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AGENDA 
 

CET Wednesday 10 

1:30 - 2:00 pm Welcome and opening 

 Session 1 - Ferroelectrics device and materials 

 Session Chair: Arrigo Calzolari (CNR Nanoscience Institute)  

2:00 - 2:40 pm Sven Beyer (Global Foundries) 

 ñThe FeFET ï learning to handle this new powerful device available in 

2x CMOS platformsò 

2:40 - 3:20 pm Stefan Slesazeck (NaMLab gGmbH) 

 ñFerroelectric tunneling junctions for beyond vonNeumann 

computingò 

3:20 - 4:00 pm Josep Fontcuberta (Institut de Ciència de Materials de Barcelona) 

 ñElectroresistance in epitaxial HZO filmsò 

4:00 - 4:20 pm Coffee break* 

4:20 - 5:00 pm Johannes Ocker (Ferroelectric Memory GmbH) 

 ñInterplay between polarization switching and charge trapping in 

ferroelectric field-effect transistorsò 

5:00 ï 5:40 pm Sergiu Clima (Imec) 

 ñAtomistic mechanisms for polarization switching and wakeup in 

HFOX-based Ferroelectricsò 

 ñOTS material electrical parameter mapping from theoretical electronic 

structureò 
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CET Thursday 11 

 Session 2 - Interoperability, Ontology & Workflow in Materials 

Modelling 

 Session Chair:  Pablo Ordejón (Catalan Institute of Nanoscience and 

Nanotechnology) 

09:00 - 09:40 am Jesper Friis (SINTEF) 

 ñUsing EMMO to represent properties ontologicallyò 

09:40 - 10:20 am Marnik Bercx and Flaviano José dos Santos (École Polytechnique 

Fédérale de Lausanne) 

 ñGenerating a fair crystal-structure database with the AiiDA 

informatics platformò 

10:20 - 11:00 am Matthias Büschelberger (Fraunhofer Institute for Mechanics of 

Materials IWM) 

 ñSimPhoNy for ontology-based material explorationò 

11:00 - 11:20 am Coffee break* 

11:20 - 12:00 am Emanuele Ghedini (University of Bologna) 

 ñOntologies as a multidisciplinary approach towards data and software 

interoperability in applied sciencesò 

12:00 - 12:40 pm INTERSECT team 

 ñIM2D demonstratorò 

12:40 - 2:00 pm Lunch*  

 

  

https://intersect-workshop.icn2.cat/


 

 

INTERSECT WORKSHOP BOOK OF ABSTRACTS 

7 

 

 

intersect-workshop.icn2.cat 

 

CET Thursday 11 

 Session 3 - Alternative solutions for neuromorphic computing 

 Session Chair:  Andrea Padovani  (Applied Materials Italia) 

2:00 - 2:40 pm Daniele Ielmini (Politecnico Milano) 

 ñRecent progresses of in-memory computing: materials, devices and 

architecturesò 

2:40 - 3:20 pm Elisa Vianello (CEA-Leti) 

 ñLinking Hardware and Software for frugal AI solutionsò 

3:20 - 4:00 pm Mathieu Luisier (Integrated Systems Laboratory, ETH Zurich) 

 ñAb initio Simulations of ReRAMS: from Atoms to Current vs. Voltage 

Characteristicsò 

4:00 - 4:20 pm Coffee break* 

4:20 - 5:00 pm Derek Stewart (Western Digital) 

 ñCombining First Principles Simulations, Topological Constraint 

Theory, and Experiments to Optimize OTS Chalcogenide Alloysò 

5:00 - 5:40 pm Stefano Brivio (CNR Institute for Microelectronics and Microsystems) 

 ñMemristive device optimization towards spiking neuromorphic 

systemsò 

5:40 - 6:30 pm Poster Session 

 Social Dinner 
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CET Friday 12 

 Session 4 - PCM device and materials 

 Session Chair: Sergiu Clima (Imec) 

09:00 - 09:40 am Marco Bernasconi (Department of Materials Science, University of 

Milano-Bicocca) 

 ñAtomistic simulation of phase change materials for non-volatile 

memoriesò 

09:40 - 10:20 am Andrea Padovani (Applied Materials Italia) 

 ñA Multiscale Approach to Identify Traps Responsible for 

Subthreshold Conduction and Threshold Switching in OTS Materialsò 

10:20 - 11:00 am Francesco Tavanti (CNR Nanoscience Institute) 

 ñGoing deeper on the structural and electronical properties of 

amorphous GexSe1-x: a microscopic investigationò 

11:00 - 11:20 am Coffee break* 

11:20 - 12:00 am David Gao (Nanolayers Research Computing LTD) 

 ñMultiscal Materials Modelling of Nanotube-based Devicesò 

12:00 - 12:40 pm Nakib Protik (Catalan Institute of Nanoscience and Nanotechnology) 

 ñELPHBOLT ï A free Software for coupled Electron-Phonon 

Boltzmann Transportò 

12:40 - 1:30 pm Closing 

 

*Room rental, coffee breaks and lunch are paid by ICN2 as co-organizer of the workshop. 
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THE FeFET ï LEARNING TO HANDL E THIS NEW POWERFUL 

DEVICE AVAILABLE IN 2x CMOS PLATFORMS  

Sven Beyer1,* 

1Globalfoundries Inc., Dresden Module One LLC & Co. KG, Dresden, Germany 

(*) sven.beyer@globalfoundries.com  

 

