022, Erfurt, 
Germany 
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39. Makarov, D. 

Flexible and printed electronics: from interactive on-skin devices to bio/medical 
applications 
Joint European Magnetic Symposia (JEMS), 24. - 29.07.2022, Warsaw, Poland 

40. Makarov, D. 
Curvilinear magnetism: fundamentals and applications 
2022 IEEE 12th International Conference Nanomaterials: Applications & Properties, 
11. - 16.09.2022, Krakow, Poland 

41. Makarov, D. 
Magnetosensitive e-skins and stretchable giant magnetoresistive sensors 
"Magnetism and the effect of Electric Field” (MagnEFi) conference, 10. - 14.10.2022, Crete, 
Greece 

42. Makarov, D. 
Curvature effects in curvilinear and 3D low dimensional magnetic architectures 
8th Spanish Workshop in Nanolithography, Nanolito 2022, 26. - 28.10.2022, Valencia, Spain 

43. Makarov, D. 
Magnetic composites: from printed magnetoelectronics to smart magnetic soft robots 
MRS Fall Meeting, 27.11. - 02.12.2022, Boston, USA 

44. Pile, S.; Stienen, S.; Lenz, K.; Narkovic, R.; Wintz, S.; Förster, J.; Mayr, S.; Buchner, M.; 
Weigand, M.; Ney, V.; Lindner, J.; Ney, A. 
Nonstationary spin waves under a uniform excitation in a confined permalloy microstrip 
directly imaged with STXM-FMR 
NESY User Symposium 2022, 29. - 30.09.2022, Leoben, Austria 

45. Prucnal, S. 
Defect engineering in degenerate semiconductors using intense pulsed light 
Ion Implantation and Other Applications of Ions and Electrons, 27. - 30.06.2022, Kazimierz 
Dolny, Poland 

46. Prucnal, S. 
Dissolution of dopant-vacancy clusters in semiconductors 
2022 E-MRS Spring Meeting, 30.05. - 03.06.2022, Online 

47. Pylypovskyi, O. 
Computer simulations of magnetic nanoarchitectures 
Winter school on theoretical physics, 20.01.2022, Kyiv, Ukraine 

48. Pylypovskyi, O. 
Exchange and anisotropy-driven effects in antiferromagnetic spin chains 
Yuri Gaididei memorial workshop, 02. - 03.02.2022, Kyiv, Ukraine 

49. Pylypovskyi, O. 
Domain walls in Cr2O3 
Ukrapro workshop, 01.06.2022, Dresden, Germany 

50. Pylypovskyi, O. 
Curvilinear antiferromagnets for spintronics applications 
2022 IEEE 22nd International Conference on Nanotechnology (NANO), 04. - 08.07.2022, Palma 
de Mallorca, Spain 

51. Pylypovskyi, O. 
Three-dimensional antiferromagnetic architectures 
12th International Conference on Metamaterials, Photonic Crystals and Plasmonics (META), 
19. - 22.07.2022, Torremolinos, Spain 

52. Rebohle, L. 
Tutorial: Thermal processes in short time annealing: Application examples and current 
trends 
18th International Conference on Plasma Surface Engineering, 12. - 15.09.2022, Erfurt, Germany 

53. Rebohle, L.; Prucnal, S.; Berencen, Y.; Begeza, V.; Zhou, S. 
A snapshot review on flash lamp annealing of semiconductor materials 
International Conference on Ion Implantation Technology, 25. - 29.09.2022, San Diego, USA 
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54. Rugel, G. 

Nuclear astrophysics with accelerator mass spectrometry 
17th Rußbach School on Nuclear Astrophysics, 13. - 19.03.2022, Rußbach, Austria 

55. Rugel, G. 
Combining a SIMS with AMS: Super-SIMS at DREAMS - Status of this challenging 
initiative 
National Workshop on "Chronological systematics and their applications in Earth Sciences", 
19. - 21.04.2022, New Delhi, India 

56. Schultheiß, K. 
Neuromorphic computing with magnons 
7th Workshop on Magnonics, 01.08.2022, Oxnard, USA 

57. Schultheiß, K. 
Neuromorphic computing with magnons 
CMD29 Conference, 22.08.2022, Manchester, UK 

58. Singh, A.; Pashkin, O.; Winnerl, S.; Welsch, M.; Beckh, C.; Sulzer, P.; Leitenstorfer, A.; Helm, 
M.; Schneider, H. 
Ultrabroadband terahertz pulses from a Ge:Au photoconductive emitter 
8th International Conference on Antennas and Electromagnetic Systems (AES2022), 
24. - 27.05.2022, Marrakesh, Morocco 

