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Welcome from the Organizing Committee 

On behalf of the Organizing Committee, it is a pleasure for us to welcome you to Torino for the IAEA Technical 

Meeting on “Ion Beam-Induced Spatio-Temporal Structural Evolution of Matter: Towards New Quantum 

Technologies ”. 

This event is a follow-up to the IAEA Consultant Meeting “Radiation Damage in Nanostructures created by Ion 

Beams” which was held in December 2015 at the IAEA headquarters in Vienna, Austria. In the Consultant Meeting, the 

participants (Mark Breese, David Jamieson, Thomas Schenckel, Ettore Vittone), under the guidance of the IAEA Officer 

(Aliz Simon), agreed that there was a need for a comprehensive review of the role that ion beam techniques can play 

in the emerging field of Quantum Technology. Therefore, the Consultant Meeting resulted in the recommendation of 

the organization of a Technical Meeting aimed to favour the exchange of ideas and information on current research 

on ion beam induced effects, with the scope of fostering international collaborations and developing strategies for 

multi-national research projects. 

With these purposes, the present Technical Meeting was organized from 23 to 27 May 2016 at the University of 

Torino, under the patronage of IAEA. 

We are thankful to the many delegates that were designated by their respective Governments, who have welcomed 

the invitation to attend the Meeting not only to present the state of the art of their activities, but, most importantly, 

to propose new developments of their research. To this purpose, the Meeting was organized in a series of preliminary 

sessions devoted to scientific talks, which are followed by a dense program of parallel and plenary sessions devoted 

to the design of joint research projects. In addition, oral contributions from experts in trans-national research projects 

relevant to Quantum Technologies will illustrate actions that can foster and promote collaborations and networking, 

which will be finally discussed in a round table.  

We hope that this Meeting will substantially foster synergies among the delegates, with the goal of overcoming the 

gaps in the understanding of the spatio-temporal evolution of matter induced by ion beams. 

Finally, in addition to the dense scientific program, we hope that you will find time to explore, discover and enjoy 

this beautiful city. 

 

 

Aliz Simon 

Ettore Vittone  
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Background 

Time and space-resolved ion beam irradiation techniques play an important role in modifying the properties and 

patterning of several classes of materials. Improving the utilization of these ion beam techniques for tuning material 

properties for quantum technologies requires the development of new experimental techniques and the refinement 

of adequate theoretical models with an aim to deepen the understanding of radiation effects and ion-matter 

interaction processes. In analogy with recent developments of ultra-fast techniques to elucidate the dynamics of 

chemical reactions using focused fs-lasers, there is an exciting opportunity to gain access to the spatial and time 

domains of ion-solid interactions. Here, the goal is to track the dynamics of collision cascades induced by energetic 

ions in materials in situ using pump-probe type techniques with ion beams. Advancement in this area will be enabled 

by the development of short-pulse and highly focused ion beam capabilities (based at accelerators and/or laser-plasma 

driven ion pulses), together with advances in (ultra)-fast and space-resolved diagnostics. Experimental results from 

these studies will combine widely used models and simulation tools with the potential to greatly improve their 

predictive power. The aforementioned study is important because it can inform strategies for the design and 

engineering of materials with tailored properties for a broad range of applications. 

The following three areas can be identified as those with high impact potential for ion beam driven materials design 

in emerging quantum technologies. The first is the quest for high critical temperature superconductivity with highly 

doped semiconductors (e.g. boron doped diamond) and modulation doped cuprates; the second regards advances in 

quantum bits based on single dopants and colour centers in semiconductors; the third area are 2D materials as 

promising post-CMOS devices e. g. in tunnel transistor architectures.  

New approaches can build on these foundations to solve presently unsolved problems. Some problems need 

deeper understanding of the spatial and temporal dynamics of ion-solid interactions to shed light on processes for 

introducing dopant atoms into crystals, to activate desirable colour centers or to fabricate new phases of matter 

difficult or impossible by other methods. Successful approaches to these lines of research require interdisciplinary 

teams of experts. 
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Purpose 

The overall objective of this Technical Meeting is to provide a forum to exchange ideas and information on the 

spatio-temporal structural evolution of matter induced by ion beams, and to suggest collaborative research activities 

in this area that the IAEA could promote and facilitate.  

Through scientific presentations and brainstorming discussions, this Technical Meeting is aimed at achieving the 

following specific objectives: 

 To identify and address weaknesses in the understanding of the spatio-temporal structural evolution of 

matter induced by energetic ion irradiation. 

 To discuss the state of the art and new developments of ion beam techniques to both induce and 

characterize the spatio-temporal structural evolution of materials, especially diamond, silicon, HTc 

superconductors, 2D materials and other emerging platforms for quantum technologies. 

 To initiate and foster international collaborations and develop strategies for multi-national research projects. 

 To identify joint interests in major projects underway in the institutions of the participants, as well as in the 

major stakeholders (including IAEA) in the research outcomes. 

 To explore novel dissemination methods including social media. 

 To identify the key research organisations, funding agencies and other actors of importance to the field. 

 To discuss and design a possible Research Proposals coordinated by IAEA, that will facilitate further 

development of time- and spatially resolved ion beam radiation techniques. 
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Topics 

The meeting will cover the following topics: 

 

Modeling and experimental benchmarking of ion cascades in the time domain. To gain experimental access to 

the time domain of radiation damage evolution: while molecular dynamics simulations have long been used to 

visualize the collision cascade dynamics, to date there are hardly any data that benchmark the simulations on time 

scales ranging from femtoseconds to seconds. 

 

Development of time- and space- resolved ion beam irradiation techniques. To enhance the experimental 

capabilities to modify and measure changes in materials properties induced by various modes of pulsed and collimated 

ion beam irradiation: studying of the temporal dynamics of ion cascades and the development of stencil lithography 

with nanoscale patterning capability. 

 

High temperature superconductivity tailored by ion beams. To investigate the superconductivity in doped 

superconductors (e.g. boron doped diamond) and in cuprates (e.g. YBCO, BSCCO) with modulation doping, formed by 

ion implantation. 

 

Dynamics of spin qubit and color center formation in semiconductors (Si, BN, SiC, diamond). To Develop new ion 

beam irradiation and implantation methods to explore the formation dynamics of single dopants and luminescence 

centers for the development of a deterministic fabrication pathway. 

 

Radiation effects in 2D materials and interfaces. To functionalize 2D materials such as graphene or MoS2, and/or 

buried interfaces of hetero-junctions, through the engineering of defects induced by ion beams, by using either   

focused ion beams   or stencil lithography. 
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Useful Information 

Meeting location             

The meeting will be held at the historical Rectorate building of the University of Torino (via G. Verdi 8 / via Po 17), 

in the city center of Torino. 

 

Public transport in Torino            

Metro: The closest Train/Metro station to the meeting location is “Porta Nuova” (15 minutes walk), while the 

“Porta Susa” and the nearby “XVIII Dicembre” stations are at a 20-25 minutes walk. 

Bus: The meeting location is conveniently reached by several bus and tram lines from the closest train/metro 

stations:  

 lines #61 or #68 from “Porta Nuova” train/metro station 

 lines #13 or #56 from  “XVIII Dicembre” metro station 

 line #55 from nearby the “Porta Susa” train/metro station 

 line #68 from  “Vinzaglio” metro station 

Useful links              

Public transportation in Torino (GTT): http://www.gtt.to.it/cms/en/ 

Train system (Trenitalia): http://www.trenitalia.com/tcom-en 

Shuttle bus from Milano Malpensa Airport (SADEM): http://www.sadem.it/en/prodotti/collegamento-aeroporti.aspx 

GTT      Trenitalia     SADEM 
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Scientific Programme 

The IAEA Technical Meeting is reserved to scientists delegated by their respective Governments to contribute to 

achieve its specific objectives. However, in virtue of the emerging interest in Quantum Technologies, the first two days 

of the meeting that are devoted to present the state of the art and new developments of ion beam techniques, will 

be open to a wider audience. 