With the discovery of ferroelectricity in HfO2 based thin films 2011 and the co-integration of 

ferroelectric field effect transistors (FeFET) into standard high-k metal gate (HKMG) CMOS 

platforms 2016/17 by Globalfoundries, the FeFET has emerged from a theoretical dream to an 

applicable reality. Maturing in the beginning as a low-cost, low power eFLASH replacement, 

the FeFET yet is much more than a classical stiff eNVM cell. With its great HKMG CMOS 

compatibility, its flexibility and its unique switching properties, it is rather to be seen as a new 

versatile device that promises to open up new worlds. Especially the neuromorphic design 

community has shifted focus towards this novel device with game-changing potential. In this 

talk we will discuss the actual status of GlobalFoundries FeFET technology, investigate the 

operation and use of this device, and discuss remaining challenges and outlook. 
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FERROELECTRIC TUNNEL ING JUNCTIONS FOR BEYOND 

VONNEUMANN COMPUTING  

Stefan Slesazeck1,*, Erica Covi1, Quang Duong1, Suzanne Lancaster1 

 
1NaMLab gGmbH, Noethnitzer Strasse 64 a, 01187, Dresden, Germany 

(*) stefan.slesazeck@namlab.com  

 

The discovery of ferroelectricity in doped HfO2 that was firstly published in 2011 by Böschke 

et al. strongly increased the interest in ferroelectricity. The polarization reversal in ferroelectric 

HfO2 films can be adopted to store information in three distinct device classes. Depending on 

the material stack composition different devices can be constructed from the very same 

ferroelectric layer - ferroelectric capacitors (FeCAP), ferroelectric field effect transistors 

(FeFET) and ferroelectric tunnel junctions (FTJ). The electrical characteristics of these devices 

are strongly influenced by the whole material stack, rather than being dictated by the properties 

of the ferroelectric layer itself. In this talk I will focus on the design and electrical 

characteristics of HfO2-based FTJ bi-layer devices. Moreover, considering the application of 

FTJs for beyond von-Neumann architectures, I will discuss the constraints on the circuit design 

that arise from the specific FTJs device properties. 

 

 
Figure 1. HZO/Al2O3 bi-layer Ferroelectric Tunneling Junction for adoption in differential synaptic 

circuit (adapted with permission from [1]. Copyright 2021 IEEE.) 

 

 

Keywords 
FTJ, ferroelectric HfO2.  

 

Funding 
This work was funded by the European Unionôs Horizon 2020 research and innovation programme 

under grant agreement No 871737 (www.beferrosynaptic.eu).  

 

Reference  
[1] E. Covi et al., ñFerroelectric Tunneling Junctions for Edge Computingò, 2021 IEEE International 

Symposium on Circuits and Systems (ISCAS), IEEE (2021). 
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ELECTRORESISTANCE IN EPITAXIAL HZO FILMS  

Jacop Fontcuberta1,* , Ignasi Fina1 

 
1Institut de Ciència de Materials de Barcelona (ICMAB-CSIC), Campus UAB, Bellaterra, 

Catalonia (Spain) 

(*) fontcuberta@icmab.es 

 

Hf0.5Zr0.5O2 (HZO) ferroelectric tunnel barriers are receiving renewed attention since 

epitaxial thin films have become available. Indeed, epitaxial thin films have allowed reaching 

a deeper understanding of the role of epitaxial strain on their microstructure and its connection 

to the subtle balance among the different polymorphs, ferroelectric and not, of HZO. The 

impact of the microstructure on the electroresistance (ER) of ultrathin films is enormous. Here, 

I shall overview recent progress aiming to understand and tailor the phase coexistence in 

epitaxial films, and its relevance on measured ER, typically involving an intricate combination 

of genuine ferroelectric (FE) and ionic-like (IO) responses. It will be argued that suitable 

substrate selection allows suppressing IO-like response. Interestingly, it will also show that 

suitable dielectric capping allows increase the yield and endurance of tunel devices within 

thickness down to 1.5 nn.  

 

References 
[1] S. Estandía et al., ACS Appl. Electron. Mater 1, 1449ī1457 (2019). 

[2] M. Cervo Sulzbach et al., Adv. Electron. Mater 6, 1900852 (2020). 

[3] M. Cervo Sulzbach et al., Adv. Funct. Mater 30, 2002638 (2020).  

[4] Xiao Long et al., Submitted. 
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INTERPLAY BETWEEN POLARISATION SWITCHING AND 

CHARGE TRAPPING IN FERROELECTRIC FIELD -EFFECT 

TRANSISTORS 
 

Johannes Ocker1,*, Haidi Zhou1 , Mohammad Sajedi Alvar1, Stefan Müller1, Andrea 

Padovani2, Milan Pesic2, Johannes Müller3, Sven Beyer3 

 
1Ferroelectric Memory GmbH, Dresden, Germany 

2Applied Materials Inc., Santa Clara CA, USA  
3Globalfoundries Dresden Module One LLC & Co. KG, Dresden, Germany 

(*) Johannes.ocker@ferroelectric-memory.com  

 

The discovery of ferroelectric hafnium oxide, which is compatible with semiconductor 

manufacturing, led to the re-emergence of ferroelectric field-effect transistors in modern 

microelectronics. Ferroelectric field effect transistors (FeFET) show unique properties for 

applications in the field of emerging memories, in-memory computing, and neuromorphic 

computing.  

In order to improve FeFET device characteristics with respect to endurance, retention and 

variability for small device geometries, target programming algorithms can be developed. 

This requires a solid understanding of charge trapping and polarisation switching 

phenomena and their interplay in ferroelectric field-effect transistors. The switching, 

trapping and detrapping characteristics of the device and their influence on target 

programming algorithms are presented. A deep analysis on the charge trapping and 

polarisation switching characteristics is performed by designing comprehensive electrical 

tests and model the device using the GinestraTM multi-scale simulation platform.  

Transfer characteristics of the FeFET devices are compared with the polarisation response 

of the ferroelectric capacitors (FeCAP) for better understanding of ferroelectric switching 

and retention mechanisms. By means of modelling the electrical characteristics it can be 

shown that charge trapping plays an essential part in the stabilisation of polarisation 

switching and can improve the retention behaviour. 