59. Uykur, E. 
Optical fingerprints of unconventional carriers in Kagome metals 
APS March Meeting, 14. - 18.03.2022, Chicago, USA 

60. Volkov, O. 
Local and non-local curvature-induced chiral effects in nanomagnetism 
2022 Joint MMM-INTERMAG, 10. - 14.01.2022, New Orleans, USA / Online 

61. Volkov, O. 
Curvilinear nanomagnetism 
International Conference on Materials Science, 26. - 28.10.2022, Verona, Italy 

62. Winnerl, S. 
Nonequelibrium carrier dynamics in Landau quantized graphene and mercury cadmium 
telluride 
Advanced Properties and Processes in Optoelectronic Materials and Systems (APROPOS 18), 
05. - 07.10.2022, Vilnius, Litauen 

63. Winnerl, S. 
Auger scattering in massless Dirac and Kane materials 
International Conference on Free Electron Laser Applications and THz Studies of New States of 
Matter (TERFEL), 05. - 08.07.2022, Warsaw, Poland 

64. Ziegenrücker, R. 
Super-SIMS; Combining a SIMS with AMS – Status of this challenging initiative 
GEOANALYSIS 2022 - Workshop SIMS ANALYSIS, 06. - 15.08.2022, Freiberg/Dresden, 
Germany 
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Conferences, workshops, colloquia and seminars 

Organization of conferences and workshops 

1. Rebohle, L. 
Ultrakurzzeitprozessierung: Transfer in die Industrie 
05.04.2022, Dresden, Germany 

2. Helm, M.; Evtushenko, P.; Michel, P.; Klopf, M. 
FELs of Europe: topical workshop on selected problems in FEL physics: from soft X-rays 
to THz 
25. – 27.04.2022, Dresden, Germany 

3. Yang, D.; Hemme, E.G.; Sher, M.-J.; Zhou, S. 
E-MRS Spring Meeting, Symposium B “Ultra-doped semiconductors by non-equilibrium 
processing for electronic, photonic and spintronic applications” 
30.05. – 03.06.2022, virtual event 

4. Grin, Y.; Makarov, D.; Büchner, B.; van den Brink, J. 
UKRAPRO workshop: Condensed matter physics and material science assisted by 
machine learning: Potential, results and challenges 
01.06.2022, Leibniz IFW Dresden, Dresden, Germany 

5. Makarov, D. 
Workshop “Transfer to Industry” of COST action MAGNETOFON: Ultrafast opto-magneto-
electronics for non-dissipative information technology 
07.06. – 08.06.2022; HZDR, Dresden, Germany 

6. Mika, F.; Sobola,D.; Hlawacek, G. 
FIT4NANO Summerschool 
20. – 24.06.2022, Brno, Czech Republic 

7. Marszałek, M.; Mitura-Nowak, M.; Hlawacek, G. 
FIT4NANO Workshop 
11. – 13.07.2022, Krakow, Poland 

8. Erbe, A. 
DNA Mitteldeutschland Workshop 
26.08.2022, Dresden, Germany 

9. Audoit, G; Moll, P.; Córdoba, R.; Bábor, P.; Hlawacek, G.; Hobler, G.; Mosberg, A.; 
Reuteler, J.;Winkler, R. 
5th Eu-F-N workshop 
31.08. – 02.09.2022, Hamburg, Germany 

10. Erbe, A.; Zahn, P. 
NANONET+ FWIO FWIM NaMLab Workshop 2022 - 2D Materials and ultra-high doped 
semiconductors: electronics, photonics and sensing 
04. – 06.10.2022, Görlitz, Germany 

Colloquia 

1. Chen, J. 
National University of Singapore 
Symmetry breaking by materials engineering for spin-orbit-torque technology 
30.08.2022 

2. Manchon, A. 
Aix-Marseille Université, Centre Interdisciplinaire de Nanoscience de Marseille (CINaM), France 
Exploring the potential of spin-orbitronics 
30.05.2022 
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3. Napolitani, E.  
University of Padova, Italy 
Hyperdoping of group-IV semiconductors by pulsed laser melting 
03.11.2022 

Seminars 

1. Bradely, M.  
University of Colorado, USA 
Recent progress in the theory of nanoscale surface patterns produced by ion 
bombardment 
13.09.2022 

2. Costina, I. 
Leibniz IHP, Frankfurt/Oder, Germany 
Analytical techniques for semiconductor characterization and failure analysis 
23.02.2022 

3. Devolder, T. 
CNRS, Université Paris-Saclay, France 
Inductive experiments with spin waves as energy and information carriers 
11.11.2022 