To attend these public and fee-free sessions, registration is required and available online at the Technical Meeting 

website www.IAEA-TM.unito.it. 

 

  

http://www.iaea-tm.unito.it/
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Monday 23 may 

08:30-09:30 Registration 

 Opening Session  – Aula Magna  

09:30-10:00 Welcome addressed by 
Federico Bussolino,  
Deputy Rector for Translational Researches of the University of Torino 
Ermanno Vercellin 
Deputy Director for Research of the Physics Department of the University of Torino  

10:00-10:30 Ettore Vittone - University of Torino 
Ion Beam-Induced Structural and Functional evolution of Matter: Towards New Quantum 
Technologies at the University of Torino  

10:30-11:00 Aliz Simon - IAEA  
The International Agency for Atomic Energy  

11:00-11:40 Group Photo and Coffee break 

11:40-12:10 Matteo Mascagni - European Policy Expert, Italian Ministry of Education, University and 
Research (MIUR) 
EU Funding: some opportunities for Quantum Technologies 

12.10-12.40 David Jamieson - University of Melbourne (Australia) 
Quantum Technologies 

12:40-13:50 Lunch buffet 

13:50-14:30 Reserved to official participants 
Self - Introduction of participants 
Election of Chairpersons and Rapporteur  
Discussion of the Agenda  
Approval of the Agenda 

 
Session A  – Aula Magna 

Development of time - and spatially resolved ion beam irradiation techniques 
Chair: Takeshi Ohshima 

14:30-15:00 
Keynote: Thomas Schenkel: Accessing the dynamics of radiation induced defects in materials 
with intense, pulsed ion beams 

15:00-15:20 Talk1: Nicolò Cartiglia: Tracking in 4 dimensions 

15:20-15:40 Talk2: Željko Pastuović: Single ion implantation in materials and devices at ANSTO 

15:40-16.00 
Talk3: Milko Jakšić: Monitoring the evolution of IBIC response during irradiation by ion 
microbeam  – experimental capabilities 

16:00-16:30 Coffee break 

16:30-17:00 Talk4: Mark Breese: A Review of Silicon Machining using High Energy Ion Irradiation 
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Tuesday, May 24 

 
Session B – Aula Principi d ’Acaja 

Dynamics of spin qubit and color center formation in semiconductors (Si, BN, SiC, diamond) 
Chair: Samuel Murphy 

09:00-09:30 
Keynote: David Jamieson: Engineered quantum devices in the solid state: addressing near-term 
challenges with ion beam techniques 

09:30-09:50 
Talk1: Javier Garcia Lopez: Ion implantation process of SiC single crystals: proposal and joint 
possibilities at the Centro Nacional de Aceleradores 

09:50-10:10 
Talk2: Takeshi Ohshima: Creation of single photon sources in silicon carbide materials and 
devices by irradiation 

10:10-10:30 
Talk3: Andrej Denisenko: Nitrogen implantation across a p+-i junction in diamond: improved 
characteristics of near-surface NV centres 

10:30-11:00 Coffee Break 

11:00-11:30 
Talk4: Paolo Olivero: MeV-ion-beam lithography in artificial diamond: current activities and 
future perspectives 

11:30-11:50 Talk5: Margarita Lesik: NV center engineering using Focused Ion Beam technique 

11:50-12:10 Talk6: Andrew Bettiol: Optical waveguiding in ion implanted single crystal CVD diamonds 

12:10-12:30 
Talk7: Jacopo Forneris: Ion beam fabrication of diamond-based devices for quantum optics and 
quantum sensing applications 

12:30-12:50 
Talk8: Richard Curry: Single Ion Multispecies Positioning at Low Energy (SIMPLE) for Quantum 
Technologies  

12:50-14:00 Lunch 

 
Session C  – Aula Principi d’Acaja 

High temperature superconductivity tailored by ion beams, Chair: Thomas Schenkel 

14:00-14:30 Keynote: Gianluca Ghigo: Superconducting materials engineering by ion beams 

14:30-14:50 

Talk1: Marco Truccato: X-ray direct-writing patterning by means of a synchrotron radiation 

nanoprobe: a proof-of-concept Josephson device made up of Bi2Sr2CaCu2O8+ superconducting 
oxide 

 
Session D  – Aula Principi d’Acaja 

Radiation effects in 2D materials and interfaces, Chair: Mark Breese 

14:50-15:20 
Keynote: Sinu Mathew: The effects of MeV proton irradiation on 2D materials (graphene, MoS2) 
and two-dimensional electron gas in LaAlO3/SrTiO3 interface   

15:20-15:40 Talk1: Olga Girshevitz: Overview of Ion Beam Applications at the BINA Accelerator 

15:40-16:00 
Talk2: Shyama Rath: Nanopatterning and defect manipulation of graphene and 2D metal 
dichacogenides using energetic ions 

16:00-16:30 Coffee Break 

16:30-16:50 Talk3: Giampiero Amato: Visible photons produce defects in CVD graphene 

16:50-17:10 
Talk4: Priya Maheshwari: Slow positron accelerator as a tool for characterization of defects and 
modified nanostructures in materials 

17:10- IPAC Meeting 
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Wednesday, May 25 

 
Session E – Aula Principi d ’Acaja 

Modeling and experimental benchmarking of ion cascades in the time domain, Chair: E. 
Vittone 

08:30-09:00 Keynote:  Kai Nordlund: Spatio-temporal evolution of matter induced by energetic atom recoils 

09:00-09:20 Talk1: Samuel Murphy: Incorporating electronic effects into simulations of ion beam induced 
damage of materials 

09:20-09:40 Talk2: Patrick Kluth: Characterization of high-energy ion damage in materials using synchrotron 
based small-angle x-ray scattering 

09:40-10:00 Talk3: Flyura Djurabekova: Multiscale modeling of swift heavy ion interaction with solids   

 

 Aula Principi d ’Acaja 
Design a coordinated research project 

10:00-10:30 
Aliz Simon, IAEA: Design of a Coordinated Research project, key elements, objectives, activities, 
deliverables, Logical Framework Matrix 

10:30-10:50 Ettore Vittone: Case study of a CRP project, lessons learned   

10:50-11:20 Coffee break 

11:20-11:50 
Design of a CRP; 
Organization in workgroups; Chair: David Jamieson 

11.50-13.00 

Parallel workgroup activites 
Each team is given the responsibility to develop a list of possible actions relevant to their topic 

Topic 
Working group 
moderator 

Participants 

I 

Modeling and experimental 
benchmarking of ion 
cascades in the time domain. Kai Nordlund 

Thomas Schenkel 

Murphy, Djurabekova, Kluth, Cartiglia, 
Jakšić, Curry, Pastuović, Olivares, 
G. Garcia 

Development of time - and 
spatially resolved ion beam 
irradiation techniques.  

II 

High temperature 
superconductivity tailored by 
ion beams 

Mark Breese 
Gianluca Ghigo 

Amato, Rath, Mathew, Maheshwari, 
Girshewitz, Truccato, Vittone 

Radiation effects in 2D 
materials and interfaces. 

III 

Dynamics of spin qubit and 
color center formation in 
semiconductors (Si, BN, SiC, 
diamond). 