 

Keywords 
FeFET, Charge Trapping, Polarization Switching, Reliability. 

 

Funding 
Work of FMC and AMAT was funded by the EU program INTERSECT whereas the GF part was 

supported by the Important Project of Common European Interest (IPCEI) by the Federal Ministry of 

Economics and Energy and by the free state of Saxony. 

 

References 
[1] H. Zhou et al., ñApplication and Benefits of Target Programming Algorithms for Ferroelectric HfO2 

Transistorsò, International Electron Device Conference (IEDM 2020). 

[2] H. Zhou et al., ñMechanism of Retention Degradation after Endurance Cycling of HfO2-based 

Ferroelectric Transistorsò, Very Large Scale Integration Symposium (VLSI 2021).  
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ATOMISTIC MECHANISMS FOR POLARIZATION SWITCHING AND 

WAKEUP IN HFO X-BASED FERROELECTRICS 

Sergiu Clima1,* , S.R.C. McMitchell1, B.J OôSullivan1, B. Kaczer,1 G. Van den Bosch1, G. 

Pourtois1,2, J. Van Houdt1,3 

 
1imec, Leuven, Belgium  

2University of Antwerp, Belgium 
3KU Leuven, Belgium 

(*) sergiu.clima@imec.be  

 

Recently, with the development of the o-HfO2, the ferroelectrics have regained the increased 

interest in the device community. In an attempt to understand the atomistic mechanisms driving 

the polarization switching, we observe a fine balance between dipole-field energy and anion 

drift force that defines the switching mechanism during polarization reversal. We show that 

constrained relaxation can lead to 90° polarization rotation (domain deactivation). Intrinsically, 

the Si/VO-doping can switch faster than undoped HfO2 or HfZrOx.[1] By simulating the 

switching barrier heights in strained HfO2 systems, we predict what type of crystalline 

structures might phase-transform during the wakeup phase of the ferroelectric operation.[2] 

 

Keywords 
Orthorhombic HfO2, ferroelectric switching. 

 

References 
[1] S. Clima et al., IEDM (2020). 

[2] S. Clima et al., IEDM (2018). 
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OTS MATERIAL ELECTRICAL PARAMETER MAPPING FROM 

THEORETICAL ELECTRONIC STRUCTURE  

Sergiu Clima1,* , T. Ravsher1,2, D.Garbin1, A. Fantini1, R. Degraeve1, B. Kaczer1, R. 

Delhougne1, G. Sankar Kar1, G. Pourtois1,3  

 
1imec, Leuven, Belgium 

2KU Leuven, Belgium  
3University of Antwerp, Belgium 

(*) sergiu.clima@imec.be  
 

Large array resistive memories require a simple 2-terminal access device, so-called selector, 

in series with each memory cell in order to avoid ósneak-pathô leakage and cell misreading.[1] 

Ovonic Threshold Switching (OTS) materials are some of the most promising candidates for 

such a selector. In our endeavor to find yet undiscovered OTS materials, we investigated both 

theoretically (first-principles simulations)[2] and experimentally (device integration and 

electrical characterization)[3] a series of known OTS compositions to find theoretical-

experimental parameter correlations. These correlations will help us further to screen and down 

select from thousands of possible elemental combinations a short-list of most promising 

materials to be further experimentally proven. 

 

Keywords 
OTS, selector. 

 

References 
[1] S. Clima et al., Phys. Status Solidi RRL, 1900672 (2020). 

[2] F. Tavanti et al., ACS Applied Electronic Materials 2, 9, 2961 (2020). 

[3] Buscemi et al., Submitted. 
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USING EMMO TO REPRESENT PROPERTIES ONTOLO GICALLY  

Jesper Friis1,*, Emanuele Ghedini2, Gerhard Goldbeck3, Michael Noeske4, Thomas Hagelien1 

 
1SINTEF, Trondheim, Norway 

2University of Bologna, Bologna, Italy 
3Goldbeck Consulting LTD, Cambridge, UK 

4Fraunhofer IFAM, Bremen, Germany 

(*) jesper.friis@sintef.no  

 

When communicating measured or modelled properties within applied sciences, it is essential 

to also describe the conditions and boundaries under which the measurement or modelling 

effort was performed. The Elemental Multiperspective Material Ontology (EMMO), formerly 

known as the European Material & Modelling Ontology, starts out with exactly this in mind 

when formalising its description and categorisation of properties. Inspired by Pierceôs 

semiotics, EMMO [1] describes the assignment of a property as a triadic semantic process 

involving the object (that possesses the property, e.g. a material sample in a measurement), a 

sign that stands for the property and the interpretant, which is the internal representation of the 

property produced by an interpreter (e.g. a measurement system).  

In this presentation we will try to show how this ontological framework can be used in practice 

to semantically describe how physical properties are obtained and documented (e.g. whether 

and how they are declared, measured or modelled) and connected with a material object. We 

will also show how such an ontological system can be used to enable semantic interoperability 

in a both efficient and flexible way [2].  
 

 

Keywords 
Physical properties, Ontology, Interoperability. 

 

Funding  
The authors acknowledge funding from EU's H2020 Research and Innovation Programme via the 

OntoTrans (862136), OpenModel (953167), and VIPCOAT (952903) projects. 

 

References 
[1] G. Goldbeck et al., ñA Reference Language and Ontology for Materials Modelling and 

Interoperabilityò, NAFEMS World Congress (2019). 

[2] T. Hagelien et al., ñ14th WCCM-ECCOMAS Congressò (2020). DOI: 10.23967/wccm-

eccomas.2020.035. 