4. Donnelly, C. 
MPI-CPfS Dresden, Germany 
Three-dimensional spin textures: from the bulk to patterned nanostructures 
03.05.2022 

5. Duffy, R. 
Tyndall National Institute, Cork, Ireland 
Fabrication and electronic functionality in nano-structures and nano-films – a case study 
in doping strategies 
23.11.2022 

6. Khurgin, J. B. 
Johns Hopkins University, Baltimore/MD, USA 
Epsilon (and mu) near zero materials – photonics on steroids? 
09.09.2022 

7. Li, F.  
MPI Halle,Germany 
Defects in semiconductors for quantum applications 
16.02.2022 

8. Lüdge, K. 
TU Ilmenau, Germany 
Photonic reservoir computing: analytic insights and possibilities for optimization 
25.04.2022 

9. Meyer, J. 
Universität Tübingen, Germany 
Analyzing and assembling layered materials, atom by atom and layer by layer, in 2D and 
3D 
26.07.2022 

10. Pané i Vidal, S. 
ETH Zurich, Institute of Robotics and Intelligent Systems, Switzerland 
Materials for small-scale robotics 
22.08.2022 

11. Slavkovska, Z. 
ANU, Canberra, Australia 
Radio-impurity measurements for dark matter detection 
25.05.2022 
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12. Solina, D. 
University of Technology Sydney, Australia 
Gold-manganese: Phase transformations and diffusion studies 
22.07.2022 

13. Sun, N. 
W.M. Keck Laboratory for Integrated Ferroics, ECE Department, Northeastern University, 
Boston/MA, USA 
Magnetoelectric materials and M/NEMS: A path toward novel electronics with ultra-low 
size, weight, and power consumption 
23.05.2022 

14. Suess, D.  
University of Vienna, Austria 
From inverse design to optimized sensor and permanent magnets 
14.11.2022 

15. Wittmann, A. 
JGU Mainz, Germany 
Spintronic phenomena at unconventional hybrid interfaces 
17.06.2022 
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Projects 

The projects are listed by funding institution and project starting date. In addition, the institute has 
several bilateral service collaborations with industrial partners and research institutions. These 
activities are not included in the following overview. 

European Projects 

1 01/2019 – 06/2023  European Union  EU 
RADIATE – Research and development with ion beams - Advancing technology in Europe 
Prof. J. Faßbender Phone: 0351 260 3096 j.fassbender@hzdr.de 

2 10/2020 – 04/2024  European Union  EU 
BIONANOSENS – Deeping collaboration on novel biomolecular electronics based on 
“smart” nanomaterials 
Dr. D. Makarov Phone: 0351 260 3273 d.makarov@hzdr.de 

3 10/2020 – 09/2023  NATO  NATO 
natoMYP – Spintronic devices for microwave detection and energy harvesting 
applications 
Dr. D. Makarov Phone: 0351 260 3273 d.makarov@hzdr.de 

4 11/2020 – 10/2023 European Cooperation in Science and Technology COST 
FIT4NANO – Focused ion technology for nanomaterials 
Dr. G. Hlawacek Phone: 0351 260 3409 g.hlawacek@hzdr.de 

5 11/2020 – 10/2024 European Union  EU 
RADICAL – Fundamental breakthrough in detection of atmospheric free radicals 
Dr. Y. Georgiev Phone: 0351 260 2321 y.georgiev@hzdr.de 

6 05/2021 – 04/2025  European Union  EU 
Chemical elements as tracers of the evolution of the cosmos - infrastructures for nuclear 
astrophysics 
Prof. A. Wallner Phone: 0351 260 3274 a.wallner@hzdr.de 

7 10/2022 – 09/2025  European Union  EU 
Metrology for the harmonisation of measurements of environmental pollutants in Europe 
Dr. S. Winkler Phone: 0351 260 3802 stephan.winkler@hzdr.de 

8 10/2022 – 09/2026  European Union  EU 
Nonlinear magnons for reservoir computing in reciprocal space 
Dr. K. Schultheiß Phone: 0351 260 2919 k.schultheiss@hzdr.de 

9 10/2022 – 09/2026  European Union  EU 
Cognitive robotic tools for human-centered small-scale multi-robot operations 
Dr. D. Makarov Phone: 0351 260 3273 d.makarov@hzdr.de 

10 09/2022 – 08/2026  European Union  EU 
Recyclable materials development at analytical research infrastructures 
Dr. S. Facsko Phone: 0351 260 2987 s.facsko@hzdr.de 
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Helmholtz Association Projects 