David Jamieson 
Paolo Olivero 

Bettiol, Bosia, Denisenko, Forneris, 
J. Garcia, Ohshima, Lesik, Meijer 

13:00-14:00 Lunch 

14:00-15:00 Video conference of Tommaso Calarco (EU Quantum Flaghsip) 

15.00-16.00 Parallel workgroup activites 

16:00-16:30 Coffee break 

16:30- Parallel workgroup activites 
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Thursday, May 26 

09:00-10:00 
Parallel workgroup activities continue 
Elaboration of a final document for each item 

10.00-11.00 Plenary: Finalizing the proposal of the CRP; Chair: Mark Breese 

11:00-11:30 Coffee break 

11:30-13:00 Plenary: Finalizing the proposal of the CRP; Chair: Kai Nordlund 

13:00-14:00 Lunch 

14:00-16:00 

Round table to identify: 
• Joint interests in major projects underway in the institutions of the participants, the major 
stakeholders (including IAEA) in the research outcomes. 
• The key research organizations, funding agencies and other actors of importance to the 
field 

 Coffee break 

16:00-18:00 Plenary: Discussion on future possible research proposals and follow-up actions 

20:00 Social Dinner 

 

Friday, May 27 

09:00-10:30 Final report: Discussion & recommendations; Chair: Aliz Simon, Ettore Vittone 

10:30-11:00 Coffee break 

11:00-13:00 
Finalization and approval of the meeting report; Chair: Aliz Simon, Ettore Vittone 

Closing remarks 
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I. Visible photons produce defects in CVD graphene 

G. Amato1, U. Vignolo2, E. Vittone2 

1Quantum Res. Laboratory, INRIM, Strada delle Cacce 91, Turin, Italy 
2Physics Department, University of Turin, Turin, Italy 

Abstract  

The effects of laser irradiation on Chemically Vapor Deposited graphene is studied by analyzing the temporal 

evolution of Raman spectra acquired under different illumination conditions. It is observed that the normalized 

intensity of the defect-related peak increases with the square root of the time of exposure, in a nearly linear way with 

the laser power density and that the hardness of graphene to the radiation damage depends on its intrinsic structural 

quality. The results suggest that, contrarily to the common belief, micro-Raman cannot be considered as a non-invasive 

tool for characterization of graphene. 

The experimental observation are compatible with a model, we have derived from the interpretative approach of 

the Staebler-Wronski effect in hydrogenated amorphous silicon, which assumes that photoexcited carrier 

recombination induce the breaking of weak C-C bonds. 

Contributed topic:  

Radiation effects in 2D materials and interfaces. 

Contact Details:  

G.Amato: g.amato@inrim.it 

U. Vignolo: umberto.vignolo@gmail.com 

E. Vittone: ettore.vittone@unito.it 

 

  

mailto:g.amato@inrim.it
mailto:umberto.vignolo@gmail.com
mailto:ettore.vittone@unito.it
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II. Ion-beam modification of the mechanical properties of diamond for NV emission 

control, with applications in quantum optics 

F. Bosia 

Physics Department, University of Torino, via Pietro Giuria 1,10125 Torino (Italy) 

Abstract  

Diamond has become one of the most important solid-state platforms for quantum information processing due to 

the simple optical coupling to fluorescent color centers, including the negatively charged nitrogen –vacancy (NV−) 

center. We discuss a new approach to spectrally separate aligned sub-ensembles of NV−, i.e. to induce splitting of NV− 

photoluminescence emission, using permanent strain fields induced in the diamond lattice through ion implantation 

of energetic ions that produce damage and amorphization, with associated swelling. In this context, it is of paramount 

importance to have an accurate knowledge of the effects of ion-induced structural damage on the mechanical 

properties of this material, to possibly tailor the desired mechanical properties of the fabricated structures. 

The variation of the mechanical properties of synthetic diamonds have thus been investigated using various 

techniques: nano-indentation, surface profilometry, and AFM measurement of the bending stiffness of lithographically 

fabricated microbeams. Experimental data are compared to the predictions of a phenomenological model and finite 

element simulations describing the depth variation of mass density and strain of the considered samples, including 

damage saturation and graphitization threshold effects. A progressive reduction of the elastic modulus of diamond is 

found as a function of ion induced damage. The influence of annealing temperature, up to full graphitization is also 

studied. Knowledge of the variation of structural and mechanical parameters as a function of implantation species, 

energies and annealing allows the estimation of full field 3D stresses in the crystal, and a correlation with the observed 

NV − sub-level shifts. Alternatively, implantation parameters and geometries can be selected and tuned to obtained 

tailored stress states and the desired line splitting. This method provides opportunities for the creation and selection 

of aligned NV− centers for ensemble quantum information protocols. 

Contributed topic:  

Dynamics of spin qubit and color center formation in semiconductors (Si, BN, SiC, diamond) 

Contact Details:  

Federico Bosia: federico.bosia@unito.it 

mailto:federico.bosia@unito.it


   
 

20 
 

III. Tracking in 4 dimensions 

N. Cartiglia 

Istituto Nazionale di Fisica Nucleare (INFN) - Sez. Torino, via P. Giuria 1, 10125 Torino (Italy) 

Abstract 

In this contribution, I will review the progresses toward the construction of a tracking system able to measure the 

passage of charge particles with a combined precision of ∼10 ps and ∼10 μm either using a single type of sensor, able 

to concurrently measure position and time, or a combination of position and time sensors.  

In the first part of the presentation I will introduce and explain the constrains that limit time-tracking precision, 

and I will show how these problems can be overcome by a combination of sensor design and precise electronics.  

I will then review the state-of-the-art of track-timing sensors, identifying the strong points of several solutions, 

showing their best-suited field of application.  

In the subsequent part of the presentation I will introduce the concept of  “low gain avalanche detectors”, a cross-

bred sensor between an APD and a traditional silicon sensor, and I will demonstrate how low gain is the key concept 

for segmented sensors with excellent timing capabilities. Finally I will present our latest beam test results.  

Contributed topic:  

Development of time- and spatially resolved ion beam irradiation techniques 

Contact Details:  

Nicolò Cartiglia: cartiglia@to.infn.it 

  

mailto:cartiglia@to.infn.it
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IV. Nitrogen implantation across a p+-i junction in diamond: improved characteristics 

of near-surface NV centres 

A. Denisenko1, F. F ávaro de Oliveira 1, S. A. Momenzadeh1, D. Antonov1,  A. Pasquarelli2, 

J. Wrachtrup1   

1Institute of Physics, University of Stuttgart, Germany 
2Institute of Electron Devices and Circuits, University of Ulm, Germany 

Abstract 

The use of nitrogen-vacancy (NV) centres in diamond to sense external spins requires nanometric resolution in 

positioning the individual defects in the host matrix. So far, engineering of such near-surface NVs has relied mostly on 

low-energy nitrogen implantation followed by thermal annealing. The major drawbacks of such technique are still the 

low yield and degraded spin coherence characteristics of the produced NVs.  

Here we present a novel method to improve the properties of near-surface NV centres implanted in single 

crystalline diamond substrates. A set of nitrogen implantations at 2-to-10 keV energies was performed across a 

nanometer-thin layer of p+ highly boron-doped diamond grown epitaxially on the substrate ’s surface. Such structure 

represents a planar p+-i homojunction, where the holes at the interface are expected to diffuse into the substrate to 

a depth of hundred nanometers, especially at elevated temperatures. For such configuration, the implanted nitrogen 

atoms and the related vacancy defects are hosted within the space charge layer of out-diffused holes. During the 

annealing step, the charged state of the vacancies should prohibit the formation of more complex defect structures 

(vacancy chains, etc.) via thermal diffusion, which otherwise would deteriorate the characteristics of NVs in close 

proximity. At the last step of this procedure, the sacrificial p+ layer on top is removed by plasma etching to ensure the 

negative charge state of the remained NVs for spin sensing. Our experiments using electronic grade diamond 

substrates with 1.1% 13C content demonstrated more than a twofold increase of NV yield at the p+-i junction areas for 

a wide range of implantation doses. The spin coherence time (T2) for such NVs was measured of above 50  µsec (Hahn 

echo) at depths less than 4 nm. The corresponding spin-lattice relaxation time (T1) was about 5 msec, which 

approaches the case of a defect-free environment. The observed improvements are related to the suppression of 

residual implantation-induced defects, supported also by the analysis of spin noise spectra for the corresponding NVs. 