Figure 1. (a) The semiotic process used in EMMO to 

describe how properties are obtained and (b) an outline of 

how this ontology can be used to enable semantic 

interoperability. 

(a) 

(b) 
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GENERATING A FAIR CRYSTAL -STRUCTURE DATABASE WITH 

THE Aii DA INFORMATICS PLATFORM  

Marnik Bercx1,*, Flaviano José dos Santos1,*, Nicola Marzari1 
 

1Theory and Simulation of Materials (THEOS), and National Centre for Computational 

Design and Discovery of Novel Materials (MARVEL), École Polytechnique Fédérale de 

Lausanne, Lausanne, Switzerland 

(*) marnik.bercx@epfl.ch, flaviano.dossantos@epfl.ch  
 

Computer simulations that use powerful electronic-structure techniques are widely used to 

characterize or predict materialsô properties. Such efforts rely on databases of measured or 

calculated data, with structural data being especially useful. Here, we develop and validate a 

set of protocols to generate a comprehensive structural database of 3D materials abiding to the 

FAIR data principles. We start from three major experimental structure databases:  the Pauling 

file (MPDS), the inorganic crystal structure database (ICSD), and the crystallography open 

database (COD). Structures are refined with density-functional theory calculations using the 

open-source SIRIUS accelerated library together with Quantum ESPRESSO. Since 

calculations are driven by the AiiDA (http://aiida.net) materialsô informatics infrastructure, all 

curated workflows, the entire provenance of the simulations and the resulting structural data 

can be shared openly on the Materials Cloud (http://materialscloud.org). We present our 

protocols and their validation, together with the use of AiiDA's advanced automation and error 

handling features to create robust workflows for electronic-structure simulations. As the 

conductivity character of a material is unknown a-priori, we employ smearing techniques for 

all materials. Smearing is widely used for metallic and magnetic systems, where they improve 

the accuracy of Brillouin zone sampling and lessen the impact of level-crossing instabilities. 

Advanced smearing techniques, such as Methfessel-Paxton and Cold smearing are constructed 

to make the system's total free energy temperature independent at least up to the third order. In 

doing so, these end up with non-monotonic occupation functions (and, for Methfessel-Paxton, 

not positive definite), which can result in the chemical potential not being uniquely defined. 

Thus, we propose a protocol combining different root-finding methods to implement a data-

driven solution to determine the material's correct Fermi energy. We validate the method by 

calculating the Fermi energy of thousands of materials and comparing them with the results of 

previous approaches. 
 

Keywords 
High-throughput, 3-D materials, Fermi energy, smearing.  

 

Funding 
H2020 MaX CoE Grant no. 824143. 

EU H2020-NMBP-TO-IND-2018 project ñINTERSECTò Grant No. 814487.  
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SIMPHONY FOR ONTOLOGY -BASED MATERIAL EXPLORATION  

Matthias Büschelberger1,*, Kathrin Frei1, Christian Eichheimer1, Dirk Helm1  
 

1Fraunhofer Institute for Mechanics of Materials IWM, Wöhlerstrasse 11, 79108 Freiburg, 

Germany 

 (*) matthias.bueschelberger@iwm.fraunhofer.de  
 

At present, the increasing amount of generated data related to computational methods in 

material science demands for solutions that make this data findable, accessible, interoperable, 

and reusable (FAIR). Semantic methods, with ontologies at their core, represent a main 

technology to address this challenge by providing meaning to the existing data. One of their 

benefits is a human- and machine-readable generic material description based on natural 

language for the seamless exchange of knowledge between data sources. 

The elementary multi-perspective material ontology (EMMO) developed by the European 

Material Modelling Council (EMMC) is the result of an organised multi-disciplinary effort [1] 

to create a base for common concepts in the field of materials modelling. In the initiative of 

several EU Horizon 2020 projects, the stakeholders are continuously contributing to the 

progress of the EMMO. 

A specific EMMO-compliant solution is SimPhoNy (simulation framework for multi-scale 

phenomena in micro- and nanosystems), an ontology-based open-source Python framework 

that promotes and enables interoperability between any third-party software tools. 

Such tools include the Interoperable Material-to-Device (IM2D) toolbox of the Horizon 2020-

funded INTERSECT project, which furnishes semantic interoperability between simulation 

hub, data hub, and the graphical user interface. This is achieved through SimPhoNy by 

referencing the generic material science-related concepts of the ontology to the full data 

provenance in the data hub, while, in parallel, computations are initiated and executed in the 

simulation hub through AiiDA. 

Besides providing semantic interpretation and cataloguing of simulation results, the ontology 

categorises the parametrisation into different user profiles (persona). Thereby, it gives 

recommendations related to the usersô modelling experience without derogating the usability 

of the IM2D toolbox for expert users and domain specialists. Moreover, the semantic 

component of the IM2D toolbox enables coupling of additional workflow and backend 

solutions and ultimately provides the foundation for exchangeability of data between them. 
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In recent years there has been an increasing need for a better knowledge management in the 

applied sciences and industrial domains. The existence of large amount of unexploited data and 

the difficulties to understand, categorise and propagate such data from one domain of expertise 

to another is a barrier towards effective data sharing and data-driven innovation. Moreover, the 

lack of truly multidisciplinary platforms and methodologies that facilitates the connections 

between domain experts is preventing fruitful reuse of approaches and tools, acting as barrier 

towards cross-domain interoperability. Investigating new approaches to knowledge 

management to overcame such limitations requires to approach the problem through many 

different perspectives, questioning the traditional ways and the fundamental approaches that 

domain experts used up to now to deal with knowledge generation and sharing. 

Ontologies (i.e. the formalization of knowledge through a logical framework) may play an 

important role to improve actual approaches to knowledge, being the basis for the development 

of interoperability framework and the gateway for human-to-machine and machine-to-human 

interactions, pushing towards a human centred digitalization effort. However, it is important to 

understand both the opportunities and the limitations of such approach and the ways in which 

ontologies can be used in practice to reach a factual knowledge interoperability.  