1 01/2019 – 12/2023 Helmholtz-Gemeinschaft  HGF 
CROSSING – Crossing borders and scales - an interdisciplinary approach 

Dr. J. v. Borany Phone: 0351 260 3378 j.v.borany@hzdr.de 

2 12/2019 – 11/2024 Helmholtz-Gemeinschaft  HGF 
Helmholtz Innovation Lab – FlexiSens 

Dr. D. Makarov Phone: 0351 260 3273 d.makarov@hzdr.de 

3 02/2020 – 01/2025 Helmholtz-Gemeinschaft  HGF 
Helmholtz Innovation Lab – UltraTherm 

Dr. L. Rebohle  Phone: 0351 260 3368 l.rebohle@hzdr.de 

4 02/2022 – 09/2023 Helmholtz-Gemeinschaft  HGF 
Helmholtz Enterprise – Memristor applications, artificial intelligence and fabrication 

S. Krüger  Phone: 0351 260 2180 s.krueger@hzdr.de 

5 09/2022 – 12/2022 Helmholtz-Gemeinschaft  HGF 
Helmholtz Enterprise – Field study fellowship "MagFeel" 

Dr. D. Makarov Phone: 0351 260 3273 d.makarov@hzdr.de 

German Science Foundation Projects 

1 04/2018 – 02/2022 Deutsche Forschungsgemeinschaft  DFG 
IMASTE – Graphene encapsulated quasi-2D materials 
Dr. A. Krasheninnikov Phone: 0351 260 3148 a.krasheninnikov@hzdr.de 

2 01/2019 – 03/2022 Deutsche Forschungsgemeinschaft  DFG 
Printable giant magnetoresistive sensors with high sensitivity at small magnetic fields 
Dr. D. Makarov Phone: 0351 260 3273 d.makarov@hzdr.de 

3 06/2019 – 09/2022 Deutsche Forschungsgemeinschaft  DFG 
Interacting magnonic currents and chiral spin textures for energy efficient spintronics 
Dr. H. Schultheiß Phone: 0351 260 3243 h.schultheiss@hzdr.de 

4 07/2019 – 12/2022 Deutsche Forschungsgemeinschaft  DFG 
3D tailoring of all-oxide heterostructures by ion beams 
Dr. S. Zhou Phone: 0351 260 2484 s.zhou@hzdr.de 

5 07/2019 – 06/2022 Deutsche Forschungsgemeinschaft  DFG 
Lab-on-chip systems carrying artificial motors for multiplexed and multiparametric 
biochemical assays 
Dr. D. Makarov Phone: 0351 260 3273 d.makarov@hzdr.de 

6 10/2019 – 03/2023 Deutsche Forschungsgemeinschaft  DFG 
3D transport of spin waves in curved nano-membranes 
Dr. A. Kakay Phone: 0351 260 2689 a.kakay@hzdr.de 

7 11/2019 – 04/2023 Deutsche Forschungsgemeinschaft  DFG 
Functionalization of ultrathin MoS2 by defect engineering 
Dr. A. Krasheninnikov Phone: 0351 260 3148 a.krasheninnikov@hzdr.de 

8 02/2020 – 05/2023 Deutsche Forschungsgemeinschaft  DFG 
TRIGUS - Friction-induced interface and structure-changing processes in dry lubrication 
systems under defined atmospheres 
Dr. M. Krause Phone: 0351 260 3578 matthias.krause@hzdr.de 

9 04/2020 – 08/2024 Deutsche Forschungsgemeinschaft  DFG 
CurvMag – Non-local chiral interactions in corrugated magnetic nanoshells 
Dr. D. Makarov Phone: 0351 260 3273 d.makarov@hzdr.de 
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10 07/2020 – 06/2024 Deutsche Forschungsgemeinschaft  DFG 

SFB 1415 – Chemistry of synthetic two-dimensional materials 
Dr. A. Krasheninnikov Phone: 0351 260 3148 a.krasheninnikov@hzdr.de 

11 08/2020 – 07/2023 Deutsche Forschungsgemeinschaft  DFG 
AMSIGE – Topological order and its correlation to self-atom transport in amorphous 
materials:silicon and germanium as model systems 
Dr. M. Posselt Phone: 0351 260 3279 m.posselt@hzdr.de 

12 09/2020 – 08/2023 Deutsche Forschungsgemeinschaft  DFG 
3Dmag – Krümmungsinduzierte Effekte in magnetischen Nanostrukturen 
Dr. D. Makarov Phone: 0351 260 3273 d.makarov@hzdr.de 