The prospects and also the limits of the described technique with respect to charge compensation effect will be 

discussed.  
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V. Ion beam fabrication of diamond-based devices for quantum optics and quantum 

sensing applications 

J. Forneris 

Istituto Nazionale di Fisica Nucleare (INFN) - Sez. Torino, via P. Giuria 1, 10125 Torino (Italy). 

Abstract 

In the last decade diamond has established itself as a promising material for the development of single-photon 

sources, due to the discovery and the study of several luminescent point defects with appealing emission rates and 

spin properties [1].  

The investigation in such diamond color centers led to intriguing results in the fields of quantum optics [2], quantum 

sensing [3] and quantum information [4]. 

The exploitation of such results for technological applications requires the development of integrated devices and 

systems for fabricating, controlling and interfacing individual defects in diamond through the stimulation by static and 

oscillating fields. This contribution focuses on the potential role on the perspectives of ion beam fabrication techniques 

for the fabrication of diamond-based devices. 

Particularly, the exploitation of ion beams for the deterministic fabrication of individual color centers in monolithic 

diamond devices, through position sensitive detection and single ion implantation techniques, will be discussed.  

The perspectives on the fabrication by ion irradiation of graphitic electrodes with sub-micrometric resolution, 

together with their possible exploitation for the electrical control of color centers charge state and for the stimulation 

of electroluminescent emission will also be reviewed. 

References 

[1] I. Aharonovich, Nature Phot. 5 (2011) 397. 

[2] B. Hensen et al., Nature 526 (2015) 682. 

[3] R. Schirhagl et al., Ann. Rev. Phys. Chem 65 (2014). 

[4] P. Neumann et al., Science 329 (2010) 5991. 

Contributed topic:  

Dynamics of spin qubit and color center formation in semiconductors (Si, BN, SiC, diamond) 

Contact Details:  

Jacopo Forneris: forneris@to.infn.it 

 

mailto:forneris@to.infn.it


   
 

23 
 

VI. Ion implantation process of SiC single crystals: proposal and joint possibilities 

at the Centro Nacional de Aceleradores 
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Abstract 

First, the infrastructure available at CNA for Ion Beam Characterization and Modification of Materials, based on a 

3 MV tandem accelerator and a compact cyclotron, will be briefly presented. Of particular interest for this Project is 

the possibility to produce pulsed beams using a simple fast-switch connected to the ion sources of the Tandem 

accelerator which is able to generate square pulses with variable width (minimum 50 ns) and frequency (maximum 50 

kHz). Moreover, it is foreseen to set up shortly a beam buncher that will permit the use of shorter and more intense 

pulsed beams (width 1-3 ns for protons) with frequencies in the MHz- 250 kHz range. 

Then, we will focus on the activity that our group has carried out in the last years in the field of Ion Beam 

Modification of Materials, in particular the study of the Ion implantation process of SiC single crystal substrates for 

applications as magnetic semiconductor. SiC epilayers grown on 4H-SiC single crystals were implanted with transition 

metals (Ni, Co) and non-magnetic ions (Si) at different temperatures. The disorder produced by the implantation 

between RT and 450  °C and the effect of the post-implantation annealing at 1100  °C on the recrystallization of the 

substrates was studied as a function of the fluence by Backscattering Spectrometry in channeling geometry. The as-

implanted samples at RT showed a completely amorphous region which extends until the surface when irradiated with 

the highest dose, whereas in the case of 450  °C implantation amorphization does not occur. For partially damaged 

samples, SQUID measurements show ferromagnetic behaviour at RT, with coercive fields and saturation 

magnetization values very similar, regardless of the kind of substrate doping (p or n), implanted ion (Ni, Co, Si) and 

fluence. These results suggest that the structural defects may be correlated with the magnetic properties of the 

samples. 

Finally, we will discuss possible experiments to study the dynamics of color center formation in SiC using pulsed 

beams.  
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VII. Superconducting materials engineering by ion beams 

G. Ghigo, R. Gerbaldo, L. Gozzelino, F. Laviano  
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Abstract 

Ion beams are proving to be powerful tools in the efforts to modify the structural, optical and electromagnetic 

properties of materials in a controlled way, to provide the twofold possibility of making them functional for specific 

applications and of investigating their fundamental properties. This is commonly referred to as materials engineering. 

Our group is active in this field from many years. Here we report on the ongoing research on superconducting materials 

engineering by ion beams and we draw future perspectives of these techniques. In fact, this work represents an effort 

toward meeting recent challenges in superconductivity research. 

We investigated the effects of proton (3.5  – 5.5 MeV) and heavy ion beams (Au ions in the range 250 MeV – 4 GeV) 

on the properties of several superconducting families of materials, including cuprates (YBCO, BSCCO) [1], MgB2 [2] and, 

at last, iron-based superconductors (Co- and K-doped BaFe2As2, FeSexTe1-x) [3], in the form of single crystals, tapes and 

thin films, and in a wide range of fluences. The ion beam pattern can be defined by suitable masks and 2D-motion of 

the sample under micro-collimated beam is possible [4]. Samples have been mainly characterized by quantitative 

magneto-optical imaging, microwave resonant techniques, electric transport measurements, scanning tunneling 

microscopy. The output of the analysis is the ion irradiation effects on the critical values of temperature, fields and 

current, and on the penetration depth and quasiparticle conductivity. 

Conclusions and perspectives will be drawn, concerning: (i)  ‘critical current by design’: the maximum sustainable 

supercurrent is fundamental to applications, and quantitative understanding of vortex pinning behavior and vortex 

dynamics at all length scales from the atomic to bulk is the challenge in achieving the objective. Ion irradiation 

experiments offer the key to access the required information; (ii) investigation of fundamental properties: the ability 

to create controlled density of specific nano-sized defects is the tool to understand mechanisms depending on disorder, 

aiming at the validation of fundamental theories. 
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VIII. Overview of Ion Beam Applications at the BINA Accelerator 

O. Girshevitz 

Bar-Ilan Institute of Nanotechnology & Advanced Materials, BINA, Ramat-Gan, Israel 

Abstract 

The ion beam analysis (IBA) laboratory is an integral part of the Bar-Ilan Institute of Nanotechnology & Advanced 

Materials (BINA). BINA was established in 2007 in response to a large number of recognized research needs of local 

academic community and industry in Israel, ranging from solid state physics to semiconductors development. The 

1.7 MV tandem Pelletron, model 5SDH (NEC, USA) was installed and commissioned in August 2011. Since 

commissioning, hundreds of separate IBA experiments have been performed in different fields, ranging from the 

coating industry (including tribology and optics), solar cells, forensic investigations and mineralogy, to name a few.  

The facility was used for in depth study of ion beam induced conductivity in plastics and polymers. The 

understanding of the behavior of these materials under irradiation is important for the spacecraft industry. For 

example, recent studies of the effects of the ion beam interaction with Kapton® polyimide elaborated a simplified 

theory of electrical charging in this widely used engineering material. In a collaborative project with Soreq NRC, we 

have studied the interaction of MeV ions with LiF in order to increase the theoretical understanding of heavy charged 

particles (HCPs) induced radiation effects, and to combine this understanding with experimental measurements of 

optical absorption and thermoluminescence following low energy proton and He ion irradiation in LiF. 

A sensitivity and strength of the IBA was shown in a work where hydrogen-related defects were analyzed in various 

carbon based materials including sub-micron chemical vapor deposition (CVD) diamond films and vertically-aligned 

multi-wall carbon nanotube (VA MWCNT) arrays. This on-going research provides a new insight in the nanotube 

growth mechanism and opens a new characterization space to quantify hydrogen saturated atomic defects in carbon-

based nano materials.  
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IX. Monitoring the evolution of IBIC response during irradiation by ion microbeam  – 

experimental capabilities 

M. Jak šić, N. Skukan, V. Grilj, I . Sudi ć 

Ru đer Bo šković Institute, Division of experimental physics and Center of excellence for advanced materials and 

sensing devices, Bijeni čka cesta 54, 10000 Zagreb, Croatia 

Abstract 

Ion beam of the MeV energy range focused in the nuclear microprobe facility can be used to induce localized 

regions with elevated concentration of defects, while simultaneously another microbeam technique - IBIC (ion beam 

induced charge) can employ single ions to probe the induced changes in charge collection transport properties of the 

irradiated device. On the basis of this concept, several groups have been working on radiation hardness studies of 

different materials frequently used as radiation detectors, such as silicon, diamond, SiC and other wide gap 

semiconductors. By employing the same approach, but in attempt to extract information about the evolution of charge 

transport properties as a function of time, defect formation processes and their influence on device properties can be 

studied in a more systematic way.  