After a brief introduction to ontologies, this talk will show some of the practical approaches 

that are actually investigated in several H2020 projects, underlining the ambitions, the current 

achievements and bottlenecks, following the perspectives of the European Materials Modelling 

Council (EMMC) and of the Elementary Multiperspective Material Ontology (EMMO), 

currently in development. 
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With the end of Mooreôs law of transistor scaling, there has been a renewed interest in 

unconventional concepts for computing that can overcome the memory bottleneck typical of 

von Neumann architectures. Among the novel computing concepts, in-memory computing 

(IMC) offers the opportunity of bringing computation into the memory, thus virtually 

suppressing data movement and the associated latency and power consumption. At the same 

time, IMC is also compatible with the conventional CMOS technology, is scalable and can be 

operated at room temperature, thus is suitable for edge computing devices and the internet of 

things (IoT). Figure 1 illustrates the most popular trends of IMC, including (i) accelerators of 

artificial neural networks, (ii) brain-inspired computing concepts and (iii) hardware 

accelerators for linear algebra and machine learning. While each of these topics has its own 

architecture and applications, they all share the fundamental requirements for high energy 

efficiency, high throughput and good scalability, to compete with the conventional digital 

CMOS technology. 

This talk will review the recent progresses of IMC in terms of materials, devices and 

architectures. From the materials/device viewpoints, I will review novel concepts of resistive 

switching random access memory (RRAM) exhibiting volatile switching, thanks to the surface 

re-diffusion of Ag across the conductive filament. As application cases, a direction-selective 

IMC circuit [1] and a fully-memristive reservoir-computing circuit based on a nanowire 

network will be shown [2]. From the architecture viewpoint, I will present a new concept of 

analogue IMC with closed-loop capable of accelerating linear algebra tasks, such as matrix 

inverse/pseudoinverse calculation in one step [3]. The main limitations of IMC in terms of 

accuracy and scaling will finally be discussed. 

 
Figure 1. Summary of the recent trends about IMC. 
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Resistive random access memory (RRAM) technologies, often referred to as memristors, hold 

fantastic promise for implementing novel in-memory computing systems for massively 

parallel, low-power and low-latency computation. 

This talk will first present the role of RRAM to enable the hardware implementation of Spiking 

Neural Networks (SNN). Second, we will present different approaches to compute in-memory 

with imperfect devices and without error correction codes, going from relatively conventional 

approaches to radical ideas exploiting device imperfections. 
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The functionality of resistive random access memories (ReRAMs) often depends on the 

relocation of few atoms, e.g. metallic cations in conductive bridging RAMs or oxygen 

vacancies in valence change memory (VCM) cells. To accurately model the behaviour of these 

memristive nano-devices, it is therefore important to capture the interplay between atomic 

positions and electrical current trajectories. An ab-initio quantum transport approach is ideally 

suited for that purpose as it can take any structure that was created, for example, through 

molecular dynamics (MD) or kinetic Monte Carlo (KMC) simulations as input and compute 

the electrical current that flows through it. Quantum mechanical tunnelling, boundary 

resistances, and disorder are automatically accounted for, while complex phenomena such as 

heat dissipation via electron relaxations and phonon emissions can also be included, but 

typically at high computational cost. 

In this presentation I will briefly introduce the simulation framework that we developed to 

model ReRAM-type memristors [1] and illustrate it with two applications, namely the 

switching of an atomic-scale CBRAM [2] and the influence of self-heating on these devices 

[3]. I will also present our vision on how to integrate such computationally intensive 

simulations into the design flow of future ReRAMs by combining modelling tools operating at 

different scales. 
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Ovonic threshold switches (OTS) based on amorphous chalcogenide alloys have emerged as leading 

candidates for selectors in non-volatile memory applications.  The low OTS leakage current prevents 

sneak paths and unintentional memory cell selection.  Above the threshold voltage, OTS experiences a 

volatile transition to a high conductivity state and provides sufficient current to switch the neighboring 

memory element.  Given the broad interest in the switching mechanism and the nature of defects in 

chalcogenide glasses, there is a clear need to understand how material properties change with 

composition.  We will highlight our work using topological constraint theory, density functional theory, 

and insight from experiments to identify key trends in thermal and electronic properties of chalcogenide 

alloys.  In particular, we will show that tailoring the atomic network in SixTe1-x glasses can lead to 

localization of over 40% of the vibrational modes and ultralow thermal conductivity (~0.1 W/mK)[1].  

Using topological constraint theory, we can link this ultralow thermal conductivity to a transition from 

an over-constrained (rigid) to under-constrained (floppy) atomic network for Te rich alloys.  

Topological constraint theory also provides a natural language to characterize the properties of multi-

element chalcogenide alloys.  We find that selector threshold voltage and leakage current exhibit clear 

trends with the mean coordination number and that this metric can be used to optimize materials[2].  

Finally, given the high fields and temperatures experienced during operation, OTS/electrode interfacial 

interactions can significantly affect long-term device endurance.  We have developed machine learning 

potentials[3,4] to examine interactions between GeSe alloys and Ti electrodes.  Our long-term (>1 ns) 

molecular dynamic simulations[7] using these potentials shows significant interdiffusion at the Ti|GeSe 

interfaces.  We will discuss the impact of interdiffusion on device performance.           

             
Keywords: Chalcogenide alloys, Topological constraint theory, Phase Change, Ovonic Threshold Switch. 
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Hardware spiking neural networks (SNNs) hold the great promise of a brain-inspired and 

efficient online processing of real-world signals impacting fields like edge-computing, robotics 

and prosthetics.  