13 11/2020 – 10/2023 Deutsche Forschungsgemeinschaft  DFG 
miracuSi – Room-temperature broadband MIR photodetector based on Si:Te for wafer-
scale integration 
Dr. S. Zhou Phone: 0351 260 2484 s.zhou@hzdr.de  

14 12/2020 – 11/2023 Deutsche Forschungsgemeinschaft  DFG 
MUMAGI II – Microscopic understanding of disorder induced ferromagnetism in B2-alloy 
thin films II 
Dr. R. Bali Phone: 0351 260 2919 r.bali@hzdr.de 

15 01/2021 – 12/2023 Deutsche Forschungsgemeinschaft  DFG 
eSensus – Compliant and breathable magnetoelectronics: towards electronic 
proprioception 
Dr. D. Makarov Phone: 0351 260 3273 d.makarov@hzdr.de 

16 04/2021 – 03/2024 Deutsche Forschungsgemeinschaft  DFG 
Hybrid nanomechanical systems including atom-scale defects based on silicon carbide 
Dr. A. Erbe Phone: 0351 260 2366 a.erbe@hzdr.de 

17 06/2021 – 05/2024 Deutsche Forschungsgemeinschaft  DFG 
Hybrid nanomechanical systems including atom-scale defects based on silicon carbide 
Dr. G. Astakhov Phone: 0351 260 3894 g.astakhov@hzdr.de  

18 06/2021 – 05/2024 Deutsche Forschungsgemeinschaft  DFG 
TRANSMAX – Transport and magnetic properties of disordered Cr2AlC MAX phases 
Dr. R. Bali Phone: 0351 260 2919 r.bali@hzdr.de  

19 08/2021 – 07/2024 Deutsche Forschungsgemeinschaft  DFG 
TOPCURVE – Curvature-induced effects in magnetic nanostructures 
Dr. A. Kakay Phone: +49 351 260 2689 a.kakay@hzdr.de 

20 10/2021 – 10/2023 Deutsche Forschungsgemeinschaft  DFG 
Coupling effects in re-programmable micro-matter 
Dr. S. Fähler Phone: 0351 260 2775 s.faehler@hzdr.de 

21 01/2022 – 12/2024 Deutsche Forschungsgemeinschaft  DFG 
Search for magnetochiral responses in curvilinear geometries 
Dr. O. Volkov Phone: 0351 260 2186 o.volkov@hzdr.de 

22 01/2022 – 12/2024 Deutsche Forschungsgemeinschaft  DFG 
Spin-momentum relaxation dynamics of Dirac fermions in HgTe-based topological 
insulators 
Dr. G. Astakhov Phone: 0351 260 3894 g.astakhov@hzdr.de 

23 01/2022 – 06/2023 Deutsche Forschungsgemeinschaft  DFG 
Martensitic phase transformations and twinning in epitaxially grown nickel titanium films 
Dr. S. Fähler Phone: 0351 260 2775 s.faehler@hzdr.de  

24 02/2022 – 01/2025 Deutsche Forschungsgemeinschaft  DFG 
Design of nanostructured noble-metal chalcogenide electrocatalysts for hydrogen 
evolution reaction 
Dr. A. Krasheninnikov Phone: 0351 260 3148 a.krasheninnikov@hzdr.de 
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25 02/2022 – 02/2025 Deutsche Forschungsgemeinschaft  DFG 

Spin wave quantisation and non-linear scattering in non-reciprocal materials 
Dr. O. Gladii Phone: 0351 260 3151 o.gladii@hzdr.de 

26 03/2022 – 09/2025 Deutsche Forschungsgemeinschaft  DFG 
Interplay between frustrated, correlated and topological quantum electronic states in 
magnetic Kagome metals  
Dr. E. Uykur Phone: 0351 260 2494 e.uykur@hzdr.de 

27 04/2022 – 03/2025 Deutsche Forschungsgemeinschaft  DFG 
Influences and resistance development of microorganisms on low concentrations of 
nanomaterials in geometrically defined environments 
Dr. D. Makarov Phone: 0351 260 3273 d.makarov@hzdr.de 

28 04/2022 – 03/2025 Deutsche Forschungsgemeinschaft  DFG 
A DNA origami-brick system for the fabrication of nanoelectronic elements 
Dr. A. Erbe Phone: 0351 260 2366 a.erbe@hzdr.de 

29 04/2022 – 09/2026 Deutsche Forschungsgemeinschaft  DFG 
Graduiertenkolleg 2767 – Supracolloidal structures: From materials to optical and 
electronic devices 
Dr. A. Erbe Phone: 0351 260 2366 a.erbe@hzdr.de 