In this presentation we will show results obtained by the RBI ion microprobe that was used to study the following 

time dependent processes in radiation detectors: a) mobility and lifetime of charge carriers in silicon and diamond 

studied by TRIBIC, b) observation of recombination of induced defects during the ion beam irradiation, c) influence of 

the ion beam induced carrier density on polarization effects in diamond. Possibility to quantify radiation hardness of 

studied materials (mostly diamond) will be discussed also by comparison of results obtained by IBIC with those 

obtained by channeling RBS and STIM. Finally, we will present our first results obtained by single heavy ion irradiation 

in attempt to induce defects in 2D materials.  
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X. Engineered quantum devices in the solid state: addressing near-term challenges 

with ion beam techniques 

D. N. Jamieson 

Centre for Quantum Computation and Communication Technology (CQC2T), School of Physics, University of 

Melbourne, Melbourne, Victoria, 3010 Australia 

Abstract 

Over the past decade there has been a widespread reappraisal of fundamental quantum mechanical principles for 

their potential to be exploited in engineered devices for new functions. In this presentation a review is presented of 

two examples from this emerging field that employ ion beam techniques. The first is to explore solid state quantum 

computation and the second is in the re-engineering of the band gap in diamond for potential superconducting phases. 

The approach to quantum computer technology is based on engineered single donor atoms implanted into silicon. It 

is possible to exploit quantum superposition and entanglement in potentially scalable nanoscale quantum devices 

engineered with just a single phosphorus donor atom in a silicon nano-scale complementary metal-oxide-

semiconductor device. When cooled to 100 mK, the devices are sensitive to the quantum state of single ion implanted 

donors. Over the past two years devices have been fabricated incorporating 31P donor atoms implanted 20 nm deep 

into isotopically enriched 28Si followed by rapid thermal annealing at 900oC for 10 s to activate the donors and minimise 

donor diffusion. Measured on a single ionized donor we find the 31P nuclear spin (I= ½) coherence time to be greater 

than 30 seconds showing exceptional promise and the robustness of this quantum system. The next step for this 

project is to develop ordered arrays of single implanted atoms for the new device architectures published over the 

past two year. In the case of diamond, it may be possible to engineer electrical and magnetic structures in diamond 

that can be measured at the nanoscale by ultra-sensitive magnetometers formed in-situ from colour centres. By 

careful control of ion implanted acceptor atoms it is possible to examine the transition of the diamond lattice from 

semiconducting, to magnetic to superconducting phases predicted to exist from advanced theory. Both of these 

studies are aimed to open the way to monolithic integration of solid state quantum devices that exploit the remarkable 

attributes of quantum bits embedded in spin-free host crystals. However further progress will require addressing 

formidable technological challenges for engineering material at the atomic scale. This presentation addresses how ion 

beam techniques could address these challenges. 
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XI. Characterization of high-energy ion damage in materials using synchrotron based 

small-angle x-ray scattering 

P. Kluth 

Department of Electronic Materials Engineering, Research School of Physics and Engineering, Australian National 

University, Canberra ACT 2601, Australia 

Abstract 

Ions with MeV to GeV energies interact predominately through inelastic interactions with the target electrons when 

penetrating a material. The resulting intense electronic excitation can produce narrow trails of permanent damage 

along the ion paths, so called “ion tracks”. Ion tracks have been observed in many materials and have numerous 

important applications across a variety of scientific areas such as materials science and engineering, nanotechnology, 

geology, archaeology, nuclear physics, and interplanetary science. Although track formation has been known and 

studied for about five decades, both modelling and measurement of ion tracks remains challenging due to the highly 

non-equilibrium nature of the track formation processes and the complex defect morphologies resulting from it. 

Small angle x-ray scattering (SAXS) provides a powerful tool to characterize ion track damage. It allows high 

precision measurements of the ion track morphology typically averaging over ~107  ‘identical’ ion tracks. Monte Carlo 

calculations enable detailed analysis of the SAXS measurements to retrieve complex track morphologies. Due to the 

short acquisition times enabled by the high x-ray intensities available at modern synchrotron sources, time resolved 

measurements are possible in  high temperature, high pressure or corrosive environments. This presentation will give 

an overview of our recent advances in characterising ion tracks using SAXS [1-6]. It will highlight the capabilities that 

we have developed for ion track characterisation using in situ measurements in such environments and discuss future 

directions. 
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XII. Creation of Single Photon Sources in Silicon Carbide Materials and Devices 

by Irradiation 

T. Ohshima1, T. Makino1, S. Onoda1, T. Kamiya1, W. Kada2 

1National Institutes for Quantum and Radiological Science and Technology (QST) 
2Gunma University 

Abstract 

Defects in wide-band gap semiconductor materials such as nitrogen vacancy (NV) and silicon vacancy (SiV) in 

diamond as well as silicon vacancy (VSi), divacancy (VSiVC) and carbon antisite carbon vacancy (CSiVC) in silicon carbide 

(SiC) are known as single photon sources (SPSs), of which luminescence properties can be controlled at room 

temperature (RT). Single photon sources are vital for quantum spintronics and quantum photonics applications. 

Therefore, the identification of robust processes for the controlled creation of these defects and understanding their 

quantum optical properties is of great importance. Irradiation of electrons and ions is one of useful tools to create 

high densities of luminescent defects in materials. Also, if we use micro/nano ion beams, SPSs can be introduced at a 

certain location with micro/nano mater size. However, irradiation also introduces damage to the material, which has 

detrimental effects on its optical properties, at the same time. Therefore, we need to establish the optimum irradiation 

and annealing conditions for the creation of certain SPSs.  

In the presentation, we will explain the creation methods of SPSs in SiC using ion and electron irradiation and 

thermal treatments, and show the luminescence properties of SPSs obtained in SiC using such methods. Also, ion 

irradiation techniques to introduce SPSs at a certain location will be discussed. 
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XIII. MeV-ion-beam lithography in artificial diamond: current activities 

and future perspectives 

P. Olivero 
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Abstract 

Diamond is a material with extreme physical properties: high mechanical and radiation hardness, chemical 

inertness, spectrally wide transparency, high carrier mobility, high dielectric strength, bio-compatibility. Such unique 

features make this material extremely appealing for many applications, ranging from micro-optical devices to particle 

detectors, and from micro-fluidics to nano-electromechanical systems and photonic devices. Interestingly, the same 

properties that make diamond so attractive also determine a major challenge in its fabrication. 

MeV ion lithography is an effective tool in the micro-fabrication and functionalization of a vast range of materials, 

and in particular it can be effectively adopted to engineer the electrical, optical and structural properties of diamond. 

The damage density can be controlled over a broad range by varying several implantation parameters, such as ion 

species and fluence, resulting in the formation of point defects, in the amorphization and eventually in the permanent 

graphitization of the pristine crystal upon thermal annealing when a critical damage threshold is reached. In this 

structural modification process, high spatial resolution in both lateral and depth dimensions is allowed respectively by 

the availability of focused ion beams and by the peculiar damage density profile of highly energetic ions in matter.  

The present contribution will include an overview on the activities carried at the University of Torino on the 

employment of focused/collimated MeV ion beams for the fabrication of different types of micro- and nano-structures 

in artificial diamond, ranging from individual optically active point defects to waveguides and graphitic conductive 

channels. 