Resistive memory devices and memristive devices, i.e. metal/insulator/metal devices that 

undergo resistance change upon voltage application, have been acknowledged as key-enabling 

technology for hardware neural networks. In fact, they have to potential to work as synapses 

enabling high interconnectivity among neurons, plasticity and adaptation. However, the long-

standing research on these devices have evidenced their strengths and limitations and various 

existing performances trade-offs. Furthermore, memristors in SNNs are used in a somewhat 

unconventional manner, because of system-level or algorithmic constraints. 

For these reasons, it is becoming more and more evident that a co-engineering of devices and 

networks is needed for a breakthrough in the neuromorphic field to be fulfilled. 

In this perspective, we developed non-volatile memristive devices based on HfO2 layers able 

to show analogue plasticity evidencing strengths and limitations in their dynamics, variability 

and noise which are intrinsic to the physics of the operation. We further analyse these aspects 

in system-level by simulations of neural networks based on equation derived from CMOS 

circuits and real devices, thus moving some first steps towards a co-engineering of devices and 

systems. 

 

Funding 
This work is partially supported by the project Horizon 2020 EU MeM-Scales (grant No. 871371).   

  

https://intersect-workshop.icn2.cat/
mailto:stefano.brivio@mdm.imm.cnr.it


 

 

INTERSECT WORKSHOP BOOK OF ABSTRACTS 

28 

 

 

intersect-workshop.icn2.cat 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

SESSION 4 ï PCM DEVICE AND MATERIALS  

 
  

https://intersect-workshop.icn2.cat/


 

 

INTERSECT WORKSHOP BOOK OF ABSTRACTS 

29 

 

 

intersect-workshop.icn2.cat 

ATOMISTIC SIMULATION OF PHASE CHANGE MATERIALS FOR  

NON-VOLATILE MEMORIES  

O. Abou El Kheir1, D. Dragoni1, M. Bernasconi1,*  

 
1Department of Materials Science, University of Milano-Bicocca, Milano, Italy 

(*) marco.bernasconi@unimib.it  

 

Phase change chalcogenide alloys are among the most promising materials for in-memory 

computing and for the emulation of synapses and neurons in neural network devices. These 

applications rest on a fast and reversible transformation between the amorphous and crystalline 

phases induced by Joule heating. The large difference in the electrical resistivity between the 

two phases enable encoding a binary, multilevel or even analogical information if partial 

crystallization could be controlled. The same features are exploited in phase change electronic 

memories (PCMs) which already entered the global market as a first example of storage class 

memories that combine non-volatility with access time close to that of the volatile DRAM. 

Materials in the same class are also investigated for embedded phase change memories 

operating at high temperatures for the automotive sector.  

In this talk, we will discuss two recent examples on the use of electronic structure calculations 

to elucidate the relationship between the structure and composition of phase change alloys and 

their functional properties exploited in the devices. In the first example, we will discuss the 

results of high throughput DFT calculations aimed at tuning the composition of GeSbTe ternary 

alloys to raise their crystallization temperature [1]. The second example addresses the effect of 

confinement on the crystallization kinetics of ultrathin films of Sb which is an example of a 

monoatomic phase change material [2]. Large scale simulations of Sb in confined geometries 

have been performed by using an interatomic potential generated by fitting a large DFT 

database with a neural network method [3]. 
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We propose a multiscale approach that combines experiments and device simulations to identify the 

active traps in chalcogenide materials for OTS application and connects them to the observed 

subthreshold conduction and threshold switching. The methodology relies on the accurate analysis and 

simulation (performed with the Ginestra® platform [1]) of carriers trapping and transport (defect-

assisted, tunnelling, drift, hydrodynamic) to reproduce voltage, frequency and temperature dependence 

of multiple electrical characteristics, and is schematically represented in Figure 1. Figure 2 shows the 

excellent agreement between experiments and simulations obtained for current (I-V) and conductance 

(G-V) data measured on samples with 20nm-thick Ge60Se40 and Ge50Se50 films. Both devices exhibit a 

p-type conduction through a defect band located in the lower portion of the band-gap (compatible with 

Selenium vacancy traps), as seen from the extracted defect maps in Figure 2(c),(f). Moreover, the 

bandgap is found to reduce with the Ge content (1.45eV for Ge50Se50 and 1.1eV for Ge60Se40), in 

agreement with DFT results [2]. A correct characterization of GeSe traps is critical to properly model 

not only sub-threshold conduction, but also threshold switching. Figure 3 shows an example of current- 

and voltage-driven OTS characteristics simulated for a 20nm-thick Ge50Se50 device. The current-driven 

response (red line) highlights three different conductive regions that are self-consistently simulated 

considering the extracted trap properties and the developed physical model for OTS conduction 

(coupling trap-assisted transport, TAT, and hydrodynamic theory): 1) an OFF state at low fields due to 

TAT with no carrier heating; 2) a switching regime characterized by electric-field induced carrier 

heating (carriers fail to entirely relax their excess energy to the lattice) that allows them to sustain higher 

currents with lower fields, thus leading to the observed voltage-snapback; 3) a high current ON state 

where a hot percolation path is formed that sustains the entire current. The OTS switching modelling 

based on traps extracted adopting the proposed methodology well reproduces both OFF and ON states 

and switching voltage for GeSe films with varying composition (not shown).  

 
Figure 1. Schematic representation of the proposed methodology. 

(left to right) Electrical data measured on material blankets/test chips 
are given as input to the Ginestra® simulation platform. 

Experimental data are reproduced to extract relevant material 

parameters and trap energy/space distribution. DFT tools and 
material properties databases can then be used to identify the atomic 

structure and nature of the extracted traps. 
 