30 07/2022 – 06/2024 Deutsche Forschungsgemeinschaft  DFG 
Strain-tunable magnetic vortex oscillators 
Dr. V. Iurchuk Phone: 0351 260 2049 v.iurchuk@hzdr.de 

31 07/2022 – 06/2025 Deutsche Forschungsgemeinschaft  DFG 
New avenues to nanofabrication: assembly of vertical heterostructures from 
nanopatterned two-dimensional materials 
Dr. A. Krasheninnikov Phone: 0351 260 3148 a.krasheninnikov@hzdr.de 

32 08/2022 – 07/2025 Deutsche Forschungsgemeinschaft  DFG 
Organic chromophores on ferromagnets illuminated: photochemical and magnetic study 
Dr. A. Lindner Phone: 0351 260 2435 a.lindner@hzdr.de  

33 08/2022 – 06/2023 Deutsche Forschungsgemeinschaft  DFG 
Thermal micro energy harvesting by thermomagnetic film actuation 
Dr. S. Fähler Phone: 0351 260 2775 s.faehler@hzdr.de 

34 11/2022 – 10/2024 Deutsche Forschungsgemeinschaft  DFG 
Effects of atomic defects at lateral and vertical metal-semiconductor interfaces on the 
properties of two-dimensional transition-metal dichalcogenide heterostructures 
Dr. A. Krasheninnikov Phone: 0351 260 3148 a.krasheninnikov@hzdr.de 
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Federally and Saxony State Funded Projects 

1 11/2018 – 03/2022 Bundesministerium für Bildung und Forschung BMBF 
Metal-germanium interface: Schottky barrier and ohmic contacts 
Dr. S. Prucnal Phone: 0351 260 2065 s.prucnal@hzdr.de 

2 07/2019 – 01/2022 Sächsische Aufbaubank  SAB 
GNSS – Innovative product platform for space-based global navigation satellite systems 
Dr. J. v. Borany Phone: 0351 260 3378 j.v.borany@hzdr.de 

3 10/2019 – 09/2023 Bundesministerium für Bildung und Forschung BMBF 
SiGeSn – Group IV-heterostructures for most advanced nanoelectronics devices 
Dr. Y. Georgiev Phone: 0351 260 2321 y.georgiev@hzdr.de 
Dr. S. Prucnal Phone: 0351 260 2065 s.prucnal@hzdr.de 

4 10/2019 – 09/2023 Bundesministerium für Bildung und Forschung BMBF 
SPES3 – Black phosphorus in sensitive, selective, and stable sensors 
Dr. A. Erbe Phone: 0351 260 2366 a.erbe@hzdr.de 

5 03/2020 – 08/2022 Arbeitsgemeinschaft industrielle Forschung AiF 
Magnetic nanostructures 
Dr. L. Bischoff Phone: 0351 260 2866 l.bischoff@hzdr.de  

6 06/2020 – 05/2022 EFDS e. V.  EFDS 
Novel Eddy current sensors based on flexible GMR sensor arrays for the analysis of 
components of complex shape 
Dr. D. Makarov Phone: 0351 260 3273 d.makarov@hzdr.de 

7 10/2020 – 09/2023 Bundesministerium für Wirtschaft und Klimaschutz BMWK 
RoSiLIB – Nanoporous Si anodes of lithium ion batteries by microdroplet quenching 
Dr. K.-H. Heinig Phone: 0351 260 3288 k.h.heinig@hzdr.de 

8 12/2020 – 01/2022 Sächsische Aufbaubank  SAB 
NanoNeuroNet – Nanostructures for neural networks 
Dr. A. Erbe Phone: 0351 260 2366 a.erbe@hzdr.de 

9 04/2021 – 03/2024 Bundesministerium für Bildung und Forschung BMBF 
MAG4INK – Design and manufacture of printed magnetic field sensors for flexible elec-
tronics  
Dr. D. Makarov Phone: 0351 260 3273 d.makarov@hzdr.de 

10 05/2021 – 05/2022 Sächsische Aufbaubank  SAB 
Contactless human-machine interface based on flexible magnetic field sensors 
Dr. D. Makarov Phone: 0351 260 3273 d.makarov@hzdr.de 

11 07/2021 – 06/2024 LeibnizX  LX 
Defect-engineering in graphene via focused ion beam for tailored van der Waals epitaxy of 
h-BN 
Dr. A. Krasheninnikov Phone: 0351 260 3148 a.krasheninnikov@hzdr.de 

12 05/2021 – 04/2025 Sächsische Aufbaubank  SAB 
Gallium oxide fabrication with ion beams (GoFIB) 
Dr. G. Hlawacek Phone: 0351 260 3409 g.hlawacek@hzdr.de 