The contribution will be focused the analysis of several possible future scenarios in the design and fabrication of 

advanced devices ranging over several applicative fields, with a particular emphasis on quantum-enhanced sensors 

and single-photon emitters. 

The most promising scientific and technological avenues for this class of diamond-based devices will be discussed, 

with a particular reference to key issues which are still not fully addressed by current experimental methodologies. 
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XIV. Nanopatterning and defect manipulation of graphene and 2D metal dichacogenides 

using energetic ions 

S. Rath 
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Abstract 

Two-dimensional materials such as graphene and the metal dichalcogenides, MX2 (M=Mo, W; X=S, Se, Te) are being 

actively researched for their novel properties vis.a.vis their bulk counterparts. For example, the monolayer of metal 

dichacogenides is characterized by a direct bandgap and strong spin-orbit coupling, while graphene has an usually high 

conductivity. Appropriate material engineering can lead to a considerable tunability of their electronic, optical, 

mechanical, and thermal properties, thus leading to versatile applications. Ion beams provide a means to achieve this 

through a controlled manipulation of the structure and defects [1] in these materials. Further, for the incorporation 

of 2D materialsin devices for radiation-harsh environments such as space applications and nuclear reactors, the effect 

of radiation damage needs to be assessed.  

The identification of defects in these newly emerging 2D materials is at an exploratory stage, with the chalcogen 

vacancies in the binary metal dichacogenides thought to be the dominant ones. Such defects can be created by a 

preferential sputtering of the chalcogen by ion-irradiation and they form deep electron traps. In the substoichiometric 

MX2-y materials, ion irradiation could additionally lead to a diffusion-related rearrangement of the atoms and thereby 

different electronic structures. The stoichiometry (metal:chalcogen ratio) is therefore a critical factor in determining 

the properties of 2D MX2-y.[2,3]. Ion-induced sputtering could also be explored for reducing the layer thickness and 

thereby layer-dependent modulation of properties of 2D materials in a controlled manner. 

Our focus is as follows: (i) a fundamental understanding the ion-matter interactions in 2D materials through a 

systematic variation of ion energy and flux and the role of the nuclear and electronic energy losses in material 

modification, (ii) study of the interface characteristics and trap states and (iii) functionalization through nanoscale 

modification and defect engineering.  

Confocal Raman and photoluminescence microscopy/mapping with high spatial and depth resolution are powerful 

metrologies for monitoring microstructural changes, localized defects, and interface modification induced by ion 

irradiation. In graphene, the 2D Raman mode is used to identify the number of layers, while the separation between 

the A1g and Eg Raman modes in 2D MoS2, give this information. The D Raman band in graphene is a sensitive indicator 

of defects [4]. The direct nature of the bandgap and the larger exciton binding energy in 2D MX2 makes them amenable 

for simple optical measurements, by which both the bandgap variation and deep-level defects can be determined.  

Further, focused ion beam (FIB) where the sputtering capability of the beam modifies materials at the micro- and 

nanoscale would be explored for nanopatterning. 
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XV. Accessing the dynamics of radiation induced defects in materials with intense, pulsed 

ion beams 

T. Schenkel 

Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA 

Abstract 

Direct experimental access to the dynamics of radiation induced defects, from femto-seconds to seconds, has been 

elusive. Yet, understanding this multi-scale dynamics could inform the design of materials with tailored responses to 

radiation, from radiation hardness to the engineering of desired defects (such as spin qubit candidates [1, 2]). Intense, 

short ion pulses can induce damage and the dynamics of defects, such as vacancies, interstials and complex clusters 

of defects can then be tracked with well synchronized probes. I will describe our efforts to access the dynamics of ion 

beam induced damage in materials with intense pulsed ion beams at Berkeley Lab were we have recently completed 

a linear accelerator that delivers peak currents of about 1 A/mm2 of 1 MeV helium ions (and other species) and pulse 

lengths of 2 to 10 ns [3-5].  

Acknowledgments: This work was performed under the auspices of the U.S. DOE under contract DE-AC02-

05CH11231.  
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XVI. The effects of MeV proton irradiation on 2D materials (graphene, MoS2) and 
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Abstract 

The stability of supported and suspended graphene under MeV Proton beam have been investigated. The analysis 

of the evolution of the defects with ion fluence has shown that the damage cross-section for monolayer is one order 

higher than that for few layers. The electronically-stimulated surface desorption of the atoms (the lattice-relaxation 

model) is found to be appropriate for explaining the nature of the ion induced damage in graphene under MeV proton 

irradiation. On another study we found that the mechanical properties of suspended graphene can be enhanced under 

0.5 MeV He+ irradiation and these results also will be discussed. 

 Transition metal dichalcogenides (TMDC) in two dimensional form are undergoing a resurgence of scientific and 

engineering interest in recent times. The diamagnetic MoS2 is found to show magnetic ordering at room temperature 

when exposed to a 2 MeV proton beam. The temperature dependence of magnetization displays ferrimagnetic 

behavior with a Curie temperature of 895 K. Magnetisation of the MoS2 samples with 0.5 MeV proton irradiation were 

found to be not effective in creating magnetic ordering which indicates the electronic energy loss appears to be 

insufficient for the required reconstruction of the lattice together with the atomic displacements to induce strong 

ferromagnetic signal.  

Patterning of the two-dimensional electron gas formed at the interface of two band insulators such as 

LaAlO3/SrTiO3 is one of the key challenges in oxide electronics. We found that energetic protons can be utilized to 

manipulate the conductivity at the LaAlO3/SrTiO3 interface by carrier localization, arising from the defects created by 

the ion beam exposure, eventually producing an insulating ground state. Patterns with a spatial resolution of 5 μm 

have been fabricated using 0.5 MeV He+ irradiation utilizing a stencil mask, while nanometer scale patterns may be 

possible with direct focused ion beam writing. 
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XVII. X-ray direct-writing patterning by means of a synchrotron radiation nanoprobe: 

a proof-of-concept Josephson device made up of Bi2Sr2CaCu2O8+δ superconducting 

oxide 

M. Truccato1,2, A. Agostino2,3, L. Mino1, E. Borfecchia3, A. Pagliero1, E. Cara1, N. Adhlakha1, L. 

Pascale3, L. Operti2,3, E. Enrico4, N. De Leo4, M. Fretto4, G. Martinez-Criado5,  C. Lamberti2,3,6  

1Department of Physics, Interdepartmental Centre NIS, University of Torino, Italy 
2CrisDi Interdepartmental Center for Crystallography, University of Torino, Torino, Italy 

3Department of Chemistry, Interdepartmental Centre NIS, University of Torino, Italy 
4INRIM, National Institute of Metrological Research, Strada delle Cacce 91, Torino, Italy 

5Experiments Division, European Synchrotron Radiation Facility, Grenoble Cedex, France 
6Southern Federal University, Zorge Street 5, 344090 Rostov-on-Don, Russia 

Abstract 

Among nanolithographic techniques, X-ray lithography has already shown the potential to achieve resolutions 

down to about 20 nm, employing the traditional approach based on photoresist impression and subsequent etching. 

Here we report on a novel direct-writing patterning method that takes advantage of synchrotron radiation and avoids 

any resist or etching stage [1]. 

Selected areas of Bi2Sr2CaCu2O8+ (Bi-2212) microcrystals have been exposed to a 17.7 keV pink beam with a spot 

size of about 5050 nm2 and a flux of 1-51011 ph/s. The irradiated regions were designed to force the current along 

the c-axis across a stack of intrinsic Josephson junctions, equivalently to what is commonly obtained with a Focused 

Ion Beam. The I-V curves of the patterned crystals clearly show the typical behavior of Josephson junctions, confirming 

that the delivered radiation dose was enough to locally turn the material into a non-superconducting state. Scanning 

Electron Microscopy shows that no material has been removed and only some local volume expansion can be observed. 