 
Figure 2. (a), (d) Current and (b), (e) conductance densities simulated (lines) and measured 

(symbols) at different temperatures on 20nm-thick (top row) TiN/Ge60Se40/TiN and (bottom 

row) TiN/Ge50Se50/TiN capacitors. (c), (f) Corresponding trap distributions as extracted by 
applying the proposed methodology. 

 
Figure 3. Example of J-V curves 

simulated for a 20nm-thick GeSe OTS 

under (black line) voltage-driven and 
(red line) current-driven modes. 
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Amorphous chalcogenides, such as GexSe1-x, have been proposed as good ovonic switch material 

candidates for nonvolatile memory and selector devices due to their fast switching, endurance 

and higher crystallization temperature with respect to standard GST compounds. The structural 

and electrical properties of GexSe1-x, as for other chalcogenides, are strongly related to the 

presence of short- and medium-range structures in the amorphous phase that are responsible 

for the internal structural orders at different length-scales.[1][2]. In order to deeply understand 

the local geometry-dependent properties of these chalcogenides systems, we employed a 

combined approach based on both classical molecular dynamics (MD) simulations and density 

functional theory calculations.  

To obtain a deep insight into the structural features of GexSe1-x systems at the atomistic scale, 

MD simulations have been employed to study GexSe1-x systems containing thousands of atoms 

and simulated for hundreds of nanoseconds. The obtained structures were accurately analyzed 

using cutting edge techniques and theories based on the chemical/physical and topological 

approaches shedding light on how the different percentages of Ge and Se affect the order at 

different lengths.  

In order to compute the electronic properties of amorphous GexSe1-x systems, we developed a 

procedure to extract several configurations of few hundreds of atoms from the extended 

structures obtained from MD simulations. The results show that a small difference in the 

stoichiometry affects not only the mobility band-gap size, but also the number and the position 

of the trap states with respect of the mobility edges. 

Using both approaches, MD and quantum simulations, we obtained different information about 

the nature of the order in these systems demonstrating that little changes in the stoichiometry 

greatly affect the GexSe1-x structural and electrical properties. 
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Carbon nanotubes (CNT) arranged in thin films have many interesting properties that make 

them a focus of research in a wide range of technological applications, including resistance 

switching and neuromorphic devices. While a single nanotube demonstrates certain desirable 

properties, a CNT film exhibits complex features that do not necessarily correlate to the 

individual tube's properties. Nevertheless, experiments show that current through a CNT film 

flows primarily through percolation pathways which are dependent on the structure of the film.  

To model the complex behaviour of CNT films, we have taken a multi-scale approach to 

describe the various elements involved. Electronic structure simulations were used to calculate 

the current across a wide range of representative junctions between nanotubes. This data 

allowed us to develop simple models capable of predicting current based on the geometric 

properties of a nanotube pair, e.g. the minimum distance between them. On a larger scale, the 

film itself is treated using a mesoscopic potential, where the nanotubes are coarse-grained into 

connected cylindrical segments. This allows us to make representative models of CNT films 

with dimensions relevant to experimental devices. The current through these mesoscopic 

structures can be evaluated using our previously parameterized current models and compared 

to electrical measurements of typical devices. 

The model presented here is a proof of concept, showing that the current can be directly 

calculated in physics-based models of CNT films. Dynamical effects can also be also included, 

as the filmsô force field allows for time-dependent evolution of the structure. Therefore, 

mechanisms determining device properties such as resistance switching can be identified 

within this model. Finally, we demonstrate how structural information and physical parameters 

can be extracted to be employed in statistical device simulations. 
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Accurate, parameters-free prediction of the electronic and phononic transport properties of real 

materials is crucial for understanding the underlying non-equilibrium physics and for 

identifying candidate materials for applications. In the typical approach, when the transport of 

one species is calculated, the other species is assumed to remain in equilibrium; i.e. the ñdrag 

effectò is ignored. It is, however, known that in certain cases the drag effect dominates the 

transport phenomena. We present here the Free/Libre elphbolt code which can efficiently 

compute the electronic and phononic transport properties using a self-consistent, ab initio 

solution of the coupled Boltzmann transport equations of the two systems. A schematic of the 

elphbolt workflow is shown in Figure 1.  
 

 

Figure 1. The elphbolt workflow. Real space information such as the 2nd and 3rd order force constants 

(IFC2 and IFC3, respectively), Wannier representations of the electronic Hamiltonian, electron-

phonon interaction vertex, etc. are read from the publicly available softwares on the left. Elphbolt then 

computes the transport coefficients on the right following the instructions from the user. 
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Computation of migration barriers for diffusion of small chemical species in a crystalline host 

is a rather complex process that requires careful consideration of a number of factors. On one 

side, the crystal structure of the host defines which are the possible paths that the moving 

species can follow.  

On the other hand, the nature of the moving species (a defect in the crystal) and their interaction 

with its environment is also critical in determining the diffusion barriers. The development of 

an automatic computational framework based on the Nudged Elastic Band method (NEB) to 

obtain the possible diffusion energy barriers thus requires an advanced workflow scheme. Here 

we present a workflow implementation based on the AiiDA materials informatics platform 

implemented by Pizzi et al. [1] for calculating these possible diffusion paths and energy barriers 

with the SIESTA code [2]. The scheme identifies three main types of processes, builds the 

appropriate initial images for the transition path in the NEB algorithm, and calls SIESTA+NEB 

to extract the energetics of the corresponding migration path. The first type of process, which 

we label Interstitial Diffusion, is a simple jump of the moving specie from one empty interstitial 

site to a different interstitial position. A different scenario is possible if the moving interstitial 

specie takes the place of an atom in the host crystal. We label this second process as Kick 

Diffusion, and it leaves a substitutional defect and an intrinsic interstitial in the final lattice 

structure. Finally, the Exchange Diffusion takes place when two sites are swapped. A simple 

vacancy migration, where an atom in the host moves and fills the vacancy leaving a similar 

vacancy behind falls within the Exchange Diffusion process, but also an exchange of 

impurities, or a more complex ring exchange where three or more species are involved in the 

process. Our framework enables a large-scale computational high-throughput screening for 

studying defect mobilities and identifying new solid-state electrolytes. 
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Information and communication technologies have been historically powered by silicon. The 

current major worldwide drive for big data, machine learning and quantum computing threatens 

to overwhelm Si-based resources and architectures. The search for alternative materials and 

technologies is therefore crucial and it represents a unique opportunity to explore and link 

materialsô properties and performances in unexplored architectures.  