13 10/2022 – 09/2027 Bundesministerium für Bildung und Forschung BMBF LX 
Diamond based quantum sensing for NeurOSurgery (DiaQNOS) – Multiplex sensorics and 
imaging 
Dr. G. Balasubramanian Phone: 0351 260 3799 g.balasubramanian@hzdr.de 

  



130  Projects 
 

Personnel Exchange Projects and Society Chairs 

1 05/2017 – 12/2023 Institute of Electrical and Electronics Engineers IEEE 
IEEE Magnetics Society – German chapter chair 
Prof. J. Faßbender Phone: 0351 260 3096 j.fassbender@hzdr.de 

2 03/2021 – 06/2024 Sino-German-Center  SGC 
Magnetosensitive e-skins for magnetic perception ability of human and soft robots 
Dr. D. Makarov Phone: 0351 260 3273 d.makarov@hzdr.de 

3 04/2021 – 03/2023 Alexander-von-Humboldt-Stiftung  AvH 
Alexander von Humboldt fellowship Dr. Li 
Prof. M. Helm Phone: 0351 260 2260 m.helm@hzdr.de 

4 04/2022 – 03/2024 Alexander-von-Humboldt-Stiftung  AvH 
Alexander von Humboldt fellowship Dr. Roldan 
Dr. D. Makarov Phone: 0351 260 3273 d.makarov@hzdr.de 

 

mailto:d.makarov@hzdr.de
mailto:d.makarov@hzdr.de
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Organization chart

Institute of Ion Beam Physics and Materials Research 
Prof. Dr. Jürgen Faßbender                      Prof. Dr. Manfred Helm   

FWI Doctoral Training Programme 
Coordinator: Dr. Peter Zahn

Magnetism 
Dr. Jürgen Lindner

Micromagnetic 
Modeling 

Dr. Attila Kákay

Magnonics 
Dr. Helmut Schultheiß

Nanomaterials and 
Transport 

Prof.  Dr. Artur Erbe, 
Dr. Matthias Krause

Nanoelectronics 
Prof. Dr. Artur Erbe

Nanofabrication and 
Analysis  

Dr. Ciaran Fowley, 
Dr. Yordan Georgiev

Ion Beam Center 
Dr. Stefan Facsko, 

Dr.  René  Heller

Ion Induced 
Nanostructures 

Dr. Gregor Hlawacek

Structural Analysis 
Dr. René Hübner

Atomistic Simulations 
Dr. Arkady Krasheninnikov

Ion Accelerators 
Dr. Shavkat Akhmadaliev

Ion Implantation and 
Modification of Materials 

Ulrich Kentsch

Ion Beam Analysis 
Dr.  René  Heller

Accelerator Mass 
Spectrometry 

Prof. Dr. Anton Wallner

Intelligent Materials 
and Systems 

Dr. Denys Makarov

Semiconductor  
Materials 

Dr. Shengqiang Zhou

Spectroscopy 
Dr.  Stephan Winnerl

Quantum Materials 
and Technology 

Dr.  Georgy Astakhov
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List of personnel 2022 

 

DIRECTORS 

Prof. Dr. M. Helm, Prof. Dr. J. Faßbender 

OFFICE 

S. Gebel, S. Kirch  

SCIENTIFIC STAFF 

Permanent staff 

 

 

Dr. C. Akhmadaliev 

Dr. G. Astakhov 

Dr. R. Bali 

Dr. E. Dimakis 

Dr. D. Erb 

Prof. Dr. A. Erbe 

Dr. S. Facsko 

Dr. S. Fähler 

Dr. C. Fowley 

Dr. Y. Georgiev 

Dr. M. Ghorbani-Asl 

Dr. R. Heller 

Dr. G. Hlawacek 

Dr. R. Hübner 

Dr. A. Kákay 

Dr. A. Krasheninnikov 

Dr. M. Krause 

Dr. J. Lachner 

Dr. K. Lenz 

Dr. J. Lindner 

Dr. D. Makarov 

Dr. F. Munnik 

Dr. A. Pashkin 

Dr. K. Potzger 

Dr. S. Prucnal 

Dr. L. Rebohle 

Dr. G. Rugel 

Dr. H. Schultheiß 

Prof. Dr. A. Wallner 

Dr. S. Winnerl 

Dr. P. Zahn 

Dr. S. Zhou 

 

 

Non-permanent  

 

 

Dr. H. Arora  

Dr. G. Balasubramanian 

Dr. Y. Berencén  

Dr. L. Bischoff 

Dr. G. S. Canon 
Bermudez (P) 