X-ray nano-diffraction frames collected at the irradiated areas show the presence of the usual Bi-2212 peaks along 

with a new ring compatible with the formation of a Bi2O3 polycrystalline phase that does not appear in the non-

irradiated regions. Our proof-of-concept device suggests that in principle this patterning method can be extended to 

other oxide materials. Preliminary trials on another superconducting oxide (YBa2Cu3O7- δ) have given positive results. 

Possible advantages of this method can be represented by improved mechanical stability, higher thermal conductivity, 

absence of chemical contamination and of vacuum/oxide interfaces, and in potential higher steepness of the 

patterned structures due to the high penetration of X-rays. 
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XVIII. Optical waveguiding in ion implanted single crystal CVD diamonds 

A.Bettiol, S. Kumar Vanga, H. Jin, S. Prashant Turaga  

Centre for Ion Beam Applications, Department of Physics, National University of Singapore, 2 Science Dr 3 Singapore 

117542 

Abstract 

Ion implantation is a common technique for modifying the refractive index of materials and for producing optical 

structures such as waveguides. In amorphous materials such as glass, the refractive index at the end of range increases 

due to a compaction of material which allows for light guiding. In single crystals however, ion implantation by high 

energy light ions typically results in a decrease in refractive index. There are however some exceptions to this trend 

and the actual change in refractive index depends on various parameters such as ion fluence, ion species, ion energy, 

annealing temperature and the starting material. In this work, we have studied the effects of varying implantation 

fluences, ion species and annealing temperatures on the optical guiding properties of single crystal CVD diamonds. 

We have applied various optical characterization techniques such as photoluminescence spectroscopy, Raman 

spectroscopy and for the first time in diamond, the direct measurement of propagation loss at various wavelengths to 

determine the optimal conditions for fabricating waveguides in diamond. We show that it is possible to achieve optical 

waveguiding in diamond by ion implantation however the exact location along the implantation region where 

confinement occurs varies. In addition, we have come up with a model to explain the experimental results that goes 

some way towards accounting for the ambiguity in the current literature where both an increase and decrease in the 

refractive index is reported.  
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XIX. Slow positron accelerator as a tool for characterization of defects and modified 

nanostructures in materials 

P. Maheshwari 

Radiochemistry Division, Bhabha Atomic Research Centre, Mumbai, India 

Abstract 

Positron annihilation spectroscopy is a well established technique for the investigation of open volume defects in 

materials. The sensitivity of positrons to get trapped in low electron density regions enables probing of nanostructure 

and properties in materials. The technique has been widely applied to study radiation induced defects 

(vacancies/clusters) in metals and semiconductors, and structural modification in polymeric systems. In recent years, 

the technique has shown a great potential for probing defects and nanostructure at surfaces, buried layers and 

interfaces in multilayer systems using slow positron accelerator. With the advancement of nanoscience and 

nanotechnology, a lot of research is going in the area of development and design of new materials for emerging 

quantum technologies and positron accelerators can supplement in the characterization of these materials even at 

nanometer scale. We have been using slow positron accelerator for the characterization of defects/microstructure in 

a variety of materials. The technique has recently been utilized for depth profiling nanoscale organic semiconductor 

multilayers to probe structural defects and nanostructure at buried layers and interfaces [1-4]. The morphology and 

growth behavior of organic molecules is of crucial importance for high efficiency, stability and performance of organic 

devices. Depth profiling using slow positron beam has enabled probing different growth modes influence by 

engineering the dielectric-semiconductor interfaces and its influence on the voltage stability of organic field effect 

transistors. The present talk will introduce the technique and characterization of the multilayer system in organic 

semiconductors to highlight its potential applications in materials modified by ion beam techniques.  
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Department of Physics and Astronomy, University College London, Gower Street, London, WC1E 6BT, UK 

Abstract 

Molecular dynamics (MD) simulations have been widely applied to study the evolution of radiation damage in 

materials, providing atomic scale resolution of the damage processes. Through their treatment of atoms as point 

objects that interact through an empirically derived potential, these simulations neglect inelastic scattering due to the 

material ’s electrons. Here we introduce our two-temperature molecular dynamics (2T-MD) method that allows the 

incorporation of electronic effects, such as electronic drag and electron-phonon coupling, into dynamical simulations. 

This technique has been widely applied to the study of the structural evolution of femtosecond laser irradiated 

materials. Examples of the application of this model to study ion irradiation damage are provided for both metals and 

semiconductors as well as exploring an improved model that treats carrier dynamics in bandgap materials explicitly. 

In addition, we examine how electronic excitation may modify the interactions between atoms and how this may 

influence the structural evolution of materials, through the development of electronic temperature dependent 

potentials.  
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XXI. Single Ion Multispecies Positioning at Low Energy (SIMPLE) 

for Quantum Technologies 
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 Abstract 

Quantum technology (QT) devices are typically based on photons, naturally occurring atoms or solid-state  ‘artificial 

atoms’. Currently, the most advanced QTs are produced with naturally occurring atoms, trapped in vacuum using laser 

cooling/preparation, and they have produced well established technologies of time and frequency standards. QT 

based on solid state quantum objects is less well advanced  because of the naturally much stronger interaction with 

the environment. On the other hand, the solid state provides some tremendous advantages. For quantum imaging, it 

provides platforms that can be put into contact with the object being imaged (e.g. vacancy complexes NV- and SiV- in 

diamond). For quantum processors it provides microelectronic integration (e.g. shallow donors in semiconductors like 

Si:P allowing electrical readout of coherences). For quantum metrology some required standards are inherently solid-

state (e.g. electron pumps for current standards). In all the above cases impurity implantation provides either the 

quantum object itself or an extremely important engineering control.  

Random incorporation has been used extremely successfully to demonstrate significant advances in QT platform 

development, but it does not provide an engineered route to scalable and manufacturable QTs. Deterministic single-

ion implantation offers great versatility in atomic species and host choice but presently the capability does not exist 

with the required spatial resolution and scalability level required for commercial production. The recently funded 

research programme of the authors will directly address these issues. A dual column instrument (the SIMPLE tool), 

capable of isotopic selection of ions from either a gas or liquid-metal ion source, will provide a broad range of species 

of interest to QTs that includes C, N,P, Si, S, Se, Bi and Er. Deterministic doping by detecting single-ion impact events 

at a range of ion energies (and hence depths) will be incorporated. Validation of the SIMPLE tool will be undertaken 

in collaboration with the UK National Physical Laboratory, and leading industrial partners, using high resolution 

transmission electron microscopy.  
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XXII. A Review of Silicon Machining using High Energy Ion Irradiation 

M. B. H. Breese 

CIBA, Department of Physics, National University of Singapore, Singapore 117542 

 

Abstract 

The first half of this talk will review work done at CIBA over the last ten years on the use of high energy ion 

irradiation of silicon in conjunction with electrochemical anodization to fabricate three dimensional silicon and porous 

silicon components. This process enables the manufacture of free-standing silicon bars which are incorporated into 

nanostencils for surface patterning or as waveguides for 3D silicon photonics. A similar process allows fabrication of 

buried micro- and nanoscale channels in porous silicon and glass for microfluidic devices. These and a range of other 

device geometries and applications are presented here. While this work has been carried out in p-type silicon, more 

recent work has also considered the effects of irradiation in n-type silicon where a greater range of effect are observed. 

In particular, one observes a n doping effects along the irradiated column extending from the surface and a n+ doping 

effect at the end-of-range, compared to p type silicon where a uniform p doping effects is observed along the full 

irradiated trajectory. Refinement of this effect in n-type silicon allows one to directly image the different doping effects 

in cross-section imaging. 