In this upcoming process, many of the emerging candidates for next-generation technology 

include disrupting solutions for in-memory computing and synaptic electronics, based on 

chalcogenides, metal-oxides and other non-Si-based materials in their crystalline, amorphous 

or disordered phases [1]. Characteristic high densities of defect states play a pivotal role in 

transport in these systems ï even more than in traditional electronics ï such that defects and 

traps govern long-term stability and performances of devices. Therefore, describing, 

identifying, and controlling defect states is crucial to characterize properties of emerging 

materials and their interplay with non-standard device architectures, as well as to engineer 

already known materials through selective introduction of defects and/or dopants to improve 

their application range [2].  

To this aim, here we focus on the study of the stability and the electronic properties of point 

defects in crystalline GeSe chalcogenide, which in amorphous form is proving promising for 

next generation electronics, and TiO2, well-known material with a wide range of applications 

spanning form photocatalysis to electrochromic displays. The investigation has been performed 

by means of the Quantum ESPRESSO suite of codes [3] and of state-of-the-art high-throughput 

workflows for first principles condensed matter simulations, implemented mainly by Prof. 

Marzariôs group at EPFL, in the AiiDA automated infrastructure [4], which has been actively 

developed, within the INTERSECT project, to handle defective systems. Our results deepen 

current understanding of the mechanisms underlying properties and performances of materials 

for next-generation technology.  
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Transition Metal Dichalcogenides (TMDs) are a class of materials attracting high scientific 

interest in recent years due to their unique properties [1]. Of particular interest is the change in 

electrical and optical properties with the reduction of the material thickness from bulk to 

monolayer [2]. Alongside electronic/optical properties, a deep understanding of the thermal 

properties of 2D materials and the effect of flake thickness is crucial to their implementation 

in devices.  

In this study, we investigated the in-plane thermal conductivity (ə) and the heat capacity of 

TMDs,) and the heat capacity of TMDs, analyzing in detail the effect of the thickness on 

thermal properties and comparing with experiments. We performed first principles calculations 

within the density functional theory framework as implemented in the SIESTA program [3] 

and the Temperature Dependent Effective Potential package (TDEP) [4] for finite temperature 

lattice dynamics calculations. The most important novelty is the investigation of thermal 

properties using an ab initio approach that rigorously includes finite temperature effects, 

allowing to obtain room-temperature transport parameters.  

By employing this method, we present a systematic study of the specific heat capacity and the 

thermal conductivity in TMDs at room temperature for different number of layers, from the 

monolayer up to the bulk structure. Our results are compared to the values measured 

experimentally [5]. 
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The amorphous GeSe (a-GeSe) is a good candidate for the ovonic threshold switches device. 

Understanding of electronic property and the related structural feature is crucial for the 

designing and optimization of this material. The prerequisite to study the properties of 

amorphous materials is the identification of reliable atomic structures. To that end, we have 

developed realistic Density Functional Theory-based structural models of a-GeSe without 

resorting experimental information or adjusted interatomic potential. A series of GexSe1-x with 

an extended list of stoichiometry x=0.4, 0.5, 0.6 and dopants (Si, S, As, P, Te) with various 

concentrations (1%, 3%, 5%,7%, 10%, 15%) has been generated with the melting-and-

quenching method. The structural features, including the radial distribution function, the angle 

distribution function, and the coordination number distributions have been calculated. The 

results show that there are Ge and Se clustering in Ge and Se-rich structures, respectively; the 

Ge-rich structures tend to have larger coordination number, opposite to the Se-rich structures. 

The electronic property features, including the Crystal Orbital Hamilton Populations (COHP), 

inverse partition ratio (IPR), the Density of States (DOS) and the local DOS have been 

analyzed, and we try to identify the structural origin of these features. The mobility gap 

decreases with x, while in the x=0.6 samples, large numbers of in-gap localized states tend to 

form. The dopants behave similarly with their iso-valent hosting ions with some delicate 

differences, of which the structural and electronic origin has been also explored. These results 

will provide guide lines on the improvement of the memory switching performance of a-GeSe. 
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The exploitation of metallic TiN as an electrode in highly efficient electronic devices involves 

contact with appropriate semiconductors, where the nature of the interfacial contact plays a 

crucial role in controlling the device efficiency [1-2]. Here, by using first principles approaches 

based on the density functional theory, we systematically study the key contact properties 

between TiN electrode and amorphous semiconductors, including a-GeSe and a-Carbon 

amorphous materials that have been proposed for the realization of switching selectors in the 

field of synaptic electronics.  Tow deposited a-GeSe amorphous thicknesses, of 1 nm and 2 

nm, are considered to emulate the experimental samples. The amorphous structures are 

generated by using classical molecular dynamic (MD) calculations following our previous 

procedures [3]. Our results indicate that the interfacial contact between TiN electrode and a-

GeSe is characterized by a Schottky type contact and that the Schottky barrier height (SBH) 

can be tuned by changing the thickness of a-GeSe slab as well as the TiN surface orientation. 

In contrast, the a-C almost develops an Ohmic contact in line with experimental 

characterizations. 
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