Dr. C. Cherkouk (P) 

Dr. F. Davies (P) 

Dr. J. Duan 

Dr. H.-J. Engelmann (P) 

Dr. J.A. Fernandez-
Roldan (P) 

Dr. S. Fichter 

Dr. C. Folgner (P) 

Dr. R. Friedrich (P) 

Dr. F. Ganss 

Dr. A. Garcia Valenzuela 
(P) 

Dr. O. Gladii (P) 

Dr. F. Goncalves (P) 

Dr. K.-H. Heinig (P) 

Prof. Dr. O. Hellwig 

Dr. M. Hollenbach 

Dr. V. Iurchuk  

Dr. M.B. Khan (P) 

Dr. C. Kielar (P) 

Dr. N. Klingner (P) 

Dr. S. Kretschmer (P) 

Dr. N. Lambeva 

Dr. R. Li (P) 

 

 

 

Dr. A. Lindner  

Dr. S. Lohmann (P) 

Dr. K. Lünser (P) 

Prof. Dr. W. Möller (P) 

Dr. I. Mönch (P) 

Dr. R. Podlipec (P) 

Dr. M. Posselt (P) 

Dr. O. Pylypovskyi 

Dr. R. Rana 

Dr. R. Salikhov (P) 

Dr. K. Schultheiß  

Dr. J. Schütt (P) 

Dr. M. Sequeira (P) 

Dr. A. Singh  

Dr. S. Sorokin (P) 

Dr. K. Stübner 

Dr. X. Sun 

Dr. E. Uykur 

Dr. I. Veremchuk 

Dr. C. Vivo Vilches (P) 

Dr. O. Volkov  

Dr. S. Winkler 

Dr. R. Xu (P) 

Dr. Y. Zabila (P) 
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TECHNICAL STAFF 

Permanent staff 

 

 

Rb. Aniol 

Rm. Aniol 

C. Bischoff 

T. Döring 

S. Eisenwinder 

M. Görlich 

H. Gude 

J. Heinze 

A. Henschke 

H. Hilliges 

Dr. R. Illing 

U. Kentsch 

S. Klare 

R. Krause 

A. Kunz 

K. Lang 

H. Lange 

U. Lucchesi 

F. Ludewig 

 

 

 

D. Medger 

R. Mester 

Dr. R. Narkovic 

T. Naumann 

C. Neisser 

F. Nierobisch 

T. Putzke 

A. Reichel 

B. Scheumann 

G. Schnabel 

A. Schneider 

A. Scholz 

T. Schönherr 

C. Schubert 

J. Schulz 

T. Schumann 

 

 

 

 

M. Steinert 

T. Tarnow 

Dr. T. Voitsekhivska 

J. Wagner 

A. Weise 

A. Weißig  

J. Winkelmann 

R. Ziegenrücker 

L. Zimmermann 

J. Zscharschuch 

Non-permanent 

 

 

M. Baum 

A. Berens (P) 

K. Jarschel 

S. Krüger (P) 

R. Lehmann (P) 

Dr. L. Ramasubra-
manian (P) 

L. Scharf 

C. Schmoldt (P) 

A. Vollmer 

A. Worbs 

S. Worm 

 

(P) Projects 

 

PhD STUDENTS 

Y. Alsaadawi 

V. Begeza 

M. Bejarano 

U. Bektas 

O. Bezsmertna 

J. Cabaco Salgado 

P. Chava 

A. Echresh 

M. Faria 

Z. Fekri 

I. Fotev 

Y. Ge 

S. Ghosh 

P. Heinig 

C. Heins 

D. Hilliard 

T. Hula 

N. Jagtap 

M. Jain 

M.M. Khan 

D. Koll 

L. Körber 

Yi Li 

K. Lin 

F. Long 

A. Luferau 

P. Makushko 

E.S. Oliveros Mata 

K. Mavridou 

B. Neumann 

G. Patel 

B. Rodriguez Barea 

F. Samad 

P. Santra 

S. Schuba 

A. Seidl 

M.S. Shaikh 

 

S. Shakeel 

O. Steuer 

Y. Sun 

T. Svetikova Uaman 

D. Tucholski 

T. Weinert 

S. Wen 

J. Wolf 

N. Yuan 

G. Zhang 

Y. Zhou 

S. Zwickel 

STUDENTS (Diploma / MSc / BSc) 

D. Bhattacharya 

M. Bhavsar 

M. Chennur 

F. Hergenhan 

A. Pandey 

G. Schmidt 

P. Singh 

A. Wendler 
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