The second half of this talk will consider a possible topic for an IAEA research project, namely ion irradiation effects 

in two-dimensional thin films such as graphene, MoS2 and LaAlO3/SrTiO3. The use of high energy ion beams exposure 

for engineering the interface conductivity shows great potential. For example, patterning of the two-dimensional 

electron gas formed at the interface of two band insulators such as LaAlO3/SrTiO3 is one of the key challenges in oxide 

electronics. Ion irradiation can be utilized to manipulate the conductivity at the interface by carrier localization, arising 

from the irradiation induced defects which eventually produces an insulating ground state.  
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XXIII. NV center engineering using Focused Ion Beam technique 

M. Lesik1, J. Renaud2, O. Salord2, A. Delobbe2, J.-F. Roch1  
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2 Orsay Physics S. A., 13710 Fuveau, France 

Abstract 

Diamond exhibits a large number of optically active point defects. Among them, the NV center, which consists of a 

N-atom in a substitutional position associated to a vacant carbon atom site, has remarkable optical and spin properties. 

Diamond may contain  “intrinsic” NV defects, which were created while sample synthesis. However in order to improve 

efficiency of NV center-based devices it is important to control both the properties and the location of engineered 

defects. Efficient techniques based on ion implantation have been recently developed for the engineering of NV 

defects.  

Some specific applications as implantation in 

predefined diamond micro structures or creation of a large 

array of NV centers require patterning methods to place 

NV centers with nanometer resolution. Therefore for our 

experiments was chosen Focused Ion Beam (FIB) 

technique, with a dual beam configuration which allows us 

to control all manipulations in-situ. Moreover the FIB 

column, which is based on an Electron Cyclotron 

Resonance source can be operated with different ion 

sources. For instance, apart of nitrogen a xenon ion source 

can be used for efficient milling of the substrate.  

We will report preliminary experiments performed 

using a customized FIB column. The system was optimized 

for implantation requirements: low ion beam current and 

mass selection using Wien filter implementation. 14N2 and 

15N2 molecules were implanted in large arrays at 30 keV 

energy by varying the dwell time of the beam to change the irradiation dose per spot. The kinetic energy of the ions 

corresponds to an implantation depth of approximately 15 nm below the surface. 

Contributed topics:  

Dynamics of spin qubit and color center formation in semiconductors (Si, BN, SiC, diamond) 

 

Figure 1: Photoluminescence image of a fabricated 

pattern of NV centers, created by direct ion beam 

implantation technique. The ion beam has been 

focused in an ultrapure single-crystal diamond 

sample with 150  µm thickness. 
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XXIV. Single ion implantation in materials and devices at ANSTO 
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 Abstract 

The generation of complex defects is among the most fundamental mechanisms and key issues related to 

modification of semiconductor materials and devices by the single-ion implantation. The radiation-induced defect 

states, with their energy levels within the band-gap, can give rise to following processes involving free charge carriers: 

generation, recombination, trapping, compensation, tunnelling, scattering, type conversion, and field enhanced 

carrier generation. In principle, any combination, or all, of these processes can occur through the same level. The role 

a particular level plays depends on variables such as carrier concentration, temperature, or position where it resides 

in a device (e.g., in a depletion region). These deep defects are mostly created by the non-ionizing energy loss 

processes, which generate primary defects by the initial particle interaction or by the cascade generation due to 

recoiling lattice atoms. The effects of implantation on material properties strongly depend on irradiation conditions 

such as type and energy of particles as well as particle flux, particle fluence, and temperature. The capability of ion 

microprobes to perform high –frequency and high–precision scanning of a rarefied ion microbeam, compared to 

conventional ion broad-beam sources offer advantages of: a) selecting a particular region of interest of a device, b) a 

computer controlled positioning of an ion impact point, and c) rapid single ion implantation. The average time between 

two ion hits in the same or first neighbour pixel is usually in the 10-1000 microsecond range, which is much longer 

than duration of a thermal spike. Therefore, the thermally stimulated recovery or reorganization of final defects as a 

result of additional radiation annealing from demonstrated weakly overlapping cascades is negligible. The final 

complex defect types formed from primary defects generated along ion cascades can therefore be considered a result 

of the single ion hit. We will present outcomes of recent studies of effects of the single-ion implantation in 

semiconductor materials and devices. The scanning ion microprobe was used as the implantation tool, while the ion 

beam induced current (IBIC) technique was utilized for direct ion counting. SRIM13 simulations show high 

displacement generation rates in discrete regions where a massive energetic projectile like an ion collides with a lattice 

atom creating a secondary recoil cascade. This increases the probability for the formation of the complex vacancy-

related defects in bulk n-type silicon and silicon-carbide, which have been characterised using the deep-level transient 
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spectroscopy (DLTS). The effect of single-ion implantation on the charge collection efficiency in implanted devices is 

investigated using the IBIC microscopy and interpreted using recently developed IBIC model.  
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XXV. Spatio-temporal evolution of matter induced by energetic atom recoils 

K. Nordlund , A. E. Sand, F. Djurabekova  

Department of Physics, University of Helsinki, Finland. 

Abstract 

Energetic atom recoils -- that can be induced by electrons, implanted ions, or neutrons, damage materials when 

they have recoil energies above the threshold displacement energy, which is of the order of 10 eV in practically all 

hard condensed materials. It is on a general level well established that after a recoil is induced, the primary damage is 

produced over a few tens of nanometers and picoseconds, and involves heating of the lattice to some ten thousand 

Kelvins, and subsequent cooling at rates of the order of 1015 K/s. Even though this general picture has been verified by 

a long range of experiments and molecular dynamics simulations, surprisingly, the details of the mechanisms by which 

the final state of damage is produced remain unclear. 

 In this talk, I will overview this general picture of the spatio-temporal evolution of radiation damage production 

[1], and then present some recent simulation and experimental results that shed light on how damage is produced in 

metals during the recrystallization phase of a heat spike, how it is split up in subcascades, and show that the final 

distribution of damage in clusters follows a power-law behaviour [2,3]. 
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XXVI. Multiscale modeling of swift heavy ion interaction with solids 

F. Djurabekova, A. A. Leino, O.H. Pakarinen, K. Nordlund  

Helsinki Institute of Physics and Department of Physics, University of Helsinki, Helsinki, Finland 

Abstract 

Radiation effects in materials have gotten new perspectives since the high energy accelerators have become 

available for modification of material properties. The shift towards the high irradiation energies highlighted the 

importance of considering the energy deposition via electronic stopping power. The exciting effects in high energy 

regimes brings together the lattice and electronic subsystems in a single interplay, while historically they were 

considered almost independent on one another. When irradiation energies exceed 1 MeV/amu, the energy is almost 

never lost on nuclear stopping power. However, these high-energy heavy ions are seen to leave behind well-

recognizable footprints in the lattice  – micron-long and nanometer-wide damage regions in a material  – known as 

“tracks”. These are produced not only by ions accelerated in the powerful accelerators, but also by natural radioactive 

decay, which takes this effect beyond the scope of material science to the geological or even paleontological dating of 

minerals [1]. The tracks are routinely used  in practical applications, such as to create holes in polymer membranes [2], 

in fission track dating [1] and electronics, nevertheless the physical mechanism by which they form remains unclear. 

Moreover, the track radii measurements are often contradictory. In one of the most studied cases [3], ion tracks 

formed in initially high-quality quartz, two different well-established types of experiments, Rutherford backscattering-

channeling (RBS-C) and small angle X-ray scattering (SAXS) give up to a factor of two difference in the track radii for 

similar irradiation conditions. 

In our group we use and develop one of the favorite models to explain the track formation via a so-called inelastic 

thermal spike [4]. We present a two-temperature molecular dynamics (TTMD) study, which directly links the atomistic 

modelling data to the SAXS and RBS-c experiments, thereby explaining the origin of the experimental discrepancy. We 

obtain a good quantitative agreement between the TTMD model and experiments and explain the origin of the track 

radii saturation with the electronic stopping power, Se, defined as an average energy loss of an impinging ion per unit 

distance. Furthermore, by moving away from the commonly used free electron gas approximation for the excited 

electrons, we build a more realistic two-temperature description for band-gap materials for track simulations, 

resulting in a fitting parameter-free model [5]. 
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